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Introduction-Spectrum

Issac Newton: Founder of Spectroscopy

White light from the sun could be dispersed into a continuous series of colors using prism.
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Spectrometer

Solar spectrum: Fraunhofer line

W

wavelength in nm

Kirchhoff (1824-1887) and Bunsen (1811-1899)

Fraunhofer: 1787-1826
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in chemistry, physics and astronomy. '
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https://en.wikipedia.org/wiki/Chemistry
https://en.wikipedia.org/wiki/Physics
https://en.wikipedia.org/wiki/Astronomy

Introduction-Types of spectroscopy

based on many perspectives from Light-matter interaction

Acoustic resonance
Time-resolved
Photoemission

X-ray photoelectron
Circular Dichroism
Infrared spectroscopy
Raman spectroscopy

Absorption spectroscopy

Emission spectroscopy

Elastic scattering

Reflection spectroscopy

Impedance spectroscopy

Inelastic scattering

Coherent or resonance spectroscopy
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Introduction- Optical spectrometer

Optical spectrometer
shows the intensity of light as a function of wavelength or frequency
— Basic tool to analyze remotely & non-destructively

Goal of spectrometer
. identifying materials, monitoring environment, calibration colors... etc..

[Newport Spectromter] ;Ef
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010100315 ble-measurement-device-food-quality/430/ sensitivity.svg



Introduction-Hyperspectral imaging

Image & spectrum can be measured simultaneously

Useful information beyond human sight, typical RGB imaging

. Food inspection, environment/health monitoring, and etc.

[Food Inspection] [Skin Analysis/Diagnosis] [Materials sorting]

Applications of
Hyperspectral Imaging for
Food Quality Analysis
https://hippocratesmedreview.org/applications-of-hyperspectral-imaging- http://hyperstory.co.kr/ https://www.novuslight.com/spectral-imaging-ready-for-on-
for-food-quality-analysis/ field-and-industrial-applications N7527.html
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https://hippocratesmedreview.org/applications-of-hyperspectral-imaging-for-food-quality-analysis/
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https://www.novuslight.com/spectral-imaging-ready-for-on-field-and-industrial-applications_N7527.html

Introduction- Portable Spectrometer

257 x 127 x 60 mm
830 nm laser

250 x 280 x 90 mm

Ny

et "
127 89 x 56 mm S S

VAYA — Agilent Handheld Raman Spectrometer ~ Bruker handheld Raman Spectrometer

handheld Raman spectrometer ) .
P https://overtech.com.sa/vaya-agilent/ https://www.bruker.com/

https://www.smithsdetection.com/products/ace-id/

. A

114 x 23.9 mm 89.1 mMm x 63.3 mm x 34.4 mm
LinkSquare — Agilent Handheld Raman Spectrometer Miniature Leaf Spectrometer _ '
https://stratiotechnology.com/ http://www.lightwindcorp.com/ F-750 Produce Quality Meter — Z =0 ofin %5
http://www.lightwindcorp.com/  dongguk universiy =y



https://www.smithsdetection.com/products/ace-id/
https://overtech.com.sa/vaya-agilent/
https://www.bruker.com/
https://stratiotechnology.com/
http://www.lightwindcorp.com/
http://www.lightwindcorp.com/

Smartphone Spectrometer

Wireless

Communi cation

world’s 15t cloud-based handheld Raman spectrometer

‘17 CES
Changhong, Analog Devices, and Consumer Physics IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS (2019)
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Motivation

- Smartphone and CMOS Image Sensor : Samsung’s Big Biz
- Smartphone user experiences require outstanding sensor platform

1) Image Sensor is full array of photodetector
2) Spectrometer is strong candidate to provide superior sensor platform for smartphone

Is there any way to utilize image sensors to spectrometer ?

St

[Samsung’s Precise and Sensitive Image Sensor]




How Can We Make Spectrometer Compact ?

We should reduce its dimensions as small as possible — Miniaturization!

— Diffraction of light from limited space

High-sensitivity . .
CMOS linear \magelmdgm light

sensor with slit \ ;" Input slit
I \J
T v
jollow

grating Grating chip

Diffraction
by grating

https://Ammw.hamamatsu.com/jp/en/product/typ
e/C12666MA/index.html

Still Large to embed smartphone

Absorption to remove
unwanted wavelengths of light

Absorption . s LT
by QD ;;:E:::-o- o.; o 07500 600

https://www.nature.com/articles/nature14576
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Key Technology : Fabry-Perot Resonator

» Interference of light : superposition of waves
- controllability of light in a particular range of wavelengths
- Constructive interference determines

» Fabry-Perot resonator (optical cavity with two parallel reflecting surfaces)
- Optical bandpass filter with controlling Q(6A) and Acenter

R1 R2 . What determines 5 and A?
n 100% 0%
0 T :
T N : 5 5, | Reflectivity | R1R2
R g 3 Cavity Loss
R?‘; \ ? E /1 /, ' Optical path | n*L
Ay NS NI
R2 | 2 0% =— ’/\\,(,ent&m:;;gth 0o L Iength

https://en.wikipedia.org/wiki/Fabry%E2%80%93P%C3%

https://en.wikipedia.org/wiki/Fabry%E2%80%93P%C3%A
A9rot_interferometer#/media/File:Etalon-2.png

9rot_interferometer#/media/File:Fabry—Pérot_etalon.svg



Device Design

Reflector

— Fabry-Perot resonator —

Resonator

saem )2
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Device Fabrication

Binary photo/Etching Repetition by 2N, N=integer

2°(1) ch. 2'(2) ch. 22(4) ch. 2%(8) ch. 24(16) ch. 25(32) ch. 25(64) ch.

< - K. U \ \
etching #1 etching #2 etching #3 etching #4 etching #5 etching #6 etching region

saoom i
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From Device to Analysis

Image Sensor + Nanophotonic Filter

Low Spatial resolution High Spatial resolution i T
High Spectral resolution Low Spectral resolution rrTTT Ty

40px X 40px : 64CH 2px X 2px : 16CH e —

- W T WYY TS TV Y YT YT T
YT YT TYT YT YT TYTEYTYTTe

T T T YT YT YT Y Y TYYTY T Y TrTYTem
T T T YT T T Y TY Y Y YTy Y yTre

Samsung
S5K4E8

Transmission
QE x Transmission

400 500 600 700 800
Wavelength (nm) A (nm)

On-Chip spectrometer Hyperspectral Image sensor
: Raman spectrometer



Smartphone based Raman Spectrometer

U. J. Kim et. al. Nature Communications (2023) L=t 1 el g | 3',
dongguk UNIVERSITY ‘



Raman Scattering and Fingerprint

Raman Fingerprint

&

&3 Tylenol
rj&\f ~ (7 Raman o
Laser L »
Sir Chandrasekhara Venkata Raman Methanol
(1888-1970)
« Raman scattering
» Discovered by C.V. Raman in 1928. (Nobel prize in 1930) Glucose
* Inelastic scattering of photons by matter | | | | | | |
- Energy change of incident light, > Was\s;; Length(s:::n) -

« ~10° % of incident light )
« Involves with vibrational energy of molecules = Fingerprint of materials %%Eﬂgﬂ_{'@"
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Spectrum Measurement in Chip scale

sample
VG AL
M N
‘ pumping laser

confocal [i = i
geometry

'—' On-chip spectrometer
Simmian board

Broad LED spectrum
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Yeonsang Park et al. Sensors and Actuators B: Chemical (2023) GUKUN



Spectral information for Drug Classification

Spectral information with deep learning

eeeeeeee

Raman and fluorescence signal detection with CMOS image sensor

(785 nm) Band pass filter
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Conventional Methods for Drug ldentification

DruglD, ID My Pill, Pill 1dentifier, Pill Finder, and Drug Info

https://www.drugs.com/imprints.php

Pill Identifier

Search by imprint, shape or color

Use the pill finder to identify medications by visual appearance or medicine name. All fields are optional.

Tip: Search for the imprint first, then refine by color and/or shape if you have too many results.

Pill Imprint Enter the letters or numbers from your pill
3 ) FOR THIS TABLET
Example | & @ % S0 YOU WOULD ENTER
D SIDE B
Color (optional) HINT: To ter an imprint only, To further
) . expand your search, try entering only part o I our imprint

Any color v

Shape (optional)

Any shape v

1D

ec.4 digit

tzone

2D

ARERRER l,l,ll-

] Clocking pattern
-
Module or cell F
——— Data region
a
der or “L" pattel :
Quiet zone
o
|

This work : Spectral Barcode

HEN IIII-III L max

5 lllllllllll Illl o
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Raman Fingerprint

Glu-M SR Tab.

Int. (arb. units)

CH; asym.
deformation

840 870 900
A (nm)

Vitamin C Tylenol 8 hours ER Tab.
Diabetes -Metformin

Diabex Tab. 1000 mg Dybis.Tab Glu-M SR Tab.

C=Cring

%) stretching & CNH 7 5 o
= C-0-C = stretch = e =
> S 5 S 5
o ¥el g ) -
S o & 8 5
. e 2 E 2
840 870 900 840 870 900
i (nm) A (nm)

%%EHUHL>'

U. J. Kim et. al. Nature Communications (2023) doNggUK UNIVERSITY



Spec:tral Barcode of Drugs

= 720| 7tsetR?

Hypertension

Diabetes

Hyperlipidemia

Over the counter

Amlodipine (C,H,.CIN,0,)

Glimepiride (C,H_N,0.S)

24 34 475

Atorvastatin (C,,H,.FN,O,)

33 '35

Vitamin B6 (Pyridoxine, CH, NO,)

L

Anydipine S Tab. 5 mg

Diaride Tab. 2 mg

Lipilou Tab. 20 mg

Pilidoxine Tab. Sinil

Orosartan Tab. 10/160 mg

L]

Simvalord Tab. 20 mg

]
I

[

H [0
=
B - O
[ L] ]
2] ] ] Il
' []
|| ] || HC
Losartan (C,,H,,CIN,O) Metformin (C,H,/N,) Rosuvastatin (C,H,.FN,O,S) Vitamin C (CH,0,)
Bearlotan Tab. 50 mg Diabex Tab. 1000 mg Crestor Tab. 10 mg Vitamin C Tab. 1000 mg Yuhan
| 0 B

| Simvastatin (C,H,0,) | Tylenol (Acetaminophen, CH,NO,)

Tylenol Tab. 500 mg

U. J. Kim et. al. Nature Communications (2023)
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Major Com

ponent of Drugs
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00 80 900
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Raman Spectrum of Drugs
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_Tylenol (Acetaminophen, C;HNO,)
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800
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@
&
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Int. (arb. units)
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U. J. Kim et. al. Nature Communications (2023)
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Data Base for Convolutional Neural Network

Atorvastatin

Lipilou Tab. 20 mg\
Lipinon Tab. 20 mg5
Lipitor Tab. 10 mg*
Lipitor Tab. 40 mg"

Lipito-M SR Tab. 20/500 mg'®

Rosuvastatin

Crestor Tab. 10 mglg
Crestor Tab. 20 mg‘ =
Daewoong Rosuvastatin Tab. 20 ugm

Rosulord Tab. 20 mgl

51 Vitamin B6

Plidoxine Tab. Smil (Vitamin BG)Z

Untrained drugs !!
Not in the Database

Al| Ghmepmde Glmel Tab. 3 mg5

1

52 Vitamin C

Vitamin C Tab. 1000 mg Yuhan™

Dymit XR Tab.**

Acetaminophen

53 Tylenol Tab. 500 mg”*

54 Tylenol 8 hows ER Tab.**

Metformin Glucophage Tab. 1000 mg"*

Al| Glimepiride

Glimel Tab. 3 mg’

A3|  Metformin

A2 Dymit XR Tab **
Glucophage Tab. 1000 n'g”

A4 Metfol Tab. 500 me’®

Metfol Tab. 500 me™

1 Anydipine S Tab. 5 mg'

2 Lodien Tab. 5 mg’

3 Myungmoon Amlodipine Tab. 5 mgS

Amlodipine

4 Norvasc Tab. Smg*

5 Orodipine Tab.*

6 Unasc Tab. 5 mg®

7 Bearlotan Plus Pro Tab.”

8 Bearlotan Tab. 50 me’

9 Corzartan Plus Pro Tab.*
10 Cozaar Plus Tab.*

Losartan

11 Cozaar Tab. 50 mg®

12 Cozartan Plus Tab.®

13 Rosaninplus Tab.*

14 Sarlotan Tab. 50 mg'

17 Diaride Tab. 2 mg’

18 Diaride Tab. 4 mg’

19 Glimel Tab. 1 mg®
20 Glimel Tab. 2 mg"

Glimepiride

21 Glimepid Tab. 1 mg'®
22 Glimepid Tab. 4 mg' 8
23 Neomaryl Tab. 1 mg'
24 Neomaryl Tab. 2 n\gl
25 Diabex Tab. 1000 mg’
26 Diabex Tab. 250 mg’
27 Diabex XR Tab.”
28 Dybis Tab."!
29 Galvusmet Tab 50/500 mg'?
30 Metfn Gh A, Tﬂb."
31 Glucophage XR Tab. 1000 mg"*
32 Glu-M SR Tab."*
33 Glunefomin Tab. 500 mg'®
34 Glupa-Conbi Tab. 500/80 mg'”
35 Metophage XR Tab. 500 mg’

! Chong Kun Dang Pharmaceutical Corp.

2 Han Lim Pharm.

¥ Myung Moon

4 Viatris Korea

*Donga ST

¢ Korea United Pharm.

7 Daewoong Bio

§ Organon Korea Ltd

? Kwang-dong Pharm.

19 Hanmi Pharm.

!t Shin Poong Pharm.

12 Novartis Korea

13 Hanall Biophrma

4 Merck Ltd.

!5 Samik Pharmaceutical

16 Young Poong Pharmaceutical
17 Dalim BioTech

18 Jeil Pharm.

19 AstraZeneca Korea Corporation
2" Dae Woong

21 Sinil Pharm.

2 Yuhan

2 Johnson & Johnson
2 Janssen Korea

# Kyung Dong Pharma
2 11 Dong

A1 ; 4

F= 0% %,{w

U. J. Kim et. al. Nature Communications (2023)



CNN training for Drug Classification

Classification with Convolutional Neural Network (CNN)

Classification brand name

major component

Convolution + BatchNorm . Convolution + BatchNorm

Spectral
barcode

Crigs

+ add + RelU + ReLU+Max pooling

Fully-connected

Flatten Fully-connected
BatchNorm+ softmax

BatchNorm+ Relu

U. J. Kim et. al. Nature Communications (2023)
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Confusion matrix

by Major Component

Predicted
Actual -

Amlodipine

Losartan

Glimepiride
Metformin

Atorvastatin
Rosuvastatin
Vitamin B6

Vitamin C

Tylenol

Amlodipine Losartan

Glimepiride Metformin Atorvastatin Rosuvastatin- Vitamin B6 VitaminC  Tylenol

0.004

0.006 0.003 0.003

0.003
0.004 0.002
0.005
0.007
1
I 0.75
| 0.5
0.25
0

~ 99% accuracy for the same component
CNN for Spectral Barcode :

Major component : ~99%

Unknown four drugs : 99.8%

(only one failure out of several hundreds trials.)
Brand name : 79.5%

CNN for RGB image :
Shape and Color : 95.7%

Combination of two CNNs :
Brand name :83.2%

U. J. Kim et. al. Nature Communications (2023)

by Brand Name

— T
“"““"1 2 3 45 6|7 8 9 10 11 1213 14-17 18 19 20 21 22 23 2A]2S 26 27 28 29 30 31 32 33 34 35‘36 37 38 39 40 41 42 43 M_S1 52|53 S4

%013010
003008008003
10.130.130440240.02
{0.080.03 0071007
0.05

003

013011 0.02
01301
002 005 0.9¢

[RENCRE 0 '/
005 014 0.79| | | loo1

002

093] 0.02 004 0.01
00}

002012 002002

001001002

Brand .name :83.2%

007
002 004001

030
003|003 .11 [OE]
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Hyperspectral Image Sensor for Machine Vision

Finger prints for Meat freshness
in its fluorescence excited by 365nm LED

Myoglobin

oo Y8

dongguk UNIVERSITY



Hyperspectral image to food inspection

Hyperspectral Imaging System Hyperspectral data cube
(HIS)

Line-scan type with grating

High spatial and spectral resolutig ol
Traditional

analysis  Food inspection

Machine Learning

Snap-shot type
Low spatial and spectral resolution

Low data size . ok ')
to be submitted S 3\"



Freshness Index
o

line scan type HIS + traditional analysis

Freshness of beef : evaluated by data from spectral images
— NADH and Myoglobin fluorescent peak determines freshness.

Intensity (a.u.)

NADH Mxoglobin

% N,

4 8 12
Storage time (day)

A (nm)
. 10 4
O | 4
i o4 W L
. =S o0 8
3 i !
Z 6 58 4
h) . J
2 .
]
H
2 .
0 4 8 12
Storage time (day)

Freshness Index = (Iy —Ipy) / Uy + Iyy)

oth day

3rd day

7th day

10t day

13th day

17th day

Number of Pixels

b N
|

0 20 40

Value of a* b*

Hyperspectral image for food inspection

Intensity (a.u.)

PR B

450 550 650

A (nm) 03 Freshness index 07
. s3cyorm Y8
to be submitted dongguk unersy % 4y



Hyperspectral image for food inspection

Snap shot type HIS with Machine learning

QE x Transmission

Samsung’s 4E8 image sensor

Count

120

90

Filter arrays integrated on image sensor

—e— Qth day

/'\_ —e— 15th day
* .\

// NgPH .\""”"\.

o—"

oo / ./.\‘

400 500 600 700
A (nm)
oo Y8
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Hyperspectral image for food inspection

Al = o

670 nm 715 nm 775 nm blank 670 nm 715 nm 775 nm blank 670 nm 715 nm 775 nm blank

o

&2 0|0|X|

[N

Demosaic O|0|X|

630 nm 690 nm 735 nm 835 nm 630 nm 690 nm 735 nm 835 nm

520 nm 575 nm 400 nm 460 nm 520 nm 575 nm 400 nm

--

380 nm 430 nm 495 nm 540 nm 380 nm 430 nm 495 nm 540 nm 380 nm 430 nm 495 nm 540 nm

> jJo jo jo | K ‘ .
/

735 nm 835 nm

520 nm 575 nm
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Hyperspectral image for food inspection

Dimensionality reduction

1204

Count

—e— 0Oth day
—=— 15th day

/N

B AN
90 / . \’

oo /./ \‘

- —e—w

500 600 700
A (nm)
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Polychromatic Vision for Smart Farming
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Color Discrimination Sharpness
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Post-Maturity Detection by Butterfly Vision
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Poly Chromatic Vision for Post-Maturity
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Summaries

Drug Classification

- NIR
- Low Spatial resolution
- High Spectral resolution
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Smart Farming

Transmission
o
Y

o
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Raman spectrometer (785nm)

Raman Spectrometer

Reflectance

Machine Vision - UVNIR |
- High Spatial resolution

- Low Spectral resolution
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- UV-NIR
- High Spatial resolution
- High Spectral resolution

Hyperspectral image sensor
: Fluorescence (365nm)
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Hyperspectral image sensor
: Reflectance (ambient light)
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