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Silicon Photonics, the technology where optical devices are fabricated by the mainstream
microelectronic processing technology, was proposed almost 30 years ago. | joined this
research field at its start. Initially, | concentrated on the main issue of the lack of a silicon
laser. Room temperature wvisible emission from porous silicon first, and from silicon
nanccrystals then, showed that optical gain is possible in low-dimensional silicon, but
it is severely counterbalanced by nonlinear losses due to free camiers. Then, most of my
research focus was on systems where photons show novel features such as Zener
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Integrated photonics

Widespread
diffusion
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Photonic Integrated Circuit

Lower dimensions
Lower costs
CMOS compatible

More stable
Lower noise
Lower losses

Efficient
devices
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Silicon Photonics

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
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A paradllel paradigm to success..
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Integrated Silicon Photonics
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Integrated Silicon Photonics
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Integrated Silicon Photonics
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Integrated Silicon Photonics
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Classical and Quantum Silicon
Photonics: few examples
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PART 1 (classical=em theory)
Simple non-hermitian resonators

PART 2 (quantum=gm theory)
(Non local) photonic entanglement
and its use in ghost spectroscopy
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Simple non-hermitian resonators
show extra sen5|t|V|t|es

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 Commonly describing dissipative physics with
with time-reversal symmetry anti-unitary symmetry
B y iS
gner®) od grer®) o
conserv eXChang
Hermitian matrices for a two level system Non-Hermitian matrices

H = HTr @-parameter H + HJr

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 Commonly describing dissipative physics with
with time-reversal symmetry anti-unitary symmetry
_ (@ B\ _ .t ® P12
genval / COmp
Cvip, =MV Dv,; =4V, e
Llﬂear - Squart
V14 — A/ L1 00
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><”1|”2>=0 < v, | v,>#0
v, U
Main difference approaching the degeneracies: 1, = 1,
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A microring resonator: stationary
response

Light out The light coming from the input port couples into the
resonator with the resonance mode a,

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

d.&'A

Lightin T = (fw —‘-}/—1—‘) XA —}_IVZI‘EIn]

EM:fZl*I—EVZTﬂLA

Ein
4&\ A The Outgoing field assumes the typical Lorentzian
shape:
V2T Ejyy 2T

Eoutl F=1-— ;
Ez’nl 4 » [TA({) —|—’}’—|—F]

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




A microring resonator: surface-wall
roughness

.a Considering the backscattering:
Opens * Forward propagatiqn
Y * Backward propagation

' 2l Efnl Eoutl ‘
Eim 4 >

Temporal coupled mode

o equations
dctcw = (iw — v = Dacew — Br2ttew + iV 2L Eiyy
Aot ey B2 /21
d - (ZW — 77— F)acw - ﬂQl&ccw
t Are the complex
coupling
Eout — + =1+ v2T aeew coefficients

Einl
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A microring resonator: surface-wall
roughness

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

i i(accw) _ H, (accw) CCW \/— ) where H, = (a)o —i(y+7) .0 )

dt \ Acw Acw “cw 0 wo —i(y +T1)

H = _if”)
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A microring resonator: surface-wall
roughness

Y
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V2T Ejn

Eoutl Eout? EI’HZ
Eiﬂl 4 # « &

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

d raccw Acecw acecw o [ Sl wo— iy +71) 0
" _ — H H _ 21" ) — 0 )
Yt ( acw ) 0 ( dcw ) e ( Xcw ) Einr where  H ( 0 wo —i(y +1)

Hermitian _ .
0 @ . _  _ Maz=wox|Bl—i(y +T)
H.= (—i By . ’ if Biz=-P21 =P » H, = H: » -

<'U1|1.72 >=0
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A microring resonator: surface-wall
roughness
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Writing in the equations in a matrix form (two-level system):

d raccw Acecw acecw o [ Sl wo— iy +71) 0
" _ — H H _ 21" ) — 0 )
Yt ( acw ) 0 ( dcw ) e ( Xcw ) Einr where  H ( 0 wo —i(y +1)

Hermitian t =t
0 @ . « l-r r—1
= if Biz=—P21 =P8 » g o=y »
c — C
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Hermitian and non-Hermitian Physics -
integrated microresonators

|Eiu.L|2 =1mW - HZ: ‘E‘lll-R-|2 =0

1 lewnl? =0, lemr]? =1 mW - Hz
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0 - : : : ‘ ‘
0.1 -0.05 0 0.05 01 0.1 -0.05 0 0.05 01

Aw [THz] Aw [THz]

Continuous exchange of the same energy
between the forward and backward mode:
the doublet is balanced.
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A microring resonator: surface-wall
roughness

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

; i(accw) - H, (accw) +H, (accw) _ m(Ein,L) where H, = (a)o —i(y+0D) .0 )

dt \ Xcw Xcw Xcw Einr 0 wy —i(y + 1)

Non-Hermitian Mo =woEt+—P12P21 — iy +T)
O 1 * 12 0 127721
= if By #—P » »

<v1|v2 >+0

§$§ UNIVERSITA = . _ _ . _ _ _ _ _ _ (NI,
DI TRENTO Stefano Biasi et al, IEEE Photonics Journal 11, 6101114 (2019) NanoScience Laboratory



Hermitian and non-Hermitian Physics -
integrated microresonators
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A microring resonator: surface-wall
roughness

In the case of the Backscattering the off-diagonal B 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

’(?S*A?:?
2 UNIVERSITA
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A Tail|l microresonator
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* The Lorentz reciprocity theorem
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Taiji: unidirectional reflection
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Taiji: unidirectional reflection

Vol. 8, No. 8 / August 2020 / Photonics Research 1333 I vee . .
O o o Taiji microresonator experimental results:
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Unidirectional reflection from an integrated “taiji”

microresonator
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Taiji as a sensor on Exceptional point

scatterer

— [P
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Taiji as a sensor on Exceptional point

scatterer

4 )
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Bt = Praiji> 68 =0

\wm] = wo + /Brop* + I5ﬁ|2/

0.2 0.3

o

( Usual microresonatorw ( Taiji microresonatorw

166/ Bl
B2 = 0+Bps7+ 6B \
B21 = 0 +Bpsyy — 6” K().ﬁ_
=
6p =0 i(m s
R[A1,2] = wo £ |66 0.2}
- Y, |
0 2 4 6 8 10
163/ Brai
ﬁﬂﬁ*flr&% R
) UNIVERSITA = _ _ _ ) ] ] _ _ _ )

moee DI TRENTO Riccardo Franchi et al, Proc. SPIE (Photonics West 2022) NanoScience Laboratory



Taiji: breaking the Lorentz Reciprocity

Theorem

energy inside the microresonator

]/]in
3
2
1
0
I

/ i ]/ 1n
g 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
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I: breaking the Lorentz Reciprocity
Theorem

Talj

energy inside the microresonator

Transmission
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breaking the Lorentz Reciprocity
Theorem

)

energy inside the microresonator

Transmission
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breaking the Lorentz Reciprocity
Theorem

)

Wavelength [nm]
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(Non local) photonic entanglement
and its use in ghost spectroscopy

PART 2
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Quantum at Trento

Q@TN 2022

Quantum Science and Technology in Trento
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Part 2

* The basic building blocks
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WAVEGUIDES
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The basic building blocks

NONLINEAR OPTICS
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Part 2

* The basic building blocks
Intermodal FWM
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Spontaneous Four Wave Mixing (FWM)

Correlated pairs -80 |
Pump laser 'c
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Intermodal phase matching

Max efficiency ‘ Phase mismatch ‘ Wave vector

‘ j,q, 1, m are the mode orders

1 .
_ J q ! m
Ak = Z(C()p neff(a)p) + wp neff(a)p) — Ws Ngrr(ws) — Wy Tleff(wz))

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

Max efficiency ‘ Phase mismatch ‘ Wave vector

‘ j,q, 1, m are the mode orders

1 .
_ J q ! m
Ak = Z(C()p neff(a)p) + wp neff(a)p) — Ws Ngrr(ws) — Wy Tleff(wz))

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

Discrete band Aidler Large detuning A Pump
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How do we implement Spontaneous intermodal FWM on a chip?
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Input

CW
laser
1570
nm
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Y __Departrrent of Physics
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(2019) Frontiers in Physics, 7, art. no. 128 doi:10.3389/fphy.2019.00128
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Part 2

* The basic building blocks
* |Intermodal FWM
* Ultra pure heralded single photon source
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Need of single photons for different
applications
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Basic on-chip heralded source

Heralded
single photon

|

Detector Sttt Detector
I Trigger

Heralder

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
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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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MIR sensing via Ghost Spectrosco

Absorption Spectroscopy

High environmental noise (SNR ~ 0)
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An heralded single photon source in

the MIR

B good coincidences (At = 0)

CAR =
accidental coinc. (At > 0)
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TABLE I. Comparison with state-of-the-art MIR. heralded sources.
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MIR sensing via Ghost Spectrosco

Energy and time spectroscopy
correlated photons 1202 ¢ .
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1564 1566 1568 1570 1572 1574
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Three advantages:

* Time filtering (correlation)
Bucket detector

* Ghost information translation (entanglement)

* Large spectral shift between the twin photons
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MIR sensing via Ghost Spectrosco

Absorption Spectroscopy

High environmental noise (SNR ~ 0)
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Ghost spectroscopy

Pressure = 1 bar (SNR=0.04)
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Ghost spectroscopy

Transmission (arb.)
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_ Ghostspectroscopy
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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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