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Mid-infrared optical sensors have a number of compeling advantages for remote
sensing and the simultaneous measurement of mixtures, However, they still have
difficulties in accurate detection owing to signal interferences among a large number
of molecular fingerprints in the mid-infrared band, which result in very slow commer-
cialization. Higher sensitivity and higher selectivity are required to overcome this
obstruction in measurement technology. In this paper, we review and analyze the

trends of mid-infrared sensor technologies enhancing the sensitivity and selectivity.
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[£A] Reprinted from S, Kim, D, Lee, and T. Thundat,
“Photothermal Cantilever De—ﬂection Spectroscopy,”
ERJ Tech, Instrum,, vol, 1, no, 7, 2014, pp. 1-7, CC BY
4.0,
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Mutlipath cell %%giﬁm) QEE (Ii?r)
Herriott cell 30 74 1
Astigmatic Herriott cell 36 182 0.3
White cell 7.5 12 10

White cell with recirculations 5,984 272 |Not stated

Chernin cell ~1,500 |~500 160

Combination cell with three mirrors| 140 130 5.4

Twisted cylindrical mirrors 58 49 5.4
Circular multi—reflection cell 1.04 17,51 0,085
Integrating sphere 4.4 65 0.5

[&A] J. Wojtas et al., “Mid—infrared Trace Gas Sensor Technology
Based on Intracavity Quartz—Enhanced Photoacoustic Spec—
troscopy,” Sensors, vol, 17, no, 3, 2017, pp. 513:1—
513:9, CC-BY 4.0.

44 HXEMNSSTEM HM33HE HeS 2018 12¢

pass cell)o] 7H‘ﬂ*54°1 SeH4], 1, AR A
7 BHRE FHa] HeiA] AAEe] A717F ARE

A e, o) A Sl A 5

A7 s &% MDAL(Minimum Detectable Absorption
Lﬂmt)% 183 A)7)9] W (fluctuation) FHoE =
T AolA FAgke] FAAZI AFTA = T &
w222l A I% M, AR A 483 SR
BA 10 'em ™ AEY] MDAL&EﬂXJ‘:P

ojAY & o‘%ﬂ AAeA st HAE S5
fIste] 3x17] 7|9ke] St 1] S mhE 2
Tsto] 7|ukeh HhHo] dtEfo] gkl 2 AoflA= o
3212l CRDS2} PAS]| tsf 4752,

7}. CRDS

(1 Y5114 ®o] ol BH7]0] Qe BH
7ol Bawst Z7sA B3 B Fmo
w2} Al gto] B Hid), A (93 2o] £
34 Qlon], A S5 B §oms o) B,
o714 L& BA7] o], RS TANE THeke 78]
WP, TR), o B07] i B40] ol

I(t) = Iyexp (— 9 ,

_ L
TTUa-R fal]’ ®
1 1

=ca
T Tempty

® FRolAE Z77ko] B9 Al7lel RHste], 1
L MDALS F3317)7} 98k Z27] Yo E4o)
ZAJsH=R] 9F=x]9] 9o w2 RN AL B
& Sr-go] AAE o] TEEol AlAE.
MEz7]00s Fhe AT OIAE Ao, 1L
w3hs 8= st CW HloJAE ol8sk= ol
AL, CRDSOIAM AMG-S= BP9 HARES



Length of the
cawty d /
—
—
| ——
—— hh " a=0
. TR ft

a#0

ABIY AlZhol| oo}
ILHol| Exlist= =E<

(32 2) CRDSe| HE=(ZZ7]o| %%
£ go| H3lE EHoto] A
g+8 23)

[£A] P, Sahay, S.T. Scherrer, and C, Wang, “Measurements
of the weak UV Absorptions of Isoprene and Acetone at
261-27onm Using Cavity Ringdown Spectroscopy for
Evaluation of a Potential Portable Ringdown Breath
Analyzer,” Sensors, vol.13, no. 7, 2013, pp. 8170—
8187, CC BY 3,0,

99.9% o)FO.&2 FAHEI} 4= kmell Eote], =2 SNR

< ST 4= i,

20089 Pradhan A|&9] AP 2E F3 CRDSe}
GC #4Z dto] 5 235 AU Hargh v 9]
o6l 917141, CRDS &40l CHe2l IR thee] g~
A1(1,535.393nm)& S48k, FHYA HE o]
$3 79 U £ FEE 4 A0 BeE, B,
20179 22 AFIFA QCLE ol8-sto] CHell o
¢ CRDS &4& stgler, 4 S47hs T3
1.32x10%em ", 723H|(detection limit)= 38.52pptv

S AT,

bro] Bako J1EEg o
]E‘:A oL A &7
$a1a1 910w, olelah
RS Zﬂﬂﬁ}ﬂ %’45%34 phase—shift CRDS, ICLAS
CEAS
(cavity enhanced absorption spectroscopy)s-2] thoFst

HFE o] APt of A5 e8],

(intracavity laser absorption spectroscopy),

Modulator PA cell — Detector

* Microphone
Phase Locked Loop '* Loclaficr:rgmgﬁfier

(3™ 3) XK ALBEl= PASY| it

T T T T T
1,000 0 (6] 3
= [20]
Q
s [30] l?
S a [20]3
©
< 100F[q] [29]
C
1
g el [a]
8 Molecule PA technique
g W HF C CEPAS
g 10F [This work] [l NO2 Q QEPAS E
2 M sr6 | I-QEPAS
e B HCN B a-BiB306 TF
s L M cH4 P R-PAS i8] |
W co2 8]
1 1 1 1 1

2,000 4,000 6,000 8,000 10,000
Wavelength(nm)

(3 4) pase| HnE NECZZ
[£A4] Reprinted from T. Tomberg et al,, “Sub—parts—per
Trillion Level Sensitivity in Trace Gas Detection by Can—

tilever—Enhanced Photoacoustic Spectroscopy,” Scien—
titic Reports, vol. 8, 2018, pp, 1848:1-1848:7,CC BY

4.0,

FE MEFISE wEn o] S 348 £ 8
of T4 Hake s WA o7 ) (19 3)0] £33
719] Al FHES Hojr,

ZR Q1M HoloA] $-80] 7153t AL Toly| AT

HToA 7 ] AR EZ radiative recombination life time
o] uj- Aoj(0.01~1%) 2| ofufA7}F f-5old
A= A2HE]7] giizolch, AR ollA PA o] F-4d0]
293P, resonant PA AlHtZ7} =& SNRY| 3HH o
8kl woll 2 Qb 7HAok ¥t SAlll, 3%
(Optical Window)2} 7FAY&o] W& Hes 248t
ok gttt PASE= CRDS9 REZHAI 2 213 S ofl Al

sk A A7l Wil whE e HiAE

PAS?] Z&&= A E 4A15F= microphone?] 7=
oF WA PAE 71, o & HAsH] figt o R

UFet o / XM FHM TS

!

45



QEPAS(Quartz—enhanced photoacoustic spectroscopy)
9 CEPAS(Cantilever enhanced photoacoustic spec—
troscopy) -9 Wilo] SABIR e, (I8 4)oA B
o] ppt(10 )] FES FAJEaL 9], QEPAS
= 7k gt I gAlel 2 Qi 7HIe
QTF(quartz tuning fork)& ©|-83t WH o2 Hg7]9]
435} ) 0] 2 40S 7P 9lck, CRPASE A1
ool W3S cantileverd] WS Fol {HA|el= W
Koz ujgm 2al4 23] o A ek

o b

d

3. uEslis SXeM 28
7R olA  7IHke] #4719l TLS(Tunable

Laser Spectroscopy)s= 1i-alls 242 142 73|

4= itk (2" H)[1019] skete] 25 13 DFB
QCL(Distributed Feedback Quantum Cascade Laser)
o QUPARS FALES WSIA BT oAz
Hslo] 253 CO, HO, NOLo| 1Y S42dER S
2, A2 Al MCT(Mercury Cadmium Telluride) 7
2715 ARgSte] 200ppbio] Z4ATHE AlAskL 9
o} o714, 0.5em Q] F GOl A Bxfe] Fou)

7.6mA for N.O

5.0mAifor H.0

Laser ramp signal

Without modulation Without modulation "6 5mAifor CO

1. 0 w..\ T At ”‘,A-ww\ A |
091Co=276.40p0 ¥ [N20=325.50pb _
3
el s
s | Exp. data X 0 g
D74 F\tteg single =
2 - e
D6/ Plied mu H.0@2187.12864cm &
= $=6.858F.—25cm/molecule -12
051 e
ol HO23% -

2186.6 2186.7 2186.8 2186.9 2187 0 2187.2187.2.0 100 200 300 400 500 600 700 800 9001,000
Wavelength(cm ™) Sampling points

(a2 5) DFB QCL 7|dte| Xyl =zt
[£A] Reprinted from J, Li et al,, “Simultaneous Atmospheric
CO, N20 and H20 Detection Using a Single Quantum
Cascade Laser Sensor Based on Dual Spectroscopy

Techniques,” Sens, Actuators B Chem., vol, 231, 2016,
pp, 723-T32,

46 ZTXEASSHEAM HM33H HM6S 20184 12¥

Egjo] At HO9 NO, F4:419] Aol 0,2cm™

(~6GHA) B3}, o]k 2 2 AEY EAL
HEge] 24 HE B0 o) B AB7Ao]
AT 7E5 R} olF s I8 wEsks Bl
YAFE Wl

1 U ZAE 7ML
I8 FEA A AMEEE #3719 7 3
85-2 0,01nm (~1.2GHz, ~0,04cm o]t}

20
HH‘ =

ol FBlAA7] 719ke) FTh] alEelEgel
g W A7t K= L Qlet, gt ] FulAAY7)
£ AMSle 79 Bl FYE Agshe 4S9t ut
AR Y £3717F BRI, F 7] Fulak
H71E AR A9 7IAIAS] B HAE A Y
1 e 1885 FTIR(Fourier Transform Infrared)
w3715 78T = Qo (2 6)2 1,600~1,670nm
tfo] o] FBAIAE7IE ©]83t0] open path WAORE
2745 Avjort, B UEE 0,0033em |, B &
A== 0.1ppm(CO)2t 2ppb(CHYE Halskal Qlrt,
SAT ATk 1708 74 Bogt 2A0R o]gt b

ole] H2J7t 7153 4
of QH Aol 7]QIFIEH 11,
o drel g mﬂ IS Y A9 T

%ﬁm 2‘%, B *li‘%ﬂ% Aellre 47 Py
O



I Abscrption feature ®  Ccomb 1 Spectral 115m of fiber to free—

(a) Wavelength(nm)

1,650 1,645 1,640 1,635 1,630 1,625 1,620 1,615
1 L 1 1/ 4 1 1 1

*._.

=

jf Optical frequencyl THZ Telescope

A QS
ggl Ji - Dw . “:

it frequency(MHz) ¢ 2m open path

l shaper S}age launch point
Phase compensation

I ﬂ tt 4 "n I fs laseramp | yx .. 4
HW

Electric field

Multi-mode fiber
v Map data google landsat

R ol

@ Wavelength(nm)
1,660 1,640 1,620 1,600

= 0T CH. & 0 features [

£ 1 (+weak CO2) /F{"\

€= \ A' -
2% A V | 6,0866  6,086.80m
=2 \ |

£ | CHy/& HO feattlres

s \ (+weak H20, HDO,

2 00 - \ hotbands) \

6000 6050 6,100 6150 6,200 6.250 62426

6,242.8cm™
Wavelength(cm ™)

(3 6) AtlAwMy|7|2te] FA(HAIZS ARZEH open path

= BUA| 2HER1E S5 DEY 2 1)

[£A] Reprinted from G.B, Rieker et al.,
Optical, vol, 1, no, 5, 2014, pp, 290—280,

of el 2-go] E7lsotd, @A W2 s
S5t AA| Y] FFoz kS sl glo, &
=] FAE 20 Agke] 24l digjAls BEAA
7t 7kt ARAREd| dajAe AlRE Set2
g} sto] BAER= LIBYAT} Raman A13o| 7]8ket
7% 5o EAsH, o] 7IeE2 FA YA TR0l

§le FREolold EAo S AET
4. slie| S

3ol Al= MIRPHAB(mid infrared photonics devices
fabrication for chemical sensing and spectroscopic
applications) ZERAE7} X3 ZFo|n], o] TZAEO]
23l 57190 AxE 99 AgHoR A8l 3}
oz glol S ute L Aojr) o] ZRAET} AFFsl= A
o B AdloF Ao Q3 tfEAR Al PA

g

R=h
A A1E7), sz, g e Akl 9o
o, A R SAA He] AFAMA L

Absorbance

rbance ==
Absorbance &

Residual (x 107

soncel

4
P
2

0.1
0.0
6,060 6,080 6,100 6,200 6,220 6,240

) Waveenumbers(cm™ )

0.2 - ‘

. Hot CO2 ” CO2 |

0] wo fro__ I 2

00 _J __ A Nl Nk

H\trin 08(170min avg)
—4:1
Hitran 12(170min avg)
M-M
—4:1 '

]
—

AL Line-by-lime vowgt(ﬂ(]m avg) _i
_4.{ = et l

Line-mixing & speed—dependent voigt(170min avg)
Hitran 08(5min avg
6, 074 6, 078 6, 208 6 236 6, 240
Waveenumbers(cm "

~2kmO|H, 27H2| FEAUMT| ALg5t0]

Yoz AR

“Frequency—comb—based remote sensing of greenhouse gases over kilometer air paths,”

2R 913 TR eol THo|cH13]

tl=r CREOLY MITO|A Si S3E7|REY] Tutz
14], Q& Ao A+= Ge on Si SHE7|HH] Tutz
[15], Z=&A 2] CNRSE chalocogenide A€ =3}2[16]
A7t HBYHIL Qlek, of= FFAl oA o] Foil
233k A& B Qe Ao drE

—

mlo

n. 22
FA9A Tl B Rolehs 1R 0] B4 24
SHe A0 Be $4HE BYST Qo] ATAY
B A wot o, WY, 92, B E A
5ol it @77 ASH 0w o|eiA gt 19

1, QCL ofl}7} 47 flols7} A 7007k, ©d
7ol 8007k, QCL W&o 1,300l &si, BC-
QCL(External cavity quantum cascade laser) 4= %
019 0 2 AJhE] 3l Q1= AkSlo|A] ALl AJRFE QT
I H77} R ARl dAle 2 29jol 2 3 Y

YHE 9 / BHY BUN TIE5E 47



T 5o Soke]l AoFEo] Mo, w2 7HE A8t
I Yo @A e F8 7HstEte 7idsk
= AdRolaL, TA A Eobe] HBAIFL. 2 AllAA]
Aol 7HE 52 WAL glom, A4 24 S-8-2ofllA
AR 2] 2 7sdoll tigt dt7F s A Qi
2 2o0M= FAA AT 7= S A
off vls) Agefell oftE= 7ML Qe ol Alett
A Y o 7lede] ApEA FHojA Hgton, o]
et sl 71e 9 FFel tef sk ol &
A2 71e2q BHoA viRkE Ao, Z1edd £
A7 A== 714 9] Aol A Z o= Helnh

HZAEol FEHE AR A o2 7H4sizto] 2 oR
7IHE st qlou, AAAIS HHEA] DRAM A4t

o ere] FA) tiele] BAZA) A HEAE 7}
A3 glof B ANE 2 A BT KAl

tf, e, =eloide B A7 AEA oy
W] At g AR o) 2 AMA HA Al
Aol tet =712l Aol dashral £,

QCL(Quantum Cascade Laser) EF=X| UAXLETAZROIM con—
duction band LHOIl SME== AXRAEIZIC] HO0l0]l 7[BHSH 0|=
2 ‘Il FE2 2 0[5E 0|187] flotH etesel 1x8
JIXI= SEHO) HEEA 201K Y,

QTF(Quartz Tuning Fork) UXI&Ql m30s of
= g T,

— oo
MCT(Mercury Cadmium Telluride) HgCdTe E&& X|Z5k= T
0|2 SZQf HH=HO| Z0oF SHQM LY HESE=R ME
BT ](Optical Comb Generator) CHIFY -2 UEC

=
T

o o
LRISte BRI 2120 YESHL, FFUA Ao

Rir

<
2 Q=

ppbi(part per bilion 107),
poi(part per trilion 107").

48 FXIEASSEA N33E HES 20184 12€

oo el

CEAS Cavity Enhanced Absorption Spectroscopy
CEPAS Cantilever Enhanced Photoacoustic
Spectroscopy
CRDS Cavity Ring—Down Spectroscopy
DAS Direct Absorption Spectroscopy
DFB Distributed Feedback
EC-QCL  External Cavity Quantum Cascade Laser
FTIR Fourier Transform Infrared
GC Gas Chromatography
ICLAS Intracavity Laser Absorption Spectroscopy
IMS lon Mobility Spectrometry
MDAL Minimum Detectable Absorption Limit
MCT Mercury Cadmium Telluride
MS Mass Spectrometry
NDIR Nondispersive Infrared
PAS Photoacoustic Spectroscopy
QCL Quantum Cascade Laser
QEPAS Quartz Enhanced Photoacoustic Spectroscopy
QTF Quartz Tuning Fork
TLS Tunable Laser Spectroscopy
e
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