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Worked on Radio-frequency integrated circuits to make better cell-phone.
Did not know any quantum mechanics or solid-state physics.
Have very little exposure to electromagnetics (Transmission Line).
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Nano-Optoelectronic Integrated System Engineering (NOISE) Lab
(Electrical and Computer Engineering + Physics)

/ Nanophotonic Computational \

Image Sensors

Laser

Fitter Modulator

/ Nonlinear Image Processing and
Monolithic Optical Neuron

/ Hybrid Integrated Photonics \

/ Quantum many-body simulation \

with photons

Sorger & Majumdar, Fundamental Scaling Laws in Nanophotonics, Scientific Reports 6, Article number: 37419, (2016).



Startup: Tunoptix

TUN:#EEPTIX Home About Technology News  Contact

Tunoptix uses meta-optics to create unigue systems, such as an extended depth of focus
(EDOF) lens, enabling machine vision and imaging systems to operate over a much greater
range with no moving parts
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Software-defined meta-optics

Today's technology: Compound
Lenses

« Assemblies of multiple, cascaded optics

« Compound systems often require additional
optics for mitigating geometric aberrations,

 Bulky, costly, thermally sensitive

bttps://www. tunoptix.com/

Tunoptix solution:
Computational Meta-optics

 Tunoptix replaces bulky optics with a thin film

« Computer-designed nano-scatterers apply
transformations on broadband light.
Algorithms reconstruct complex scenes

« Requires only a single, flat meta-optic


https://www.tunoptix.com/
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Advice for graduate school/ future career

* Reach out to professors in your institute
* Read papers, talk to graduate students; show initiative, interest

* Ideally choose a project and go with it. You do not (and cannot) plan the rest of your life
perfectly at any point of time. Do something as long as you are learning something new
(technical, non-technical)!! Your actions will most certainly impact your future career, but
the future is not completely in your control.

* Talk to people outside your disciplines. Ask them what are the (scientific) problems that are
keeping them awake at night. Understand pain points of others.

* Minimize “silly” mistakes!!

* Success in research requires hard work, grit, creativity. Domain level expertise is important,
but other soft-skills are more important, and they are transferrable.

* Your lived experiences (both scientific and non-scientific) make you unique. Think how can
you “connect the dots (courtesy: Jobs)”.



Talks on our research

Silicon Photonics for Optical Computing (2014): https://www.youtube.com/watch?v=rlw 7Ral.2iw

Dielectric Metasurface (2019): https://www.youtube.com/watch?v=PD4uaX MYlk

Metaphotonic Computational Image Sensor (2020): https://www.youtube.com/watch?v=GJIviD Af78

Hybrid Integrated Photonics (2020): https://www.youtube.com/watch?v=32s AmeOMYg4

Design and Optimization of Dielectric Metasurfaces (by Alan Zhan, MSR, 2016):
https://www.youtube.com/watch?v=il-PpAT5150Q



https://www.youtube.com/watch?v=r1w_7RaL2iw
https://www.youtube.com/watch?v=PD4uaX_MYlk
https://www.youtube.com/watch?v=GJIviD_Af78
https://www.youtube.com/watch?v=32sAme0MYg4
https://www.youtube.com/watch?v=il-PpAT5l5Q

Quantum many-body simulation

Hall effect

Strongly correlated
materials

Many Body Localization High Tc Superconductor

2D Electron Gas

Polar
molecules
A of Neutral atoms
quamyns\ dots in optical lattices
Quantum simulator

Arrays of
Others trapped ions
Superconducting Arrays of
circuits cavities

Nuclear spins

Quantum Simulation, Rev. Mod. Physics, Vol.
86, January-March 2014



Non-equilibrium quantum simulation with correlated light
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Quantum fluids of light, Rev.
Mod. Phys. 85, 299 (2013)

Nature Physics 7, 907-912 (2011)
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* Driven-dissipative nature provide a platform
to study non-equilibrium quantum systems.
Easy to measure multi-photon correlations.

Report of Progress in Physics, 80,
016401 (2016) °



Hamiltonian of the system

Nearest-Neighbor coupling:

H = ZA a; a; Zt(a al+1+al+1a)+ZUa a; a;a;

Arbitrary coupling:

H=ZAiazrai+Ztij(a -+ a; a)+ZUaaaal
i

]



Cavity quantum electrodynamics (cQED): narrow and broad emitters

Y
8 K
N\N\S>

g H \/V—: light-matter interaction
m

Kk ~ 1/Q: cavity decay rate

y: exciton decay rate

g > K,y : Strong Coupling: Polariton is formed

g < k,y : Weak Coupling

Bad cavity regime: Narrow emitter

(k >v)

Cavity is broader than emitter
Atom, semiconductor quantum

dots, defects (NV, SiV centers etc.)

Need to tune each emitter for
quantum simulation.

Good cavity regime: Broad emitter

(v > k)

Emitter is broader than cavity
Quantum well, solution processed
quantum dots, 2D material excitons
Emitters are always overlapping in
each node.



Challenges to photonic quantum simulation

Scalability Programmability Single Photon NLO
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* Large number of optical _ : ‘

: * Need independent tuning of
resonators required.

each resonator and quantum
e All resonators should have 9

. emitter to circumvent the . -
same resonance and high b 'tu Strong photon-photon
. inhomogenei i i
quality factor. & Y repulsion at single photon level
Need tuning of the coupling to mimic correlation between
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Anharmonicity and signature of single photon nonlinearity
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HBT setup : Second
order Correlation
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(0))

g@(0) = 1: Poissonian
g@(0) > 1 : Super-Poissonian
g (0) = 0: Hardcore Boson



Single photon nonlinearity: narrow self-assembled quantum dots in cavity
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Also: Waks, Imamoglu, Warburton

 Strongly coupled quantum dot-cavity system: Jaynes-Cummings Nonlinearity
* Spectral and spatial matching remain unsolved
 The largest number of coupled cavities with dots is only two



Improving photon antibunching exploiting interference

/ Single cavity mode with \

multilevel emitter

Physics 15, 025014 (2013)

Immamoglu et. al., Phys. Rev. Lett. 7
&467—]470 (1997)

Bajcsy, Majumdar et. al., New Journal of

Y

2-level emitter, with photo@

molecules: unconventional
photon blockade
coherent state
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Sub-Poissonian

Majumdar et. al., PRB, 86, 045315, (2012).

Liew and Savona, PRL104, 183601,(2010)
wméa et al, PRA 83, 021802 (2011) /

/Z—level emitter coupled to\

multimode cavity
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Experiment: Phys. Rev. Lett. 121,

&43601, 2018

Majumdar et.al., Phys Rev. Letters,
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Bulk optical nonlinearity in cavity

/ Kerr-nonlinearity
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\Feﬂel‘z‘i and Gerace, PRB, 85, 033303 (2012) /
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Quantum nonlinearity in polaritonic boxes: confine photon

fibre DBR

IPP)

electric
field
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Phys. Rev. Applied 3, 014008, 2015; Nature Materials, volume 18, pages
219-222 (2019); Nature Materials, volume 18, pages 213-218 (2019)



Our strategy for quantum simulation with correlated photons

Scalability Tunability Single Photon NLO

. o . o . o

* Use broad emitters (2D material and

* Use integrated silicon/ silicon nitride solution processed quantum materials)

photonic resonators. to avoid the need for spectral tuning

* Confine the electronic and photonic
~ wave-function to enhance the optical

nonlinearity. /

* Develop local tuning mechanisms (new

(aterial and device engineering).
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Scalability: Coupled cavity array in integrated photonics

Saxena et al., ACS Photonics, 2022

U

Programmability: Site-controlled tuning of CCA 4

Saxena et al., Nature Communications, 2023
Chen et al., Nature Communications, 2023
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Nonlinearity: Quantum materials in cavity

Fryett et. al., ACS Photonics, 2018 (5
Chen et. al., Nano Letter, 2018

Chen et. al., Optics Letter, 2019 AL N
Saxena et. al., ACS Photonics, 2019 PRI
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Integrated photonics: bringing optics from table to on-chip

Waveguide (Fiber) Grafing (Mirror)

w
e
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Polarizing Directional Coupler (Polarizing Beam Splitter) | Multi mode interference tree (Array of beam splitters)



High volume manufacturing in collaboration with Intel

PCM Intrinsic Si
® Metal @ p++dopedSi
@ n++ doped Si




Photonic Crystal Resonator
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Strongly Confined Light in the cavity
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Whispering Gallery Mode Resonator

20 micron

Microring Microdisk




Su-Schrieffer-Heeger (SSH) model
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Index of Eigenmode Site Index

* Hamiltonian Hp is given by: Hg = }}; a)o(azrai 4 b;rbi) +]1(bl-+ai i azrbl-) + /5 (b;raiﬂ 4 a;r_|_1bi)
a) This bath supports topologically non-trivial phases depending on whether:

i. /1 < J, which is termed as the topological phase or
ii. J; > J, which is termed as the trivial phase.

b) The band gap size is 2|J; — /5|



Disorder Study
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Fabricated CCA
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Topological bath characterization
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More complex coupling




Complex hopping rates between sites
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Scalability: Coupled cavity array in integrated photonics

Saxena et al., ACS Photonics, 2022

/8820

/Programmability: Site-controlled tuning of CCA /

Saxena et al., Nature Communications, 2023
Chen et al., Nature Communications, 2023
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Nonlinearity: Quantum materials in cavity

Fryett et. al., ACS Photonics, 2018 (5
Chen et. al., Nano Letter, 2018

Chen et. al., Optics Letter, 2019 LI e
Saxena et. al., ACS Photonics, 2019 R SRR
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Local tuning of the cavities in the CCA

573K

New heater architecture to reduce the cross-talk.



Fabricated CCA with local tuning
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Characterization
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Hamiltonian Engineering and Tomography
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Prediction Error
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Non-volatile phase-change materials (PCMs)

(>100ns) at
~200C

7 Uniform N\,

Amorphous Crystalline

Pulsed (~10ns) at ~600

Zheng, . et al. Opt. Mater. Express 8(6) (2018).
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Nonvolatile microring switch integrated with Sb,S,
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RESET — aSbS3
-151 c-SbhS3
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Wavelength(nm)

We see reversible tuning of the ring resonator.

- SbS length: 10 um

Low-loss operation in both crystalline and amorphous states.

Five cycles are shown here.

Pulse conditions: for amorphization: 100 or 500 ns, ~10 V;
for crystallization: ~2V, ~500 us
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Chen, R. et al. Nature Communications 2023



Strain Tuning of cavities
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Large tuning without affecting the cavity linewidth in cryogenic environment

Manna et al. ACS Photonics, 2023
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Scalability: Coupled cavity array in integrated photonics

Saxena et al., ACS Photonics, 2022
0o0d

Programmability: Site-controlled tuning of CCA ry/

Saxena et al., Nature Communications, 2023
Chen et al., Nature Communications, 2023
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Nonlinearity: Quantum materials in cavity

Fryett et. al., ACS Photonics, 2018 (5
Chen et. al., Nano Letter, 2018

Chen et. al., Optics Letter, 2019 AL N
Saxena et. al., ACS Photonics, 2019 " RO




2D Materials: new opportunities in exciton-polaritons

NIR: communications, MIR: thermal infrared, FIR: astronomy, Aircraft communication
night vision goggles military medicine AM radio
I/ ‘ I
.’fl’ . 'l'
Document security, Display, / Microwave oven, satellite communications,
DVD players solid-state lighting ,,f’ radar, cell phone, Bluetooth, etc f
/ | |I
-“\“\a. / )‘,/ / ".
‘-\ / /
Frequency | i W s N\ - A
'0‘7 1016 'OIS ’oll 1013 1012 ‘0" '010 109 ‘oﬁ .'07 A'oﬂ '05
(PHz) (THz) (GH2) (MHz)

Ultraviolet rays Visible light Infrared rays Microwaves Radiowaves

hEN Mos, Black phosphorus Graphene Nature nanotechnology, 7, 699, 2012
(insulator) (semiconducton (semiconductor) (semimetal)

* Excitonic System: large exciton binding energy
* No explicit lattice matching is required and can be transferred on any material system.



Single photon nonlinear optics
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Ryou et. al., PRB, 2018
OD array from 2D materials: Nathaniel Stern group



Photon correlation calculation
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Ryou et. al., PRB, 2018 7 X



anobeam resonator integrated with MoSe,
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Normalized Intensity

Dispersive Coupling
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Mechanically stable encapsulated silicon nitride nanobeam

Fryett, Majumdar et. al., ACS
Photonics, Article ASAP, 2018




Deterministically position quantum dots




Solution Processed Quantum Dots coupled to cavities
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Chen et. al., Nano Letter, 2018

Deterministically place quantum dots in the cavity.



Saturable photoluminescence
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1000 nm
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Size control of dot via chemistry and opening via lithography will enable coupling of single quantum dots to a cavity.



Purcell Enhancement

Narrow emitter (bad cavity regime):

313 Qcavity
412N ? Vecavity

F,=1+

Purcell factor: 1.4
(good cavity regime)

Intensity(a.u.)
o
o)

With cavity i i i
Broad emitter (good cavity regime):
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0 5 10 15 20 Fp=1+
Time(ns)
Chen et. al., Nano Letter, 2018



Towards photonic quantum simulation

Scalability Tunability Single Photon NLO
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* Large number of optical * Need independent tuning of ‘
resonators required. each resonator to circumvent
* All resonators should have the inhomogeneity. * Contfine electron and photon
same resonance and high- * Need tuning of the coupling wave-function to enhance the
| quality factor. | strength. | . nonlinear interaction strength.
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