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Silicon Nanophotonic Biosensor Chip for Lung
Cancer Detection
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Figure of merits of our cancer detection chip in
reference to all existing results [1  -12]
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Biochip Preparation and Detection Procedure
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Integrated Photonics for Biosensing
(Lab-on-chip) N
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Integrated Sample Preparation and Sensors on a Chip
with User-Friendly Machine -Human Interface
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Biomarkers so far has been detected

Breast cancer biomarkers

Lung Cancer Biomarkers

Pancreatic Cancer Biomarkers

Three Antibiotic drugs

Heavy metal attached biomarkers
COVIB19 Spike Proteins

Flu virus

Depression biomarker (under evaluation)
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20 US Patents Granted

1 Two-dimensional photonic crystal MicroArray measurement method and
apparatus for highly -sensitive label -free multiple analyte sensing, biosensing, and

10 Packaged chip for multiplexing photonic crystal wavequide and photonic
crystal slot wavequide devices for chip -integrated label -free detection and

diagnostic assay

US Patent number: 11097246, 2021

2 Two-dimensional photonic crystal microarray measurement method and
apparatus for highly -sensitive label -free multiple analyte sensing, biosensing, and

absorption spectroscopy with high throughput, sensitivity, and specificity

US Patent number: 8636955, 2014

11 Photonic crystal microarray layouts for enhanced sensitivity and specificity of
label -free multiple analyte sensing, biosensing and diagnostic assay

diagnostic assay

US Patent number: 10610846, 2020

3 Subwavelength Photonic Crystal Waveguide in Optical Systems

US Patent 10,215,918, 2019

4 Method for label -free multiple analyte sensing, biosensing and diagnostic
assay

US Patent number: 9579621, 2013

5 Subwavelength photonic crystal waveguide with trapezoidal shaped
dielectric pillars in optical systems

US Patent number: 9563016, 2017

6 Subwavelength grating coupler

US Patent number: 9122820, 2015

7 Method for chip -integrated label -free detection and absorption spectroscopy

with high throughput, sensitivity, and specificity
US Patent number: 9063135, 2015
8 Broadband, Group Index Independent, and Ultra

-Low Loss Coupling into Slow

Light Slotted Photonic Crystal Waveguides

US Patent 9,170,374, 2015

9 Packaged Chip For Multiplexing Photonic Crystal Microcavity Coupled

Wavegquide And Photonic Crystal Slot Waveguide Devices For Chip -Integrated

Label -Free Detection And Absorption Spectroscopy With High Throughput,
Sensitivity, Specificity, And Wide Dynamic Range
US Patent 9,164,026, 2015

US Patent number: 8623284, 2014

12 Method for label -free multiple analyte sensing, biosensing and diagnostic
assay

US Patent number: 8580200, 2013

13 Photonic crystal band -shifting device for dynamic control of light transmission
US Patent number: 8571373, 2013

14 Photonic crystal microarray device for label
biosensing and diagnostic assay chips

US Patent 8,293,177, 2012

15 Multimode interference coupler for use with slot photonic crystal waveguides
US Patent number: 8189968, 2012

16 Photonic crystal band -shifting device for dynamic control of light transmission
US Patent App. 12/455,791, 2010

17 Method for the chip -integrated spectroscopic identification of solids, liquids,
and gases

US Patent number: 9157850, 2015

18 Method for the chip -integrated spectroscopic identification of solids, liquids,
and gases

US Patent 8,585,974, 2013

19 Integrated photonic crystal structures and their applications

US Patent 9,157,856, 2015

20 Slot waveqguide with structural modulation

US Patent number: 10490906, 2019

-free multiple analyte sensing,

14
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A Medical cancer clinics THE UNIVERSITY OF TEXAS

- MD Anderson MDAnderson
- Medical University of South Carolina -G&Heeli(jenter@

- Louisiana State University Health Science Center
éMUSC

A Pancreatic Cancer in US today: 65,000 cases

- Survival rate at early detection: 44%
- Overall survival rate today: 15%

Medical Univer-sity
A WithOurBiest K2 U2y A O OKA LIQa PN ©f South Carolina

- Converts all cases to early detection cases
- Overall survival rate improves by 29% (from 15% to 44%)

- Increased survivors: 65,000 * 29% = 18,500 I—su
NEW ORLEANS

50 lives saved every day

on just pancreatic cancer in the US alone
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Motivation i Why Mid-Infrared? @@ momm  memeer s memet s
% O-H stretch C-H stretch C=N c=¢ C=0 stretch
z ] ) T I . [ [ | |
A Fundamental molecular vibrations of almost all ' \/ U Fogarnt i
molecules lie in Mid-IR 500 i 4000 cm-? [ Ecspton 80- 880 o’
(2.5 pm to 20 pm) oo || s e
4 5 - o ono - . atterns for aromatics.
A Vibrational-rotational transitions are 10 -1000 times t ifk"yc’ni"équ ' e
of overtones in the near-IR region " strtch M
e > 3000 cm! ; <3000 cm
Fu;c:)amental ] ::Ir(:ax‘l CH : alkyl C-H stretch
ibration | i | | I | I
st 4000 3500 3000 2500 2000 1500 1000 0C
Lot il ’ 4—5 Wavenumber (cm™) ° °
nd
3rd Overtone 2" Overtone 1.5 V=Me =
/\ (b) 1.4 1 Methane
1.3 1
/.._\ 1.5 Formaldehyde
13200cm’’ 9900 cm'*! 6600cm™! 3300cm- 1.1
<«——— Wavenumber g 10
& 097 Ethylene
€ 0.8+
GHG Absorption Line Absorption Line  2°7]
0.6 1
Molecule peak (em) peak (cm) 05
0.4 1
CO, 4.26 2350 03
0.2 1
CH, 3.31 3020 e K A T, |
9-%50 830 1000 1200 1400 1600 1800 2000 2200 2400 N0 2800 3000 3200 3460 3600 3600 4000
NZO 4.46 2240 Wavenumber (cm™') ————>

Fig. (a) Typical absorption spectra of various bonds,

CO 4.59/4.71 2180/2125 (b) Absorbance of various molecules in the atmosphere.
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Background i Absorption Spectroscopy
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Design and optimization of defect- based slow-light
assisted waveguide photonic crystast waveguide

Design and Optimization of Hexagonal Photonic Crys(tgl waveguide
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Miniaturized Lab-on-chip Absorption Spectroscopy  Detected Analytes (orchip)
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Yoo, Kyoung Min, etal. ACS " Zou, Yi. et al. Sensors and Actuators  Rostamian, Ali, et al. Nanophotonics ~ Zou, Yi, et al. 2015 CLEO = oot 3 all z 20
sensors 5.3 (2020): 861-869.  B: Chemical 221 (2015): 1094-1103.  10.6 (2021): 1675-1682. IEEE, 2015. : g
H 1 1 1 1 1 1.5 20 25 30 35 40 45 50 55 6.0
Dispersion relgtlon N a(DDeI‘IOdIC structure Wavelength (1im)
A phase velocity :  © Electrochemical On-Chip
A group velocity . Ol Parameters MOS Resistive sensor sensor Spectroscopy
_ Sensitivity Moderate (in sub ppm) |Moderate (in sub ppnHigh (in ppb level)
A the group index : - | Selectivity Poor Moderate High
A a slow-down factor from the VeIOCIty, Power consumption |L o w (-88 m\&/)0 Low (-50&W®)0 |Low (intens of mW)
life-time a -8Years a 510 Years > 25 Years
Effective pathlength (L.4) A physical chip length (L) a 2 c¢cm3
X group index (n,) Sensor Size al cm3 a 3.5 c¢ m3 |(multiplexed)
_ _ _ _ _ \Weight Light Light Light
Ovefrall Ilghtt—qn?r:yte interaction A Ll optical Cost Low (typically <$50)  |High Low (expected <$3(
continementin the air warm up required Yes (typically <45 Sec) |Yes (<typically 10 Se(No
n,y V,Z Y ol Y Better JPertabifityi t | v i[Yesy Yes Yes
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Experimental setup and measurement analysis

=

Mid-IR measurement system
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Fig: Measured optical waveguide loss
normalized to the 1mm long waveguide.
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Experimental setup and measurement analysis
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Experimental setup and measurement analysis

Comparative Analysis of varioum-chip sensing techniques

Spectroscopy type ____Platform ___LOD___Analyte/Ref

Wavelength Modulation

Spectroscopy (WMS) NbOs
Direct Absorption SOl
Spectroscopy (DAS)
Tunable laser diode

. SOl
absorption spectroscopy
DAS/WMS Chalcogenide
DAS Chalcogenide
This Work SOl

348ppm

100ppm

100ppmv

155 ppm/75ppm
5.9ppm
3.65ppm/220ppb

CH (Bi, 2023)

CH (Lai WC. a., 2011)

CH, (Tombez 2017)

CH (Zhao, 2022)
CH (Pi, 2023)
CH/NO;







Comprehensive Drone-Based Gas Detection
System with Adaptive Sampling Approach

System comprises three essential components:
AUser interface (web application).
Ahysical drone environment.
Avicrocontroller communication network.

Develop automated drone operation, data transfer, and
algorithmbased operation using:
ACommercially available CO2 sensor.
ACustom 3Bprinted mount to reduce propeller
downwash interference.

Realpicture of dronewith integratednavigationcontrol and System incorporates:

data transfer modules The groundbasedstation (laptop) is AAdaptive sampling algorithm using Robot Operating System
used to automate the sampling process with adaptive (ROS)

samplingapproach : L
PIRgapp Antegration of GPS module and sensor data within the drone
flight model.




UT Capstone Showcase Spring 2024 - FH13 Gas Detecting Drone
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3. Measure the output power interferogram

(a) \ (b) = —— (c) i
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(a) 1. Broadband light source 2. Bandpass sampling by ! b Band|2
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Optical Path Delays (AL;)

# Inverse Discrete
‘ Fourier transform
Band 1 Band M

Pl

(/] tunmg with different

P
out 12
Heidari, Elham, et al. Optics Letters 44.11 (2019): 2883-2886.

Sub-Wavelength
Grating Coupler (SWGC)

Intensity (a.u.)

m 9 E Fourier Transform
\ 3
v B l \ Optical Power Measurement Wavelength
8 4. Retrieve the sampled spectra separately
&
Resonance Peaks \\
\

Micro Ring Resonator Biosensor

Lo

Resonance wavelength shifts
when the receptors bind the targets

Optical Intensity

Yoo, Kyoung Min, et al. Optics Letters 48.20 (2023): 5371-5374. Yoo, Kyoung Min, and Ray T. Chen. ACS photonics 9.8 (2022): 2691-2701.
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Raman Spectroscopy
A non-destructive analytical spectroscopic technique

Useful for identifying molecular fingerprints

Based on the inelastic scattering phenomenon
calediRaman Scatteringo

Theincidentphotonsinteractwith molecules
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X 5
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- Diroct T —
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: Vibrational
J' v 2  Energy
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incident photon E=hv=he/ A

(winc)

Surface Enhance Raman Spectroscopy (SERS) sensor

U Plasmonic Nanostructures
U Surface Plasmon Resonances
U Enhance Raman Signals
4 HOT SPOTS (Enhanced local electric fields)
& Enhancement of Raman signal (vibration
modes) of molecules/analytes near hot spots

From: Surface-enhanced Raman spectroscopy

a b Surface plasmon
Incident Ecssentigny resonance effect
Wine Wine = Wigcal .
l J}'\L Fovepets Singiaolectidancenkacior
= \ VAnti-Stokes ]T"""H* : I “‘m,A>
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Enhanced $f=| I: q&o 4 )§
- MEF
Dime S SFLd &

(tWO gO|d nano Plasmonic Ag NPs

3 \Sllica layer

A Nanocapsule : Ag NPs
growth and Ag NPs uniformly
grow on a Silica layer with a
metallic Au nanorod core.

Bio-molecules
-

U\

1 ;and . are the resonant
frequencies of the local el
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1D Subwavelength @\, Gratings on Silica the wavelength range from 500-600 nm.

Unit: E/E,

4.06 ol
Air ﬂlncident Light

2

: : " —EER o e s it |
S | 3 N 4 gratl ng 18 SERS from a plasmonic-active nanotube
| " on the silicon nitride GMR grating
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w LIS ISL IS 0 3" 7 | Figure: Measured 1 IM
. ‘ o2 1 R6G Raman spectrum from
i Bl { the SiO, nanotube on the
8 os} 1 flat Si;N, substrate and the
& sl | Si02 nanotube on the
- GMR grating
Figure: Schematic of the ~guided mode Figure: (a) SEM picture of the plasmonic-active ol AJ\J\ .
resonance grating photonic device structure and . . - 9 NALL AL ‘ :
simulated Electric field distribution at the 532 nm SIO, nan‘_)tUbe (b_) SEM picture of the S_'3N4 00 800 B0 A men ahR oy o0 100 2000
(resonant) wavelength. P = 340 nm, and the GMR grating. s with densely assembled silver
grating width is w = 185 nm. nanoparticles.

Xu, Xiaobin, et al. Applied Physics letters 100.19 (2012).
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Coupled from | \-\ n signals Out-
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Figure: Schematic of the initial packaging and experimental setup used to
characterize our portable device and sense water contaminants (heavy metal ions)

on-site. (b) a fully packaged arrayed SERS substrate coupled with a fiber-optic system
by surface normal grating couplers using PLC techniques.

Figure: Schematic of a i fuIIy packaged arrayed SERS substrate coupled

with fiber-optic system by surface normal grating couplers using planar
lightwave circuit (PLC) techniques.
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Freespace optical technologiésvhy midinfrared?

Hence: Operation in adverse conditions such as fog, haze, and intense sunlight

www.cablefreesolutions.com
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1D Optical Phased Arraybeam forming and steering

Far field
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2 16 Independent -
TO Phase shifters

Output gratings with
polysilicon overlay

/

Steering in XY plane-TO phase tuning.
Steering in XZ plane-wavelength tuning.
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Mid-infrared technologies why InP?

Monolithic integration with quantum cascade lasers (QCLS)

A Efficient mode coupling

A Heat extraction (no low bonding or cladding material) coupling |l oss & 0.
A Robust due to no mismatched CTE propagation | ®&s%&9nm

Wang et al. ACS Photonic8 426 431 (2022).

— QCL
Q\

P

InGaAs

1um

Envisioned beam steerer PIC propagation | o:
o= 5.2em
Karnik et al.,Opt. Expres81,5056 5068 (2023).
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1D Optical Phased Arraydemonstration @-= 4.6em
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JURUDOLLEEERE Midkiff et al., Optica7, 11,
- 10>m 1544 (2020).
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2D Optical Phased Arrayelement distribution (2e-spaced uniform grid)

T |30 elements, S S HL " | 30 elements,
tightly packed .= " |sparse nomedundant
20 20 i I.::: N ]
3 Bl A Fov:28Al 28A R, _ " R FOV: 28AT 28A
o A BW:3.7Al 4.5A Wi omo o= " A BW:0.6Al 0.6A
HH REsis U 47 resolvable points i e U 2177 resolvable points
% % % U PSLL=-28dB Y % U PSLL=-17dB
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MODTRAN Simulations of Transmittance vs Visiblility for Typical and
Proposed Experimental Setup of MidR 2DScanning Lidar System

isibil i TOCTZ00EVM and Amplifier
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MSP430LP and Filter
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Photonic Al keeps growing

Al influences various aspects of our lives

. ChatGPT

Why Photonic Al ?

A Low latency and low power consumption

A High bandwidth in the analog domain

A Unique multiplexing techniques, e.g., WDM

|

Autonomous driving Data centers Medical Diagnosis General Language Model
A Integrated photonics bring new opportunitiesé
104
= Language AlphaGoZeroo .:GPT-S
* Vision ero @ ,° ron- i
b - Games Noukd :;::Ti. ol" BERT 107} Nanophotonics Yk
. g:::rch translation Ly ngp'r_g ‘| 08 ’,_
z '," é BERT 7[ :
Electrical 3w ) Dowbingey 10 I Neuromorphic
o o /®ResNets 3 10 | 5 Cthen photonics
Computation 3 . nenee g 105} tate -of-the-ar
g & Doubiing svery & 10: Neuromorphic electronics
£ 3.4 months = [ J ?“ s .
2 10 ; g 10°; TrueNorth . Silicon photonics
2 Deep belief networks é @ \
3 . S 102 , :
. . . . 3 Doubling every 24 months 8~ = E 10 - NeUTO.Gﬂd HICANN
OptiC&' § 10°¢ TD-Gammomvad oo ‘aw)’ - - MLP_based o e e e 8 i !O_h
c . — — L — —O C s e e reura) nefuwork broake ' Digital electronics
omputing 1o -7 T 10° SgiNNakel' Microwave electroni :
NEI'taE o RNNC}ors eech 3 TN 102 5 ; 7 e
- AL\;NN i’ Pre-GPU computing 1 1 02 1 UL . 1 06 1 08 1 010 1 0”
0 | | | . . - - | Computational Speed (MMAC/s/cm?)
1985 1990 1995 2000 2005 2010 2015 2020 2025
[Mehonic+, 2022] [Mitchell+, 2018]
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Recent Work on Optical Neuron Networks (ONNSs)

Photonic Neural Network Trends in Academia Foundry / EPDA Support in Industry
[ASP-DAC’20, TCAD’20, [ Photonic Computing Chip Designs ]
ACS Photonics’22]
N1\ .2
Z SALIENCE
JIGHTMATTER LIGHTELLIGENCE LABS
-. [DATE 20] ‘ , { LuminouSHGISENIVISEL ight%n
.« , 3¢~ § ;7" [Nat Comm. 22] - light powered computing
- e o g
R ' 2 Nature’21
[ScuRep17] [PhysRev'19] : 4 4R [ : = Design Automation / [ PDKs / Foundry ]
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[APR20]

.
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Implementation of Photonic Tensor Core (PTC)

MZI Mesh based on Singular Value Decomposition (SVD) Weight Bank Architecture [Tait+, 2017] PCM-based All-optical Spiking Neuron
[Shen+, 2017] [Feldmann+, 2017]
Interference unit Nonlinearity unit U(2) Block
~ 4
J S~ ’
N\s 4
Plastic synapses WDM multiplexer PCM Cell MRR
@@ Unitary matrix multiplication core @@  Diagonal matrix multiplication core / \

Scaling issueef ONN architectures

Full-range Dot-product based on Coherent Interference MRR-based Crossbar Array [Ohno+, 2017]

[Shen+, 2017] A Hardware complexity for modulation

# of device O m?+n? or O m-n for GEMM
A Power assumption of active devices and ADC/DAC
A High cascaded propagation loss
A High control precision requirement

A Robustness concern: Process variations, limited

\resolution of tunabl e y\
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