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Growing demands for advanced photonic devices

Nat. Photonics 12, 659 (2018)
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What is inverse design?

Forward design vs Inverse design

Inverse

Inverse

B. Sourangsu, 2021, Solving 
Optical Inverse Design 
Problems using 
Computational Methods
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Inverse design methods

PhotoniX2, 1 (2021)
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Ph. D. Thesis

Inverse design of nanophotonic devices

Active beam switching 
metasurface

Active phase modulation 
metasurface

Light trapping 
plasmonic waveguide
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{ƭƻǿ ƭƛƎƘǘ ŀƭƭƻǿǎΧ

ÅTime-domain processing of optical signals

ÅSpatial compression of EM waves

ÅNonlinear optical effects

Optical memory

Photonic circuitSlow light in photonic crystal, Opt. Express 18, 7770 (2010)
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Rainbow trapping

ÅGuided waves in plasmonic waveguides are inherently slow due to opposite 

power flow in different layers

ÅWaves are trapped at different waveguide thickness, according to their 

v`udkdmfsgr+ sgdqdenqd b`kkdc Śq`hmanvś sq`oohmf

Nature 450, 397 (2007)
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Approaches to enhance trapping efficiency

ÅCarefully selecting the wavelength

ÅReducing the intrinsic material -mediated loss of the waveguide

ÅCompensating the Ohmic loss by introducing optical gain materials

ÅMost research efforts on trapped rainbows have assumed a simple linear 
waveguide.

Opt. Express 17, 170 (2009) Phys. Rev. Lett. 102, 056801 (2009)Opt. Letters 38, 558 (2013)
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Tapered waveguide Free-form waveguide

<
Trapping 

time
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Device schematic and mode profiles

Phys. Rev. Applied 12, 024030 (2019)

ÅMIM (metal -insulator -metal) waveguide operating at single frequency

ÅMIM waveguides supports two TM 2 eigenmodes under ȿꜗ▀Ⱦꜗ□ȿ ÔÁÎ ȿꜗ▀Ⱦꜗ□ȿ Ⱬ

ÅMode degeneracy ♪▀and cutoff points ♪╬
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Mode profile details

Å▪▄██ ♫Ⱦ▓ , ○╔ ╢᷿◑▀◐᷿ ◊▀◐

ÅZero loss case : backward mode becomes evanescent for ♪ ♪╬and ♪ ♪▀

ÅNon -zero loss case: Deviating behavior from zero loss case
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Simple polynomial curves

ÅIn lossless case, the energy velocity is zero at the degeneracy point

ÅIncreasing the length of degeneracy segment has limitation

ÅFree-form optimization is required!
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Free-form waveguide parameterization

ÅBezier curve assures smooth curvature of waveguide

Å10 control points used
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Optimization methods
(BOBYQA)

Nanophotonics 11, 1809 (2022)
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Optimization problem statement

ÅVariables: ( x,y) of 10 control points (total 20)

ÅFoM : Quality factor inside the waveguide

ÅDoF: Infinite (continuous variable)

ÅOptimization method: PSO, GA, and Conjugate gradient method (BOBYQA)

Design Challenge

Can light trapping time be maximized 
by varying the waveguide shape?
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Optimization results

ÅFree-form waveguide show more than 6 times greater quality factor

ÅSimilar quality factor and waveguide shapes for all optimization methods
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Mode amplitude analysis
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Mode amplitude analysis
Indistinguishable in 
comparable scale
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Mode amplitude analysis

Highly excited in 
narrow region
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Mode amplitude analysis

Mode-converting 
partial reflectors

Jang, Min Seok, et al., Physical 

Review Letters 107(20), 207401 

(2011)
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Mode amplitude analysis

Highly excited modes 
throughout the WG
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Decay rate relations
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Quality factor dependence

ÅMax. Q increases with longer waveguide length 
and smaller metal loss

ÅQabs tends to depend only on metal loss

ÅQg tends to depend only on waveguide length

b c

d
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Logarithmic scaling law

ÅCharacteristic length ╛╬is defined as half the saturation length

Å╛╬ᶿ■▫▌♬



ὗ ὠ ‗ ‗Ⱦὲ ὗȾὠ Resonator type Publication

1 5 109 7.1 10-11 m3 21.5 um 73.2
Whispering 

gallery
Opt. Lett. 33 (14), 2008

2 8.75 108 7.06 10-15 m3 1500 nm 520 Wedge Nat. Photonics 6 (6), 2012

3 1.44 107 1.91 10-14 m3 1560 nm 1990 Wedge Nat. Comm. 11 (1), 2020

4 5 107 3.01 10-15 m3 1590 nm 6271 Ring Optica4 (12), 2017

5 5.44 104 1.73 10-2 m3 6.98 cm 1070 Rainbow trapping Photonics Research 7, 1075 (2019)

6 Depends Depends Depends 102 ~ 104 Rainbow trapping Phys. Rev. Lett. 107, 207401 (2011)

This work Depends Depends Depends 103 ~ 105 Rainbow trapping
Phys. Rev. Applied 12, 024030 

(2019)
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Comparison with previous works

ÅState-of -the -art normalized quality factor among rainbow trapping 

structures

ÅEven exceeding other platforms upon careful material choice
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Wavefrontshapers
Science334, 333 (2011)

Holography
Nat. Nanotechnology 

10, 308 (2015)

Beam steering
IEEE J. Sel. Top. Quantum 

Electron 27, 1 (2020)

Applications of active phase control 
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Methods for active phase control 

Free-carrier tuning, ACS Nano 14, 1166 (2020)

Phase-change material, Nano Lett. 19, 3961(2019)
Liquid crystal, Appl. Phys. Lett. 111, 053102 (2017)
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Approaches to enhance phase modulation using single-resonance

Making the resonance over-coupled
Sweeping the entire frequency

(practically impossible)
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Proposed strategy to achieve full 2“active phase modulation 

Å(i) : An over -bntokdc+ rodbsq`kkx Śsghmś qdrnm`mbd

Å'hh( 9 @ rodbsq`kkx Śe`rsś qdrnm`mbd

ÅCrossing two resonances grants a phase modulation upper bound of 4 Ⱬ
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qBICresonance

ÅLow dissipative loss ♬▀

ÅControllable radiative loss ♬►

ÅOver-coupled system ♬► ♬▀

An over-ŎƻǳǇƭŜŘΣ ǎǇŜŎǘǊŀƭƭȅ άǘƘƛƴέ ǊŜǎƻƴŀƴŎŜ
Dielectric qBIC(quasi bound states in the continuum)

! ǎǇŜŎǘǊŀƭƭȅ άŦŀǎǘέ ǊŜǎƻƴŀƴŎŜ
GP (graphene plasmon)

Overviget al. Nanophotonics(2018)

Jang et al. Phys. Rev. B (2014)

GP resonance

ÅK`qfd eqdptdmbx stm`ahkhsx ƭ‫
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Optimization problem statement

ÅVariables: Operating wavelength and 5 geometric parameters (6 in total)

ÅFoM : Area surrounded by reflection coefficient curve in complex plane ( ╔╕= 0~1 [eV])

ÅDoF: Infinite (continuous variable)

ÅOptimization method: Conjugate gradient method (BOBYQA)

n=2 dielectric

PEC

Si Si
Graphene nanoribbons

Design Challenge

Can we find precise geometrical 
parameters for maximalphase 

modulation?
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Rigorous coupled-wave analysis for graphene nanoribbons

ÅRCWA uses decomposition of electric field into spatial harmonics (Plane wave decomposition)

ÅAccurate simulation needs very high number of Fourier orders (n > 500)

Ὣ
ὫḺΏ

From CEM lecture notes, UTEP
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Improving solution accuracy by Fourier order continuation

ÅOptimization under RCWA Fourier order n = 600 needs tremendous computation time

Å Iterative local optimization through gradual increase of Fourier order

Solution space

Initial point Initial point

Solution space

N = 500
(accurate)

N = 100

N = 300

Fourier order 
continuation

N = 500
(accurate)
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Phase modulation capability of optimized structure

ÅThe optimized metasurface shows avoided crossing between qBIC and GP resonances, 

leading to ~3 “phase shift

ÅTCMT analytically describes full 2 Ⱬphase modulation capability of the metasurface



Single
control?

A 
range

ɝ‰
range

‗ Modulation mechanism Publication

N.A. 180Ј 600 nm Electromechanical (MEMS) Science365, 257 (2019)

70% 270Ј 1550 nm Phase-change material Opt. Express 26, 17948 (2018)

25% 250Ј 1550 nm Phase-change material Nano Lett. 19, 3961(2019)

77% 240Ј 1535.4 nm Free carrier tuning (doped Si) ACS Photonics 7, 1813 (2020)

20% 180Ј 5.94 um Free carrier tuning (ITO) Nano Lett. 17, 407 (2017)

60% > 360Ј 7 um Free carrier tuning (Graphene) ACS Nano 14, 1166 (2020)

10% > 360Ј 1.3 um Free carrier tuning (ITO) Nat. Nanotechnology 16, 69 (2021)

65% > 360Ј 7.276 um Free carrier tuning (Graphene) (This work) Nat. Comm. 13, 1 (2022)
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Comparison with previous works

ÅPrevious works lacked full phase modulation or needed multiple knobs

ÅUnprecedented single -gate controllable full 2 “phase modulation with uniform amplitude, 

enabled by numerical optimization
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Tunable beam steering device

ÅA device that steers input beam to desired direction

ÅCore ingredient of LiDAR

ÅŚDkdbsqhb`kkx stm`akdś `mc Śe`rsś

Demonstration of LiDAR applications, Velodyne
Lidar

MEMS-based silicon photonics LiDAR, 
Nature 603, 253 (2022)
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NanoLett. 21, 4981 (2021)

Nat. Nanotechnology 16, 69 (2021)

ACSPhotonics7, 2236 (2020)

Methods for tunable beam steering/switching
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Tunable graphene-based beam switching device

ÅHmbhcdms v`ud ne SD lncd `mc 7 Zɘl\

Å╔╕= ( 0.2, 0.6) [eV] -> ( +1 st, -1st) diffraction order,  ( 80À, -80À) deflection angle

Å Maximize Directivity (╓◄╪►▌▄◄╓╔◄╪►▌▄◄ȾВ╓╔░) for all Fermi levels

Pillar aspect 

ratio 10
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Adjoint method

ÅEfficient gradient calculation

ÅOnly two simulations needed to find gradient on all design parameters

Nanophotonics11, 1809 (2022)
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Why do we need adjoint method?

ÅFor large -angle deflection, unit -cell method fails due to near -field couplings

ÅAdjoint method can holistically shape steeply deflecting wavefronts

Nano Lett.17, 3752 (2017) Opt. Exp.28, 6945 (2020)
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Optimization problem statement

ÅVariables: Center locations and widths of Si pillars

ÅFoM : Directivity for all switching levels

ÅDoF: Infinite (continuous variables)

ÅOptimization method: Adjoint -method based minimax optimization

Design Challenge

Can we find free-form metagrating
pattern for high-Dmultilevel beam 

switching?
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Å╔╕= ( 0.2, 0.6) [eV] -> ( 96.6, 97.0)% directivity and ( 52.4, 49.4)% diffraction efficiency

ÅLinear resonance frequency shift along graphene Fermi level tuning

Two-level switching results

ɝ‫
‫ Ὠ᷿ὺɝ‭ὶὉὶ

ς᷿ Ὠὺ‭ὶὉὶ

First-order approximation of
resonance frequency shift

ɝ‫ᶿɝὉ

Linear frequency shift along 
Fermi levels
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Åⱷ◑ȟ ȟⱷ◑ȟȟⱷ◑ȟ contributes DE spectrums (ⱷ◑▪ȟ□ represents ▪◄▐zero of diffraction order □)

ÅAt ╔ = 0.2 eV, ⱷ◑ȟ is far from ⱷ and ⱷ◑ȟȟⱷ◑ȟ are near ⱷ (making DE of 0th and -1st

orders into 0)

ÅAt ╔ = 0.6 eV, ⱷ◑ȟ is far from ⱷ and ⱷ◑ȟ,ⱷ◑ȟ are near ⱷ (making DE of 0th and +1st

orders into 0)

Pole-zero trajectories and reflectance spectrums



Inverse design of single-gate electrically tunable beam switching device

52

Quasinormalexpansions (╔ = 0.2 eV)

ÅFor -1st diffraction order, pole 2 eigenmode destructively interferes with background mode

-> Pole 2 eigenmode mainly works as a suppressor to -1st diffraction order


