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Undergraduate from India

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 Engineering + Physics)
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Quantum many-body
simulation with photons

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



Quantum many-body simulation
with photons




Non-equilibrium guantum many-body simulation

A~ R~ 2 ¥
Fractional Quantum

Hall effect

Strongly correlated
materials

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

Many Body Localization High Tc Superconductor



Quantum simulation with correlated IiQt B
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Lack of scalable single photon nonlinearity remains a big challenge to realize photonic quantum simulators.



Single photon nonlinearity: self-assembled quantum dots in nano-cavity
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* Strongly coupled quantum dot-cavity system: Jaynes-Cummings Nonlinearity
* Spectral and spatial matching remains problem
 The largest number of coupled cavities with dots is only two



Quantum many-body simulation with photons
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Deterministically localize single Pattern 2D material to enhance the Metasurface optics inside DBR
emitters in 2D materials polariton-polariton interaction cavities can create local potential
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Coupled cavity array: photonic molecule
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IQO_Lab = 2.5kV X750 WD 9. 1mm 10w, 1QO_Lab - 2.5kV X19,000 WD 9. 1mm 1um




Coupled cavity array f]
gl )I Small spacings
\ ( N
Sl :
1
15} | , ;
: V I : i')'
|
| I I | \‘II.
1 L | | 'L
\
| |\
osl |1 o
: . | 1 \
L]\ | | L \ Rix -
L"I"'.\L‘ W . .“/'MIV P VA~~~
0 A A
630 k40 650I 660 670 680 690
5000 : I
1 . | |
I | |
I, Large spacings
! | f.l,\, ge spacing
1| "\
(. ¥\
10000 f |
s, : I I 1
1IQO_Lab 2.5kV X1800 WD 1mm 10pm | 1QO_Lab 2.5k X14000 WD 9.1mm 1pm I I | |
|| |
! \ A
i I | \ .' ‘;
5000 " \ : h 1/ I\
W [ ‘
\ ‘ff | I \\\
™ \ /| .\/\'"l/ ; \st v\_\\-
\ )
%30 640 650 660 670 eao 690

Wavelength (nm)



/ Nanophotonic Computational Image \
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Smaller sensors and display
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Dielectric Metasurface

§ Transmission Amplitude
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Freeform optics using metasurtace

Choose the appropriate grating to mimic the phase

ldentify the phase distribution



Comparison with conventional lenses
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Inverse problems In metasurtace
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Given an application how do you Given a phase distribution how do you

identify the desired phase distribution?

identify the correct distribution of pillars?



Solution of the chromatic aberrations

Conventional Metalens Image

Final Reconstructed Image

Extended Depth of Focus Metalens Image ‘
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Cubic + Quadratic metasurface

2
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a IS a design parameter for the combined metasurface

0 =" 51T




Imaging with red, green and blue LEDs
(MS-sensor separation of 200 micron)

Meta-Lens

Cubic+
Quadratic

Cubic+
Quadratic+
Computation

Structural Similarity (SSIM): for metalens: ~ 0.7 ; our approach: ~ 0.9

Computational algorithm is Wiener deconvolution: 0(Nlog N)



White light imaging (MS-sensor separation of 200 micron)
Lens Cubic Filtered

GB

Filtered



Large area metasurfaces




Imaging with metasurface (no other optical element)

a 0.5x 1.0x 1.5x 2.0x

b -250 pm -125 um Opm +125 um +250 pm




Implantable microscope

EO tunable MS ) &

.
»>

Spatial to spectral mapping for wide-field microcopy with meta-photonic elements



/ Nonlinear Image Processing and \
Monolithic Optical Neuron




Nonlinear image processing
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Nanophotonics and optical resonators Metasurface-DBR cavity Macroscopic atomic physics cavity



Monolithic Optical Neuron

Images
from

Imagenet
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Nonlinear thresholding operation

Metasurface and solid state photonic devices
provide an opportunity for monolithic integration
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Curved Lens

Mirror

Mirror with
arbitrary
phase-
profile

d(x,y)

f+f2/R

Optical cavity
with diffractive
OpIICS

Hybrid Optical Deep Neural Network

Simplify the geometry: can we make a VMM using an arbitrary phase profile inside the cavity?

How can we reuse the layers?
Is this network mimicking recurrent neural network?
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Evolution of computing

1980 computer

Moore’s law (for CMOS transistors) will end!!
Replace CMOS? R




Increased connectivity

- Future : cloud computing; parallel computing;
ubiquitous computing: more communications
* Massive data centers

How Cloud Computing Works  g;00s Howstuttworks
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Low power optoelectronics

- Switching energy in electronics: 100’s of fJ
* Metallic interconnects are lossy at high frequency
* Huge energy consumption: environmental sustainability issue

Interconnect

e Use optical signal along with electronic signal
e Efficient (low energy, fast) modulator and (sensitive, fast) detector
* To bring optics to chip scale: energy required attojoule (~10 photons)

Dawvid Miller, Proc. IEEE Special Issue on Silicon Photonics, 2009.
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Whispering gallery mode resonator .

perimeter = L.

o

Travelling wave resonator IEEE PTL, VOL. 14, NO. 4, APRIL 2002



Cavity fabrication

Thin film (125-165nm)

Sacrificial Layer

Resist
Spin

Substrate

Sacrificial Layer Ebeam

Sacrificial Layer

Substrate Substrate

Etching

Resist removal+

Undercut
<

Sacrificial Layer

Substrate



Low mode volume (V) and high quality factor (Q) cavity
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Quality Factor: 10000

Confinement volume: 0.7 (A/n)3 Maximize Q/V



2D materials: |deal material for hybrid photonics

« Unique and advantageous properties
o Graphene - extremely high carrier mobility
o Transition metal dichalcogenides - strong emission
and second-order nonlinearity

« Low control energy due to small active volume

« Enable quantum well like functionality.

« No explicit lattice matching is required and can be
transferred on any material system.

* The thinness Is ideal for evanescent coupling.

« Resonator provides an opportunity to enhance light-
matter interaction




2D material transtfer

CvD

Heated PC +
PDMS on 2D
Remove
PC/ PDMS Layer PC/ PDMS
Transfer on Oxide

photonic device
Dissolve PC with

chloroform
Photonic Device Photonic Device

PC/ PDMS




Transfer Stage




Electro-optics with graphene
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Electrical Control
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Arka Majumdar et. al., Nano Letters, 13 (2), 515-518, (2013)
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WSe, coupled to gallium phosphide photonic crystal
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Majumdar and Xu, Nature, 520, 69-72, 2015
Also shown by: Xiang Zhang (UCB)
Y. Li, Nature Nanotechnology (2017)



Cavity enhanced electroluminescence at room temperature

Majumdar Lab, Nano Letters, 2016
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Team and Funding (Email: arka@uw.edu

Lab: http://labs.ee.washington.edu/amiab/)

= Chris Chang-hua
Yueyang Albert (Currently in Apple) (Currently in NTSU)
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