(ONNTI

Ultracompact entangled photon sources
based on 2D semiconductors

Chiara Trovatello - chiara.trovatello@polimi.it

Assistant Professor - Politecnico di Milano, Milano, Italy
Marie Sktodowska-Curie Global Fellow - Columbia University, New York, NY, USA

&% COLUMBIA | ENGINEERING

T N The Fu Foundation School of Engin'g and Applied Science

.
_
.
@ NQSTI o
»
- -




Nonlinear optics: mathematical operations with photons

N
Intense Optical field \\\\\\\
\\\\\\\ ‘§l|
W Polarization P = 60()((1)E + yPE? 4+ yOFE> + )
///

Polarization ":» N YA
P /l f

Nonlinear material

POLITECNICO

Ultracompact entangled photon sources based on 2D semiconductors dichalcogenides | Chiara Trovatello, Ph.D. | chiara.trovatello@polimi.it MILANO 1863


mailto:chiara.trovatello@polimi.it

Nonlinear optics: mathematical operations with photons

N
Intense Optical field \\\\\\\
\\\\\\\ ‘§l|
W Polarization P = 60()((1)E + yPE? 4+ yOF> + )
///

Polarization ":» N YA
P /l f

Nonlinear material

POLITECNICO

Ultracompact entangled photon sources based on 2D semiconductors dichalcogenides | Chiara Trovatello, Ph.D. | chiara.trovatello@polimi.it MILANO 1863


mailto:chiara.trovatello@polimi.it

Nonlinear optics: mathematical operations with photons

N A\
Intense Optical field \\\\\\::\\ W"

Polarization \\ M
P ) |

), ) Polarization P = 60()((1)E + Y 9DE? + yOFE +..))

E
Nonlinear material
W+ ow=2w W) + Wy = W3 W) — Wy = W3
4 ) 4 ) 4 )
a) I
05 W3
_____ )((2) )((2) %(2)
1 1 | | % N . A
[ 1 £k
g — J g — J \_ — )
Second Harmonic Generation Sum Frequency Generation Difference Frequency Generation (DFG)
(SHG) (SFG) Optical Parametric Amplification (OPA)

POLITECNICO

Ultracompact entangled photon sources based on 2D semiconductors dichalcogenides | Chiara Trovatello, Ph.D. | chiara.trovatello@polimi.it MILANO 1863


mailto:chiara.trovatello@polimi.it

Nonlinear optics: mathematical operations with photons

! \\\\\\
Intense Optical field \\\\\\\\\‘
\\\\\\ |

NN |§‘ ‘

Polarization NN
P )

), ) Polarization P = 60()((1)E + Y 9DE? + yOFE +..))

E
Nonlinear material
w+w=2w @) T Wy = W3 W) — Wy = W3 w— w2+ wl/2
4 ) 4 ) e ~ 4 )
@ I o, o, la)/Z
----- prey e re P
ol 0 | ! 4« v | 11 0 w/?2
I | -0 - &
- — Y, - — Y, \ — D \_ — Y,
Second Harmonic Generation Sum Frequency Generation Difference Frequency Generation (DFG) Spontaneous Parametric
(SHG) (SFG) Optical Parametric Amplification (OPA) Down-conversion (SPDC)

POLITECNICO

Ultracompact entangled photon sources based on 2D semiconductors dichalcogenides | Chiara Trovatello, Ph.D. | chiara.trovatello@polimi.it MILANO 1863


mailto:chiara.trovatello@polimi.it

Nonlinear optics: mathematical operations with photons

! \\\\\\
Intense Optical field \\\\\\\\\‘
\\\\\\ |

NN |§‘ ‘

Polarization NN
P )

), ) Polarization P = 60()((1)E + Y 9DE? + yOFE +..))

E
Nonlinear material
Classical light Quantum light
( W+ ow=2w @] T Wy = W3 W) — Wy = W3 \ ( o — 0/2+ wl/2 \
( ) ( ) e ™ 4 )
, o; o la)/Z
@ pro PYOREER &S
""""""""" w/2
| -0 L &
\_ — Y, \_ — Y, \ — y \_ — Y,
Second Harmonic Generation Sum Frequency Generation Difference Frequency Generation (DFG) Spontaneous Parametric
\ (SHG) (SFG) Optical Parametric Amplification (OPAD k Down-conversion (SPDC) J

POLITECNICO

Ultracompact entangled photon sources based on 2D semiconductors dichalcogenides | Chiara Trovatello, Ph.D. | chiara.trovatello@polimi.it MILANO 1863


mailto:chiara.trovatello@polimi.it

Efficiency of nonlinear crystals

Bulk nonlinear crystals

(e.9. PPLN)
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C. Trovatello et al., “Tunable Optical Nonlinearities in Layered Materials” ACS Photonics, 11(8), 2860-2873 (2024)

O. Dogadov et al., “Parametric Nonlinear Optics with Layered Materials and Related Heterostructures, Laser & Photonics Reviews, 2100726 (2022)
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Efficiency of nonlinear crystals
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TMD crystal structure-dependent SHG

A Second Harmonic Generation
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The “conversion efficiency - thickness” arrow

monolayer Standard bulk
Thickness 0.6 nm mm-cm
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BBO/PPLN



The “conversion efficiency - thickness” arrow

monolayer few layers Standard bulk
Thickness 0.6 nm 5nm mm-cm
Conversion efficiency 10-10 10-° 10-8 107 10-6 10-5 10-4 10-3 10-2 10-

BBO/PPLN



Thickness dependent SHG in 3R-MoS:
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Phase mismatch revealed by the coherence length in 3R-MoS:
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Phase mismatch revealed by the coherence length in 3R-MoS:

Coherence length

Thickness (2)

|
|2w(z) >|
| Pump 1520 nm
| I | |
| * Exp.Data
| Model
| | |
Coherence |
length % | % # _
— L — - | _
- : Phase-mismatched Ak ;é O éc'g |
| © I _
L
I
Q) |
I
n |
|

v LAk 2 ~ Phase mismatch |
e Ak =k, =2k, 400 600 800 1000
T2 = 207 ] 20 Thickness (nm)
_________________ | C : Xu, X., Trovatello, C., Mooshammer, F. et al. Nature Photonics, 16, 698-706 (2022)

~_ e e e e e e e e o o o o e - o — - — — — —

POLITECNICO

Ultracompact entangled photon sources based on 2D semiconductors dichalcogenides | Chiara Trovatello, Ph.D. | chiara.trovatello@polimi.it 7 MILANO 1863


mailto:chiara.trovatello@polimi.it

Phase mismatch revealed by the coherence length in 3R-MoS:

Coherence length

Thickness (2)

|
|2w(z) >|
| Pump 1520 nm
| I | |
| * Exp.Data
| Model
| A |
Coherence |
length % | % # _
— L B | _
- : Phase-mismatched Ak ;é O éc'g |
I (qv] I _
i
I
O |
1L
dp |
|

“ LAk 2 - Phase mismatch |
T Ak =k, =2k, 400 600 800 1000
B A i 20 ; Thickness (nm)
| depc3nd T e T )

Xu, X., Trovatello, C., Mooshammer, F. et al. Nature Photonics, 16, 698-706 (2022)

~_ e e e e e e e e o o o o e - o — - — — — —

POLITECNICO

Ultracompact entangled photon sources based on 2D semiconductors dichalcogenides | Chiara Trovatello, Ph.D. | chiara.trovatello@polimi.it MILANO 1863


mailto:chiara.trovatello@polimi.it

Phase mismatch revealed by the coherence length in 3R-MoS:
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The “conversion efficiency - thickness” arrow

monolayer few layers Standard bulk
Thickness 0.6 nm 5nm mm-cm

Conversion efficiency 10-10 10-9 10-8 107 10-6 10-5 10-4 10-3 10-2 101



The “conversion efficiency - thickness” arrow

monolayer few layers bulk 3R-MoS: Standard bulk
Thickness 0.6 nm 5 nm 400-500 nm mm-cm

Conversion efficiency 10-10 10-9 10-8 107 10-6 10-5 10-4 10-3 10-2 101
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Introducing periodically poled transition metal dichalcogenides (PPTMDs)
Cut and paste-twist&stack

Flake thickness = L.

C. Trovatello et al. “Quasi-phase-matched up- and down-conversion in periodically poled layered semiconductors”, Nature Photonics (2025)
C. Trovatello, P. J. Schuck, G. Cerullo, C. Ferrante, A. Marini, “SYSTEM AND METHOD FOR CONVERSION(S) IN PERIODICALLY POLED LAYERED SEMICONDUCTOR(S).”
U.S. Provisional Patent, Application No. 63/607, 309
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Macroscopic efficiencies with
Microscopic crystals

SH froma 1.2 pm
thick PPTMD
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C. Trovatello et al. “Quasi-phase-matched up- and down-conversion in periodically poled layereehsemiconductors®, Nature Photonics (2025)
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Macroscopic efficiencies
Microscopic crystals

SH froma 1.2 ym
thick PPTMD

A
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C. Trovatello et al. “Quasi-phase-matched up- and down-conversion in periodically poled layereeksemiconductors”, Nature Photonics (2025)
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Macroscopic efficiencies with microscopic crystals
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The “conversion efficiency - thickness” arrow
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Spontaneous Parametric Down-Conversion
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Quasi-phase-matched SPDC from PPTMDs
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Nonlinear optics with layered semiconductors See also works from Sun, Heinz, De Paula,

Eilenberger, Yu, Staude, Pertsch,
Many degrees of freedom to play with Setzpfandt, Saravi, Zuerch, Liu, Soavi,
Zhu, Mlller, Lupton, Huber, Gedik, Yao,

Qiu, Zhang, Reis, Ghimire, Xu...

Metasurfaces

Trangj;
tio
T Metg, dichalcogenides (e.g., MoSy)

C. Trovatello et al., “Tunable Optical Nonlinearities in Layered Materials” ACS Photonics, 11(8), 2860-2873 (2024)
O. Dogadov et al., “Parametric Nonlinear Optics with Layered Materials and Related Heterostructures, Laser & Photonics Reviews, 2100726 (2022)
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3R-Mo0S, refractive index
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Theory model
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A new geometry for TMDs
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The TMD is a waveguidel!
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Towards phase-matched SHG in a waveguide geometry
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By tailoring the thickness of the 3R-MoS: slab, the TEg
modes at w and selected higher-order modes at 2w can be
phase-matched in a waveguide geometry
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Transition metal dichalcogenides (TMDs)

Weak out-of-plane van der Waals forces B. Radisavljevic et al.
Str()ng in_p|ane covalent bonds Nature Nanotech 6, 147-150 (2011)
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