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Sy A AR 1Ca) Fr7R , 78 2y VT F yz V- T3S 98 3 53 A G 1(h) A Ce) iz o AN TRl B2 43 i 4 1) 47 5 %
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(4 21 B S5 B W0 5 43 AT 0, 38 2o TR 80N P AT RCHRE o AT G R A R 0 R R P R AL RN B
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Fig. 1 Optical field distribution and evanescent field distribution of waveguide
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Fig. 2 Spectroscopy response of different on—chip sensing techniques
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W B U SRR B LT A E R L 1. AN BEAY @, LT LT AR BER  FEAH DGR R, e b
SARAL RS TR 4F . 46 24K | FE (Silicon-On-Insulator, SOI) % § A& & F T rh 40 sME I, A 2y Si0, 78
Hr 21 A B A W i B R R EAR W E a9 (Silicon-On—Nitride , SON) 3 S “VFI 5 5 4 I #9 % (Silicon-
On-Sapphire, SOS) I 5 IR FER /N o BR T SiLISM 8 (Ge) MR R I (ChG) FEH LT /M Br A K
W3 58 2% 8 A 1E il § 8 )2 . ChG R EAULFE K TR B (S) M (Se) M (Te) , BALFEI (As) K (Ga) Bh
(SHYFI Ge 2Tt % . 1T ChG % AL I AR (150~500°C) , B T %04k 97 125, ChG iz St ] LA FH 3 35 1
i, RS IR O 2 B HE AR B9 S5 4 . 38 3 AR ChG 43 T AR A5 A [ 4 0 2 e b, JHE o i A 40 3% 388 1) 38
PR AT LLAS] 20 pm"™ . MG T SR KM, R VPP R ChG KA A RHER AT LIVE R ChG 3 S 89 T 1
E# B . ChG L #9 ChG (Chalcogenide-On-Chalcogenide, COC) i 5" fil CaF, I i ChG (Chalcogenide-
On-Fluoride, COF ) #f 5B 0 $2 th I T 20 AME . 18R S10, AR 3E A I 78 o 20 40 I B, (0= g 5 %
1%, & & V8 Ml 2040 i S 89 F )2 41 KL, Si0, | 9 ChG (ChG-On-Oxide, COO) 3 S, SOT i §* ™ Hl
SiO, E Y Si;N,(Nitride-On-Oxide , NOO ) J 5" # i Fl T 1T 21 4h M AL J

F1 BAMKESHBEREIMLEENE

Table1 Commonly used waveguide materials and infrared optical properties

Material Refractive index Infrared transparency window
Silicon, Si ~3.4 1~8 pm
Silica, Si0, ~1.4 1~3.6 pm
Silicon nitride, Si,N, ~1.9 1~7 pm
Sapphire ~1.7 1~5.5 um
Calcium fluoride, CaF, ~1.4 1~9 pm

Germanium, Ge ~4 1.5~14.7 pm

Chalcogenide glass ~2~3 1~20 pm

22 HEHEH

W F LM ECF, ir L B Ab i S5 AR B8 . 768 ML 4500 b, 8 FH O3 3 37 1% I8 5 4%
Fa an & 3 itz o B W B9 45 0 S FE T RN B LS5 A a1 3Ca) ML () B s o AR ) b, 3 S 1 45 A B2 K
WHAE  FTEE S, Ao S Wa)2 . BT8R0 6w B 7e 56 T 3 5 FPE B S 2 4, &
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Fig. 3 Evanescent field waveguide structure
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1 em’ WX, TOMBEZ L4 T SOLE il 3 5 ML A AF BRI SR E R 10 em, 2O R
<Fo8 16 mm®. HAN Z %971 L1U Qiankun %54 1 A9 COO B25E I 5 14 A% A SiGe B2 5E I 5 15 4% 14 e
ANEAR 50 100 wm AT 600 pm . 242EF2 KT 70 pm BF, COC P S 5925 i AR T L Z 0. 25 E Tk, R
PR Z2 1) D 3 A B 1 25 il 22 42 0 %2 /0 K F 50 pm.
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Fig. 4 Meander waveguide and spiral waveguide
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WL SR ANIET 5 () BT 7R o BREE I ORI B 48 25 K 51 I I8 1 M R 2 e 14 Bk E , B 4 M i 1 el Y
SRR S(d) Frs o 5 LT — R, Bl A L T U] T HAT 18 G R0O0 Y 0 S, B R S RO A v
BREEE T AR IS A A5 R 73 AT 5Ce) FICD R o 5067 S PRl S A LE , S 9 KO A AR B AR HE 2
Syl g, DA S S 6 e A S R L D B g

B 5 RO Rk B
Fig. 5 Waveguide structure with slow light effect
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2.3.1 4EHKFHRE

ST U S AR L R TR S 0 A T2 T T L RN 45 R M R A I, T DA R Dk ) B I 5 TR RN
SEYS TARESE 2 o IR I T 1) 5 R 5 At T8 S 1 5 4 e Oy T B i LA T PN A0 B9 5 A A T T X0 S TR A R HA 2R
FUAS [6] AR B HEE i S - AT B0 B, TAR WA 2 2 th 2000 MELATE D S 454 Bk 7 ekt . DASHoAR M i
AR AR Ak A3 AT I A ) v T B A A B R T B, B AR T2 T R ARG B R B BT T R L g v

2016 45, GUTIERREZ-ARROYO A %" & it ik It il 4 7 COCHIE I T, T 7.7 pm P K Ak 1
CH, FIN,O &8 . 8 E M B Ge,.ShosSe, o, L2 M BN Ges ShySeqs s, B T 0082 R4 2 B 47 5 38 2240/
ECFAUA 5% . B R, CHL A N,O # LoD 43 %l 4 14.2 ppm M1 1.6 ppm., 2017 4, GUTIERREZ~
ARROYO A F™ME 4k T COC A I =, T AN [ % B i 2 o» Hr W 1% & ECF R 8%, i B T CO,
(4.3 pm) F1 CH,(3.31 pm f1 7.66 pm) i LoD, 43 5l & 0.268 ppm . 1.848 ppm #1 0.781 ppm. [l 4F , QIAO
Yingying 2 AL T SiL SO, M SLNAEJE 3 S B FAE 1653 nm 1 CH MZ K, Si0, 35 S B4 it KW ECF, 15 %)
T 39.8% , A HAT AT 5 AN R BRI T 2 i eAE b il ECFfm/h . BUTT M A &5 ik T8 )2k
Si, T JZEN SO, M HIE 35 1 T 3.39 pm (Y CH AL B, I 7805 H X Bl b 207 ECF & T 552 , BUEA I JE
£ )2 BT B R 2B K, W H. S0, 2 YR E 244 0.2 pm, 3% S 80— 6 A 7RI B e 0 )2 . 20184,
LIU Qiankun 2" H T & & Ge 9 SiGe ML I T, )2 50 0 20 ok, B 4245 T M 5.5 um £ 8.5 pm A9 58 T AE
WA, T 0 9B R 5 pm, X A5 B 2GR AN E L BT L ECF HA7 0.17% , 1 HAE 7.7 pm i K 4k CH,
i) LoD 4 366 ppm. 20194 ,BUTT M A %5FE.8 )2 R SiL T2 K SIO MR I S 1 F a2 hisin 7 —)2
Au K/ AT FEAT TR AU 2 P e, T 4.67 pm PR AR 1 COfE IR, ECF k8| T 53% , X LA AuJZ iy
W m T29% o XIN YuZe "Bt 17 HA K E 58 Lo i SU-8 40T I 3 2K 38 e 500802 W00 (4 )6 3% 3 A, 1T
VT LT AME IR ALY I S 2 S8 R 0.8 pm, B A 5 um ,ECF #id T 20% . HUANG Tianye % 421 7 B
A OBURRE W E B 5 T A 2080 3.1 pom B 4 b CHL AR 8%, I 30 2 — I I 2 46 78 305 21 4 1.55 pm P K b 45
W, 3 Lo 278 v 21 WO 7 A 20 SR (4 P B TR 4, R A A 2D AR 25 A MR S T K . B 2 MRS
Y, FA)2 8 CdO, 7E 100 mW I ZEIH Y6 4F F , LoD 35 %) 1.04 nmol/L. 2020 4F , KOOMPAI N " %4t 71
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2K SN, AR N SIO R A E I S, T 2.7~3.4 pum B B SRR, 76 3% 0% BE Y ECE /N T 10% , %
H,0.CO,.N,O NH, .C,H, il CH, %SG AT 70 I 73 B 1 PEfE , AR UK LoD<200 ppm.

i F 22 FL A b ] LA R4 8 0 R 5 1 A% JEReME B L b o A i ARt n] DURTOE A BLAE . 2021 4F
ZEGADI Rami 58" 4 1 7 COC ¥ J: AU 2 AN A28k Z L8 K I, COC Il F it )2 I i R o0
2.69, A 2T 5 R A 2.49, 87T Z FLHE LI 02 F 2 T 5% 5 COC I 5 — 2, FLEBR /Y 17 78 ff 2
J2 FALJZ R T LAV SR AR . 7E 4.3 pm K AL ,COC I 1 ECF 9 1% , AR 45 M S 5 £
LIS 19 ECF 2 45.3% , W% S AL 3 dB/em B, A% S % CO, /9 LoD 43 %I & 5.63 ppm F1 0.12 ppm.
T2 7.7 pm P AL L COC B T 1) ECF 2 106, M 18] 45 49 2 80y 2 AL 8 9 § 19 ECF iy 44.7 00, I S A8 N

3dB/cm i, i 54 CH, /4 LoD 4351 4 84.65 ppm 1 1.89 ppm.
JE Y e T SR AT B 1 B T B 4 R L3R 2,

FR2 RKESHERFUHENELSTER
Table 2 Theoretical analysis results of waveguide gas sensor performance
Reference Material Waveguide ~ Wavelength/pm  Loss/(dBscm™')  L/cm ECF Gas  LoD/ppm
40 COC Rectangular T 20 L7 5% CH, 1.2
7.7 2.5 1.7 5% N,O 1.6
4.3 1 4.3 8% Co, 0.268
42 coc Rectangular 3.31 1 4.3 8% CH, 1.848
7.66 1 4.3 8% CH, 0.781
Si Rectangular 1.653 — — 20% CH, —
Si,N, Rectangular 1.653 — — 39.5% CH, —
61 Si0, Rectangular 1.653 — — 39.8% CH, —
Si Slot 1.653 — — 61.6% CH, —
Si,N, Slot 1.653 — — 418%  CH, -
Si0, Slot 1.653 — — 42.9% CH, —
62 SOO Rectangular 3.39 — — 55% CH, —
60 SiGe Rectangular 7.7 2 2.17 0.17% CH, 366
63 Si-Si0, Rectangular 4.67 — — 53% CcO —
64 SU-8 Rectangular Near infrared — — 20% — —
2.71 H,0
2.76 CO,
66 NOO Rectangular 7890 2 2 <10% 2 <00
3 NH,
3.2 C,H,
3.315 CH,
COC 4.3 3 1.44 1% CO, 5.63
67 Porous Ge Rectangular 4.3 3 1.40 45.3% CO, 0.12
COC 7.7 3 1.45 1% CH, 84.65
Porous Ge 7.7 3 1.41 44.7% CH, 1.89
68 SOI Slot 1.55 — — 45% - -
SOI Rib slot 1.55 — — 35% — -
43 SOS Slot 4.23 — — 25% CO, —
41 SON Slot 3 5 0.87 43% NH, 5
69 InAs Slot 7~8 — — — CH, —
70 SOO Slot 3.39 — — 47% CH, —
4.47 3 1.44 68.0% NH, 0.214
71 Si-on-CaF, Slot 4.6 3 1.44 66.6% CcO 0.436
3.67 3 1.44 65.4% CH, 36
03521067
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Reference Material Waveguide ~ Wavelength/pm  Loss/(dBscm™ ')  L/cm ECF Gas  LoD/ppm
32 ChG Suspended slot 3.291 3 1.45 85.77% CH, 1.70
72 SOI Slot 1.645 1.6 3 27% CH, —
73 ChG Suspended slot 3.67 2.2 1.954 93.81% CH, 18.17

1.65 ~185%  CH, 262
1.85 ~23%  H,0 94.3
74 NOO Slot 2 2
1.95 ~24.5%  NH, 136
2 ~24.5%  CO, 437
75 Ge-on-CaF, Slot 3.31 3 0.86 22% CH, —
Slot racetrack
37 ChG-on-CaF, 3.291 3 0.094 44.63% CH, 3.87
resonator
Slot photonic
76 SOI 1.53 — 0.03 — C,H, 3.15
crystal
Subwavelength
36 SOI . 1.651 3 1.44 — CH, 2.8
grating
Slot
79 SOl subwavelength 1.651 3 1.45 51.8% CH, 0.034
grating

2.3.2 MR FHRE

SR I S AR AL B I 5T 0 SR DL, LI AT B 4 D S MR AL SRR A AF 5T TN R A R ]
BORFRUR [ TAEJ K247/, 2007 4E ,DELL’OLIO F 2"/ 7E 3 £ 4 1 550 nm &b fi 4k T SOT B B B &% i
FSOTE F A RIUBRAE I S o " HA BURGE D S 0N T R 78 @ Z1 il 15 0 o DAk J5 14 158 L e 4 Uik 5 88 T
B RUPSE DL T 10 ECF 435l = 1 45 %6 A1 35 %, [RIIF9F 5% 1 A0 BE AT A4 £ J32 %) 5 i), A i A0 % 25 ik /N e 4 g
B ECE , {H 2 ) 8 B A A 4 1 S 10 A3 38T S R s 45 /8

2014 4£ ,HUANG Yuewang Ak T 1E P K K 4.23 pm JH T CO ML Y SOS 46K I 5, 4 A1k S Al
e P e, W EREE DL 0 ECF LU 7 AR PR Z5 K R B T 2500 DRSE T A IRIER I 25 % 1 JER 28 M me 1
S, ¥ H B InSh FE I 2% |2 3 B9 HgCd Te 44 1 4% A1 25 I A9 PhSe 4 % 9% H T4 0 CO,L B, LoD 4351 4
2 ppm .5 ppm A1 50 ppmo BEA W58 T i 54 X 2B AN LoD 529, 2016 4, KUMARI Babita %" {f
6T HE 3 pm B K AL FH T NH AL &P SON B k4% 5, ECF ik 8] T 43% , i 2K &4 8.7 mm #f , LoD
5 ppm. il 71 2 AR IR B X ECF S M 4/ .

2017 4, QIAO Yingying 2“4k T Si.SiO, Fl Si,N, B¢ B e 48 ik 5, T Ky 1 653 nm A9 CH, A& 8,
WFMAE NS, B &SP R 2 Rel 78 2 ot Eseae b ol Sil S HA &KW ECFE, k8 T
61.6% . A4, ELSAYED M Y 284 H T @ n BB 24 (10 InAs %5 55 1 IR 2 B P 8% 0k 5 TP 2041 CHL
I ot A% 3%, 0 L A0 A L OGS rh A5 30 4 A 0 i WA, AR R IR S MR 2 R T A e OB TR AR T
i, T LA bR B 4 B T AR AR B T LB S

20184 ,BUTT M A % 4L Tth 2 R Si F AL )20 Si0, 1 188 B Bk 48 I 5 FH F 3.39 pm P K Ak 1% CH,
LR ECFIA 8 T 47% .

B T B RRA Z2 R A D I e A G R A EL A A R Y R B Dk R A R R B IR R S5 4
ANHFRFEGE N PEEN S . 20184F , KUMARI B 45 ™ H T 08582 8 Si e A CaF, #3455 7K S XU 8% %
FHFARWE KW Z 0GR, 51 AB B S5/ R $2 5 ECF . AL 1] KL F R [ 3K 19 SR, ECF
FEW A R 4.47 pm b K F) T 68.0% , XF i N,O ) LoD 24 0.214 ppm; ECF 7 4.6 pm K ALK 66.6 %0, X 1 CO
1 LoD 4 0.436 ppm; ECF 7E 3.67 pm &bk 65.4% , X i, CH, i LoD & 36 ppm. % JE& &% (% i b7 15 (8] 54 10 s,
il £ 1% 25 X% ECF (52 0 8/

20194F ,ZHENG Chuantao 2“2 1 T 852 8 ChG(As,Se,) . F 412 Hy SiO, IR B 15 1% B ks it &,
FHTF 3291 nm i K ALAY CH ALK, AL 25 # J5 1 ECF 24 85.77 % o S10, 324 12358 2518 )2, BIF LA Si0, By Wz e mT LA
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Bl 220 o B 4 5 R N 25 R SR TR 5 S5 A A i, T LS 2 G Y R VR X I T AR R AR R
W, CH, BRI R BR 4 1.70 ppm, Wi 5 B[R] /N T 3 s 308 0 S8 78 Ak | T 20 15 25 1) 586 i X6 4% Jae b g 114 56 i 7R
No AR, QIAO Yingying %0 H Il 45 T —NE 1 645 nm Ab T CH AL R0 28 355 18 B B8 0% 5 2 N
Si LR T )E N SIO,, g i SR ECF RS T 27% 5 5 8 B F Pk 4% il b S 7 IR 2B A 52 0, 048
ML F A FE N 1.6 dB/em, fh BT KN 3 em B LoD by 44 ppm, 7 7 19 fe /N 414 & 4 480 pm’

2021 4F , WANG Yuefeng & ™2 1} T 852 N ChG(Ge-Sh-Se) fl £ 77 8 1 e 48 ¢ %, ECF £ 3.67 pm ik
F 7 93.81% , % CH, 89 LoD 24 18.17 ppm , £ 3~4.4 pm P KB HE M 1 ECF X F90% .

e sk P S SR AE R AR B TR RE A R AE £ 2P
233 HMEAEKRBEARE

BT LT ARSI T 1) B R R IR AR AR B R BRI 9T TAE RS> . 2020 4, ZHENG Chuantao 457 2
T KP4 U T B TE S R A% T CHAZ B, I S 1052 0 ChG(As,Se,) VR ALZE R CaF,, #1117 —Fh S 4%
1 IR A A R LA DG 2 20 e B T O IR 4 S A BRIk T T O IR A A AR R T . R A
3291 nm 4 ECF 2y 44.63 % , Fl 38 185 9% 25 1 I S 09 4 3R B 45 40 T 30 £, I HAL A8 94 OG Rl LoD
43R 2.4 cm A1 3.87 ppm.

2.3.4 RF RARKRFHERSE

JEF A I A% TR 110 245 P 5 ST D A TR R e D 5 A5 SRS I 2 F T R B T B AR A R
A7 Bt LA B AS B g M L o 48 0 T B A, SOT 88 1 B 11 48 T 20 e A A R R 2 00 2 2 5 S Bt , BT
PATE BT ARG 7 R A AL IR SR i, — B SOTF- £5 .

20134F ,ZHANG Yanan 55"'7£ 1 530 nm &b 1 8% 2h 2 48 B30 09 W HE AL DR A6 T SOT B 486 7 f 1R Uik
T AT CHAR R AL IE n k8] T 110, 48 8 5 K B 300 pm B, LoD 4 3.15 ppm.

2017 4F , JANNESARI R %575 1 25 B Si AL T SO T ff PR BRI 3 4 25 1 T rh 21 Sh i S M A% I
b R BGA B T 3.85 X107, i FLBE B IR H] T 7 X 10 "¢,

I F AR T P nm B R ST B S R X A TR AR R, T LA AT I A o R 6 2 5 £ I 3 K
TR AL SRS AT B S o R I R M B R T S R AL R R IR B A Al e s
20194 ,GERVAIS A %53+ 7 SOTIE i KOEHHH T 1651 nm 3 K 4 A9 CH, AL 8 A8 4k 1 38 3 KO 7,
FTECFE 23 538 8] 7 5.6 f 1.1 W% KM E K BN 1.44 e B (% LoD & 2.8 ppm. 2020 4F , XU Guizhen
SEUORAL T e W K BT F 1 651 nm Ak CH A& 8, (AL JS , n, M ECF 43 135 8 1 4.50 #12.306., #E
J& 20 1.45 cm BRI R BR 2 0.034 ppme,

e AR AR AL R I B PR BEAE S LK 2,

24 FESEERBOIRHE
241 WK FHRE

U AT R E T AR AR R R B UM RS OF ] DAS HR AT AR AL RS . 20134,
STERN L&l H T NOO #JE I 5 H F 795 nm i K Ab i g8 15 B il SR — M HOIRIR BB 1R N A%,
ECF 2} 10.9% , JB/R T i 9ok RUEE 51 5 1 6 225 X 5 i 7 e 2R M R AR R RS T I AH BLAE

2016 4F ,HAN Z 2 il 1 T — 4K 2 em B9 COO R4 % I % T 3.31 pm A9 CH, L/, LoD hy 2.5% .
W R BAEIRE] T 7 dB/em , I B AN G 1 AR A BFE b 5 dB.

2017 4, TOMBEZ L 2" i 1 7 — K 9 10 em 59 SO 25 i 45 2 3 5 B T 1 651 nm ik K 4k iy CH, 1%
BN 6(a) Fin . 5 ik S [ K B 1 2 25 S0 R BRI 5 92 BR i) ECF, SE PR ECF 35 3] T 25.4% .
FERSF I 1 min B, LoD 2 100 ppm, 5 HABEE T DAS WA E B S 4% S8 25 40 LU= B /N o

20184 ,SINGH R g {1 T — MK EE R 1 em B9 COO B HEHEIE S, T 3.25 pm % 3.35 pm 3 K1Y
A AL IR . N = H DR i A TSR P 25 T g R R g R R A I A S RN 95 ] R o R A O
I (National Institute of Standards and Technology, NIST ) ¥ 4f J22 — 2, fit vl 7 A 10 3L T hr 8Ok % A 5Lt
LTAMGTE A PO 8 A A R T 38 A5 R R E K /N AR B TR R R R AR A ). [ 4FE , RANACHER
C A f F SONAIE 3% 5 FH T 7E 4.26 pm 19 CO ML it S a1 8] 7 S2bR i ECF 2 14 %~
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Fig. 6 Non-integrated optical waveguide gas sensor
16% . P FMKEEN 2 cm B, LoD 24 500 ppm. 38 i 2 ik Sifef JiE 1 Si0,, ECF #2 m #] 19.5% K N 1 em Y
U PRI R FR 2 5 000 ppm .

ZJa HY S IT B 50RO ARG . 2018 4F , CONSANI C 504 R 5
25 SONJEIE I FEEM , HF R4 4k COMEE . ECFAU N 3.3% ,LoD k10% , LoD X o fifi JH B T e B ot
## (Quantum Cascade Laser, QCL ) {4 [a) 2 % S A& J8 g K T — 5 22 45", UE W1 T 1 4 A 30 % 5 2% 0 % 57
2L AM RS AT ARSI B AT AT M

2019 4F, SU P &4 T — Fp 82 i PbTe S HL M 258 19 COO MR E I, FH T CHL G &, Wl I KRy
3.31 pm,ECF 2 12.5%, i F K E R 1 ecm, LoD H 1% . 4, ZHANG E T4l 4 7 H+ 1 651 nm J K 4b
CH. A 678 Bt R, A&l 7(a) fiiR 6 48 U R A& TAME OGS  SOTE Bk T 1 F SR ki
WET CH MW E MRS, 9 AL B 58 i AP 2, 30 0 T K215 44, 20 em K A9 % 5 76 BL43 B ()
/NTF 1 s B LoD<CT100 ppm , I F £ Wt A f& I8 2% 1T T e B 6 2k A% e 9 2%

H7 25 LAKERTE
Fig. 7 Fully integrated on—chip gas sensing platform

AT W BRSO B D RE B R T LT T B S SRR . 2021 4F , AL H D %5 5 W1 /4 1L Si0. 94
KORLTLARAE T SOTAE IR I S 3R AT, T W B CHL AU, W5 1 4% )2 0B % 11 X 206 I 119 J52 2 1 3% 2 1 ) 52
i, G R W3 K Sy 3.32 pm (9 CHL AR AN WG 1 3.35 pm B9 £ I 283K, 5 AR U B 40 oK JB0RE 19 3 5
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AR LL U 8 A0 K JORE 09 30k S A I SR B, WO BE A3 R T 2 A% RN 15 A% i HL A% R A B A AT A ) A
e e

B T DAS R4, WMS £ AR F1 3 it 14 5% 21 4 W Y& (Surface-Enhanced Infrared Absorption, SEIRA )6
RER AR WIF AR T A BRI, 2021 4F , ZHENG Chuantao 2542 {1 72652 4 ChG (Gey,Sh,Sey) , F
{12 H MgF, AR TE 38 S, FH T K 0 4 319 nm (9 COL L8 . MgF, B3 55 5 1,34, 85 Hofb b B A4 3 5 %
AN AT LA/ N A3 A TS AL R R s TR ECF L, SE 15 3 1 ECF b 4.6% . i WMS $ R #4715 1% 5 |
LoD % 0.3%,5 DASHH LR T 84% . [F4E,ZHENG Chuantao 25" 5 i {5 &1 # B TR 78 COO JEIE I &
1) 2 T ) £ 1 AN T TR P R O IR 7 A 3 T G R T AWM R, T K A 3 291 nm 1 CHL AL R AR 5 1)
K ) B 2 5 o o R R, S 06 e AR O RS EE g 1.8 o I §74 434 R AR R L W O B S SR Y TR 2.3, ]
SyFIE] R 50.6 s BRI T BR Ry 0.61 %0, 3F HLHEAT T ST SR, 22 B 1 4% 845 14 1 FH i 5%

20224 ,ZHENG Chuantao 2" 58 T 3 5 1 ECF (AR A BEXT WMS 7 AR B9 520 o 38 38 0 i 25 (i —
YR TR (L 800, T 0 5 R 2 BRI D 5 1 B R T 38 BRI O DR T AR TR e D R K . FEVTAN
W PR ST L U7 B WA I B A 1 em BT 2 om 9 0% 5 00 17 4% J86 AT LA ek /)N 5 RE 158 2 77 ok B B ), 3R AT T K
19 O IR AR o 2 8 ChG (GesSbySey,) , FALJE A MgF, B RE i 5 H F 3K 0 3 291 nm i K 1)
CH &I, 78 F AE R sh 1] R 32.4 s B, 2 em K B9 3 5 19 LoD 24 140.8 ppm ; 75 e AE B3 if ] 4 81.8 s, 1 em
K9 F 19 LoD o~ 396.7 ppm. 2 56 10 £5 A - S A8 — W8 ol et 8 5 0 45 2R — 30, 9F L 2 em KA I S 0 —
YR D A2 0 LAY B DA B (2.7 em) )W B0 R IS B MR (B B9 0.97 7% L U/ N T B ARE 152 25745 SR (5 T

TRV U 5 SR A 2 14 A% R RE AN 38 3 TR

3 HSRAERENTHHEEER

Table 3 Experimental performance results of waveguide gas sensor

Wavelength/ Loss/

Reference  Material Waveguide . L/em  ECF Gas LoD (ppm)/z(s)
um (dBecm™")
80 NOO Rectangular 0.975 — - 10.9% Rb -
47 COO Rectangular 3.31 7 2 8% CH, 25000/ —
52 SOI Rectangular 1.651 2 10 25.4% CH, 100/60
N-methyl aniline-
48 COO Rectangular 3.25~3.35 — 1 — —
based aerosol
81 SON Rectangular 4.36 3.98 2 14~16% CO, 500
82 SON Rectangular 4.36 — 1 19.5% CO, 5000
83 SON Rectangular ~ Mid-infrared — — 3.3% CO, 100 000
50 COO Rectangular 3.31 8 1 12.5% CH, 10 000
23 SOI Rectangular 1.651 — 20 — CH, ~100/~1
3.32 CH, —
85 SOI Rectangular 2 — —
3.35 Ethanol vapour —
ChG-on- 3000/0.2
86 Rectangular 4.319 5.1 1 4.6% CO,
MgF, (WMS)
34 COO Rectangular 3.291 3.6 2 0.5% CH, 6 100/50.6
396.7/81.8
ChG-on- 1 (WMS)
87 Rectangular 3.291 1.52 7.8% CH,
MgF, 2 140.8/32.4
(WMS)
Suspended
88 SOI 4.24 2.9 0.32 44 % CO, 1000/ —
rectangular
89 Ta,0. Suspended rib 2.566 6.8 2 107% C.H, 7/25
0352106-11
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) ) Wavelength/ Loss/ )
Reference Material Waveguide . L/em  ECF Gas LoD(ppm)/z(s)
um (dBecm ")
Dimethylmethylp
Rectangular 0.002/—
hosphonate
90 NOO racetrack 1.42 - — - 140/—
Acetone
resonator ) 1.5/—
Nitrobenzene
Rectangular
38 SOS ) 4.46 — 0.1 — N, O 5000/ —
ring resonator
Rectangular o
N-methyl aniline
56 NOO racetrack 1.5~1.6 — — — —
aerosols
resonator
Slot photonic
20 SOI 1.66 — 0.03 — CH, 100/ —
crystal
Suspended
photonic
InGaAs-on- crystal 39.1 0.1 12% 0.232/—
35 6.15 NH,
InP Suspended 4.1 0.3 10% 0.084/—
subwavelength
grating
Suspended
92 SOI subwavelength 6.65 4.3 2.84  24.3% Toluene vapour 75/—
grating
93 SOl Photonic crystal 3.4 — 0.9 17.1% Ethanol vapour 0.250/—
Suspended
2.5/20
94 SOI subwavelength 7.33 4.7 1 113% Acetone vapour
) 10/0.03
grating

242 EBFEFHERE

T T Y AR A TR S I B R LU REE A W PR LR S T OOME R TR . 2020 4F, OTTONELLO-
BRIANO F % 4 T SOLE IR MK I S H T 4.24 pm (19 CO, ML B, B0 Ik 519 58 B 4 2.2 pm, 7243 100 pm
KPS, i S0 98 B N 2.2 pm 3 8 9 pm B8 17 pm K 59 HE IR S8 X, XY T8 il S1O, I HE T S 4 X e
JESREE T T R SIO, 454 . B IFN I ECF S 44% , H1FE K 2.9 dB/cm, 3% 5 K N 3.2 mm i
LoD H0.1%,

20214F , VLK M &l & T 824 Ta,0. B IFE I S H T 2.566 pm #§ C,H££ 8, i 6(b) iR,
TE 05 J2 19 000 B9 S A e ) 5 AL IR P T T ks SR R BB 1O, , A T 45 4 b 82 00 JEE 8 R R ik 4 S10, S HE
BIF WS ECF i 107% /3 2] T e [ iy 25 8% 558 i Wi, B #E 0 6.8 dB/cem, 2 em K 1 -5 78 BL43 B[]
R 25 sBF LoD 24 7 ppmo

BT I ARG B AL R AR AN 3R 3T .
243 WMHERERBERE

A 1B B 2 AR AT SRR 1 R 5 A 3 B 0 b 2 28 VR s B, DR Sy LR S 0 248 5, N TR IR
AR IR AT U D ol s R I 0 1) 6F 5 10 A, BRAER T X ER A A BER . 2014 4F ,STIEVATER T H %™ NOO #iJE i
S TE R R A4 0 T 1 420 nm %K B B9 = L B2 31 (Dimethylmethylphosphonate, DMMP) 75 <, . 74 il
Z& /S Ml 3 7% (Nitrobenzene , NB) 28 A& 18, W 6 (c) f R o 76 BB TR 2% B IR R AW (HCSFA2)
B 7595 . DMMP A B Al NB B LoD 43 %1 7 0.002 ppm . 140 ppm F1 1.5 ppm. DMMP . 4 Bl F1 NB it 1 Fff if
V) T it o A SR B ) 43 3310 ~1 h o ~1 min Al~1 min. 370N SR G 9 B B AT AR A5 P 58001 1) i 42 T 4 i T
6 s ) R fe 83 O B B ]
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20154, SMITH C J 44 SOS % 3 5 i I 4R 28 T NLO 14 8%, 7E 2 241.79 cm ™' 4b ) ECF Wy
10% . W} 5 000 ppm B NLO i & 5 K 8 i ~43 200 F& 2= ~41 400, A 2062 0 1 mm. 12 2 N,O Wi
S8 110 VR I e it I PR AT AR Ak

2019 4%, SINGH R % Hf NOO i JE i 5 38 JE i P #4578 1 500~1 600 nm ¥ Bt K I T 3% F N-H 3%
R S o A SR T B AE U ISR ) VS PR 04 77 AR 2088  h J5T DR BRI, {68 P B0 T O 185 I e e D00 39 £
WO 5 I — 2.

TR 4R #8545 B 1 A% B PR BB Q326 3 TR .

244 AFTRHAERFHERE

20114, LAT Weicheng %/ fifi F SOTFLAR G 1 i A 5 4 Uil 5 A% R AR 76 ~1.66 pm P K ALK T CH, <
M E 6(d) TR, 300 pm £ 3 51 LoD & 100 ppm , 5% 5 1l £5 114 2, R 30,

2019 4, CHAKRAVARTY S %2 7 0 5 £ 5 17 QCL L i 7 2 B % 1 2% (Quantum Cascade
Detector, QCD) FIE T f R I T 19 InGaAs—InP H 2L AN SARAL A &, Wi 7(b) i , InGaAs—InP £ &F &
A DL 35 3~15 pm B9 TAR B, (02 AR AL RS2 36 07 A T e .

ZJE T SR AR SR AR A S B0 TRt T AR 4 A B TR A R R B R O 5 AR M VR I RCR ORI Tk
EAEIR, 20204, YOO K M & T —F FH T 6.15 pm I K A #5047 NH, A 8% 09 LR B 76 T d ik I 3 A
EE U KOG, B2 A Z AR ) InGaAs Fl InP, InGaAs-InP 3 & 5 T 5 806G #8 MG 78 42 1, &
I KOG BB Ry 4.1 dB/em,n, 0 15, ECF 4 10% ,3 mm K 3% 5 19 LoD Jy 84 ppb. & IF 6T ik
W T FE T 35 39.1 dB/em,n, A 39, ECF A 12%, 1 mm K A9 3% S/ LoD & 232 ppb. [}, & 7% 6 T ik
P HAESI S TER YOG, AT KL ES | S TE/TMB%, il BT T ik il S HE Do
TIRIER 7% o ML LR B BIF W0 KOLM & & H T R LR

2021 4F, LIU Weixin "8 T —Fl F F 6.65 pm Ab PE A7 H 28 28 AL B 1 SOT B 17 0 3% K6, #5144
TR A %% Y JE 4 A g8 R0 5E [ R A 2%, 05 B ECF o 24.3% A2 G S K B K 28.4 mm, 7E 6.4~6.8 pm
T[N P S FE N 4.3 dB/em, LoD 24 75 ppm. [A4F ,ROSTAMIAN A %" T —Fh T 3.4 pm kb i £
LIRS AL B SOTFLIR G F iRk % 5, n i8 8] T 73, ECF M 17.1%,9 mm K &9 3 5 5 LoD & 250 ppb.

2022 4F , LIU Weixin Z B H T —Fh H T 7.33 pm Ak 247 78 B 25 A5 Y SOT & 7% 7 3% K 6 M, ECF
M 113 %, AE N 4.7 dB/em, K JE R 10 mm B 3% S 7 20 s AR5 B8] A9 LoD o8 2.5 ppm, B4 B[] 24 0.03 s
B #9 LoD 4 10 ppm.

T b AR U A% R A AL SRR BE N 3R 3 TR .

3 REERE

BT 2L AN OG5 SO T AR IR SR AR R A UL R B B R S AR SR, BAE TR T
SN OGS B R AL B B OB B . A T R B AURAR O R O T AR R B SRR BRI A
X PERE RO B SRR R B B R AN SC R R o 7RIS S R N T BT B
BT IR RAR FOE T SR B T AE A B AR R ) e R BUIR

FUAT , Ay 7 A% S B R Wi aE , B LU b SO SR A SE B B rp HoAT T AT P EUR R Bk
1 B RAALE VFZ R R, 4w 1AL AR B PERE , DA IR R R A0 . 1)y bR AL B R R
AP S /N (ELR G TR A SRR 3 AR i 1) B R SR SCE AR AT A R R L I BRI 1 b R AR AR B4
F, BB, 3 5 A% S T ) AR Z R £ T2 5000 IR R I 2R 32 . 2) T UG T B 20 41 15 W1 A4 ) il
F G FEARAR B B AE o 3) L AR SRS B I B s BR A T R O, T LA e A ) ) B 4
5if 12 RS 1) S AL | {91 1 2 T 8 5 2 A/ W AT 0l A AN I RS AR RN L X 2 1A I [ - 3 T 4
5if £1 A W ACSRR N 4 R v I B IR L Ol BN 2 B 1 B4 SR A T R RS AR A A SRR ) o 7 R ]
JIt LA e B[R] s 255 1 0 0 000 A 14 97 T 52 W) A 552 B O T PR R 5 T AR AZ o 4) 6 S A S A AR R T A1
BIR ) PR B DR/ 0 |, i A B B IR B AT TR A B A PR T B R B R R AT B Y R AR T M LS ER
LA o 5) St B AR BB R (1, i R IR O 1% R FIOE T 85 6 15 B AR ) T DL AR A% RS 114 8 7 K F-
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Progress of On—chip Infrared Gas Sensing Technique (Invited)

PI Mingquan'?, ZHENG Chuantao'?, LIANG Lei’, SONG Fang'?, WANG Yiding"?
(1 State Key Laboratory of Integrated Optoelectronics, College of Electronic Science and Engineering,
Jilin University, Changchun 130012, China)
(2 Jilin Provincial Engineering Research Center of Infrared Gas Sensing Technique , Changchun 130012, China)
(3 State Key Laboratory of Luminescence and Application, Changchun Institute of Optics, Fine Mechanics and
Physics, Chinese Academy of Sciences, Changchun 130033, China)

Abstract: On-chip gas sensor based on infrared absorption spectroscopy has the advantages of portability,
low power consumption and no need for optical path calibration. Therefore the optical gas sensor has
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gradually evolved from a large—size discrete system to an on—chip integrated system in recent years. The
on—chip gas sensor detects gas based on waveguide evanescent field, and the interaction effect between
light and gas is determined by the External Confinement Factor (ECF). However, the ECF of the
waveguide is generally smaller than 1. Waveguide length is small and has a non—negligible loss. Compared
with the discrete gas sensor system, these disadvantages undoubtedly reduce the sensitivity of the on—chip
gas sensor. The following points need to be considered when fabricating an on—chip gas sensor:
1) Appropriate core and cladding materials should be selected to reduce absorption loss at the operating
wavelength; 2) Choose and optimize waveguide structure to improve ECF; 3) Consider the feasibility and
cost of the fabrication process; 4) Choose appropriate waveguide length according to waveguide loss to
improve signal-to-noise ratio; 5) Choose appropriate spectroscopy sensing technique to increase
sensitivity.

In this review, the on—chip gas sensing method is reviewed, including Direct Absorption Spectroscopy
(DAS) , Wavelength Modulation Spectroscopy (WMS) and Micro-Cavity-Enhanced Absorption Spectroscopy
(MCEAS). DAS technique detects the variation of light intensity, which is easily affected by noise. WMS
processes signal in high frequency region and can suppress noise. MCEAS can achieve a large optical path length
by an optical cavity with a compact size.

Waveguide material and structure are reviewed. Gas has a larger absorption coefficient in the
mid-infrared than that in the near-infrared. So transparent material is needed to decrease absorption loss.
The commonly used waveguide material and platform for gas sensing are summarized. In addition, the
cross—section structures of conventional waveguides are summarized, including rectangular waveguide, rib
waveguide, slot waveguide, pedestal waveguide and suspended waveguide. The non-suspended
waveguide has low ECF than the free—space with ECF = 1. The suspended waveguide makes full use of
the area at the bottom of the core layer, so the ECF of the suspended waveguide can be = 1. But the
difficulty of the fabrication process also increases. Photonic crystal waveguide has slow light effect, which
can effectively improve ECF. But the loss of the photonic crystal waveguide is larger and limits the size of
the interaction length.

Theoretical design progress and experimental progress of on—chip gas sensors are summarized. In
terms of waveguide sensor structure, sensing waveguide gradually evolved from non-suspended structure
to a suspended structure to improve ECF. In the aspect of on—chip integration, on—chip sensors are
gradually developing from non-integration (only waveguide) to semi-integration (integrated laser or
detector) and full integration. In addition, other physical effects are also combined, such as the adsorption
effect and surface-enhanced infrared absorption effect.

Finally, the development direction of the on—chip gas sensor has been prospected. First, the biggest
advantage of on—chip gas sensing is miniaturization, but the monolithic integration technology of light
source, sensing waveguide and detector still needs to be developed, which limits the application of the
on—chip gas sensor. In addition, the material and fabrication process of the sensing waveguide are also
required to be compatible with the light source and detector. Second, new infrared transparent material can
be used to fabricate optical waveguides to reduce the absorption loss of the material. Third, the waveguide
length of an on—chip gas sensor also limits sensitivity, and other physical effects can enhance the sensitivity.
Fourth, the structure of the optical waveguide directly affects the ECF, so it is necessary to reduce the
fabrication difficulty as much as possible on the premise of monolithic integration and large ECF to achieve
mass production. Fifth, advanced sensing technology can reduce the noise level of the sensor and improve
sensitivity.
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