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Fig. 1 The simulated absorption spectra of CO and H,O near 4 602.5 nm (T = 293 K, P = 101 325 Pa, L =1 cm), where the
CO concentration is 100% and the H,O concentration is 2%
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(b) Electric field intensity profile of the guided mode (c) The electric field intensity profile in (b)

B2 F3LF & KK SEME oA
Fig. 2 Structure and optical field of the HPCW
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TGN T AR R e 7 MR 5 280 BIF e T RIS 10 TEM B 4 A 14 2(b) B, K
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b AT /NFLIE 3R 2 3.AL A% o AN TR AR (10 6 F AR B S R S 8L Ao =1.15 pma = 1 018 nm . r =
0.27a.r,= 0.6r.L,, = 72 pm, MW T fic = 250.69% .Cp,, = 9.13X 10",
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Table 1 Optimized parameters of the suspended InGaAs HPCW sensor at 4.602 5 ym

Parameters of HPCW sensor Value
a 1018 nm

W1 V3a
Tngans 1.15 pm

r 0.27a

T 0.6r

L., 72 pm

22 HONEFEMRBESERSE
2.2.1 FBREBEEHIET KA

A AN TEE Y 5 (Ridge Waveguide, RWG) &R 25/ 4n 5] 6 (a) i 7~ , SR FH InGaAsE R T & v
JERNNJE o AT IR N S R AR S5 n << N << tipgane 1002 BV BE % B Ok 780 nm

MTAEP KR 4.602 5 pm , B 2 BSOS, T 3R ECR I fio, AL COMSOL A4 X % 5 45 1 2
B AT AL, A5 T w, EHUZ T8 w, B by CEBUZ R BE b, M S K E L.

B ERZ S 8RN SEPRf & P A TE TR 22, S I 10 N 2300 1 A5 ] B 7S Sy 1l 25 45
Sy B R R O0 L 0 S 0 B SR e /IMEL R B9 N AE 13FMHE . 2w, = 1 pm A, = 315 nm ., = 405 nm i, £
fE w, o foo BN Bl o, 19 28 £k #h 28 Qi 1] 7 (a) I, B w0, 38 R, N 28 KL e BB/ o BRI fe ARR B R ) R
B, B L w, = 4 pm. Mw, = 1 pm A = 315 nm . w, = 4 um B}, %} L, BT o foc BN BE A, 1972 1L
M = 7(o) iR o Bl b 3G, N DRSS JO- 3 RIS foc 080/, PR EE B A, = 405 nm. e B IR I
M E S EGE BN w, = 4 pm b, = 405 nm.

BEJE LB S8 2w, = 4 pm by = 315 nm  h, = 405 nm I}, N fo Fifi 2o, (19728 10 i 22 2 75 8 (a) BT
7, B w, B R, N B8R, foc 8/ I % $E w, = 1 pum i e e Ko #Ew, = 1 pm w, = 4 pm A, = 405 nm
BF, N foc B 2y 1978 £k R AN S(b) BT 7 , B 7y 38K, N AN  foc e 38 K 080/, [RVRE b, Ry T 75 31 4
K foe, BEH Ay = 315 nm, BB foc 3k B 5 RAE N 115.65% , X3 I A9 24T 3 %6 N, = 1.381 9.
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(b) Optical mode field distribution of the TM, mode of RWG  (¢) Optical mode field distribution of the TM; mode of RWG
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Fig. 6 Structure and optical field of the RWG

148F ~ =16
TS 1.14
~
L46 w =1 um S 1.12
il h =315 nm 1110
’ h,=405 nm
Z’% M & 11.08 (&
142+ X % 11.06
* 1.04
\ 1L
1.40}+ N o
138 RN
. I -7 'fl;c .1 1.00 1 35 1 1 1 1
4.0 42 44 4.6 4.8 5.0 ’ 420 430 440 450 460 470
w,/um h,/nm

() Plots of N and f, . versus w, (b) Plots of N and f, . versus 7,

B7 BB TTHE MG
Fig. 7 Structure optimization of the panel of ridge waveguide
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3dB/em. SHEL M2t e an 4 9 Fr 7w , e AR T4 BE Lo, Ak X B S 18 di KAR £ 1, PR AT DA S o A D 5
K L, = 162 pum I %57 A0 KRB S = 3.64 X 10 7, @ (1) HEHEF] C,, b 8.51X 10 °,
2.2.2 HRALKL

T2 T BRAMRMNEILE S8 . BIFARESHRESE w,=4 pm A,=405 nm w,=1 pm,
h=315nm L, =162 pm, B f,.=115.654 504, A 3 B 5 N, =1.381 9, /MG T ER A 8.51X10 " &
T B U 5 AU AT B (Transverse Magnetic, TM) £, %7 TE L . TM,. TM, £ (1% 3% 7 A i 5 6 (b) |
K 6(c) I, TM BRI 4 e B BRI 72 1 Xk
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Fig. 8 Ridge structure optimization of ridge waveguide
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Fig. 9 Plot of S versus L, where a,,=3 dB/cm for RWG
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Table 2 Optimized parameters of the suspended InGaAs RWG sensor at 4.602 5 ym

Parameters of RWG sensor Value
w, 4 pm
h, 405 nm
w, 1 pm
h, 315 nm
L, 162 pm

3 R

3R TOLT AN S AR B Z R X e R . HPCW HBES| 5 TE KL, B 5 2 i 41k g 5% #%
AR 5 TM i 4 79 1 5~ KA 4R . RWG SCRF TM Ui HR 06 , 4 i A o5 22 fi IR e 5% &% , 7T LAIs b 8
e B A1 FE AR R 1 TR R o ae e B

BT HPCW AT i R S 36, DR kg vl UAT 2800/ N e W i A 4 B2 (EU R AT O o A9 A 0 A, £
JIGIE AN T 4 e AR SR A RO o B iF RWG B A4 1% i 50 FE o vF i S 4 B2 I, o T AT i g AR A TR
oy R MR (TN (14) 23 590 T B30 4% i 450FE X 1 Ao A SR AR P BE B S W), Loy A Cron B e, 922 10 1T 22 200
FITO B 7R o 36 1% 4546 18 K, A% IR B LR Dl S B L, /D, Cop B R o 8 REAT 2% I AR 0 = A5 B 0 AE , T
DA — 25 e AR A I B
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Table 3 Comparison between the suspended InGaAs HPCW and the suspended InGaAs RWG

Waveguide type HPCW RWG
TE/TM mode guiding TE ™
n, 43.97 4.89
Tre 250.69% 115.65%
Crop 9.13x10°° 8.51X10°°
Propagation loss 27.5dB/cm 3dB/cm
Polarization rotator Required —
L, 72 pm 162 pm
%0 105 165 13.0
HPCW
] 160}
10.0 12.0
155
g 9.5 & - 150} 105
= < 3 <
~ - & -
90 7 I45r 100 U
140}
8.5 9.0
135¢
65 1 1 1 1 1 80 130 1 1 L 1 L 80
10 20 30 40 50 60 10 20 30 40 50 60
a,/(@B-cm ) a,/(@B-cm )
(a) Plots of L and C,  versus o, of the HPCW (b) Plots of L and C, , versus a, of the RGW
@ 10 I‘Up( $U CI.UD [%ﬁ a\nl é"] % /T‘ki ﬂ:b é)}Z
Fig. 10 Plots of L, and C,,;, versus a,
4 %Hit
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PR A IO TR S8, LA B S i D R R . BRIt Faiki R e e ESH
AR BRI A 75390 250.69 %6 \115.65% o TR P HFE 5 0 27.5 dB/em 1 3 dB/cm I, 8 & 1 7 Ff il 7
1 Fe A B A BE 43 B O 72 pm R 162 pmo 4 SNR,,, 24 10 BF, 9 A 42 J86 245 09 462 I 1 R 43591 o 9.13 X 10 ° Al
8.51X10 °o XJ b T3t P AP B AR TE B8 , 1H18 T B 15 TM M #= #% 14 48 B 7T A8 M L R 0% 5 1% Hg 401
X i T A% SRR BB Y R )
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On-chip Mid-infrared Indium Gallium Arsenic Suspended Waveguide
Gas Sensors

WANG Xueying'?, ZHANG Zhening"*, PI Mingquan"’, PENG Zihang"’, ZHENG Chuantao"”’,
SONG Fang"*, YANG Yue'”, WANG Yiding"”
(1 State Key Laboratory of Integrated Optoelectronics, Jilin University Region, 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)

Abstract: Most gas molecules have vibration characteristic absorption peaks in the mid-infrared spectral
range (2.5~20 pm) , which can be used for trace gas detection and quantitative analysis. On—chip gas
sensing that enables waveguide interconnection can improve system portability. Because quantum cascade
laser and quantum cascade detector material structures can be epitaxially grown on the InGaAs—InP
platform, it can be used for the preparation of on—chip integrated gas sensors. On the InGaAs-InP
platform, the refractive indices of n,,;,,, = ~ 3.4 and n,,, = ~ 3.1 at A = 4.602 5 pm are insufficient to
realize the total internal reflection constraint between core and substrate. We can etch the InP substrate by
using hydrochloric acid so that the refractive index between the core and cladding is approximately 2.4. At
this point, the suspension structure allows gas to flow through the upper and lower cladding, allowing
stronger interaction between gas molecules and light. In order to study the sensing performance of on—chip
waveguide in the mid-infrared band, a suspended photonic crystal waveguide and a suspended ridge
waveguide sensor based on InGaAs—InP platform are proposed for targeting the 2 172.75 cm™ ' absorption
line of carbon monoxide. Based on LLambert-Beer law, Rsoft software and COMSOL software are used to
optimize the waveguide structure. The lattice constant, hole radius, central hole radius, ridge width, strip
width, ridge height and strip height of the photonic crystal waveguide are optimized, and the performances
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of the two sensors are calculated.
Firstly, a mid-infrared suspended InGaAs—InP photonic crystal waveguide sensor is proposed. The
InGaAs photonic crystal waveguide adopts a hexagonal lattice with a lattice constant of a. The width of

Holey Photonic Crystal Waveguide (HPCW ) is v/3 a, and the thickness of InGaAs layer /¢, is 1.15 pm.
The lattice constant, hole radius and central hole radius parameters of the photonic crystal waveguide are
optimized by constructing a defect row in the I" -K direction. The central defect row radius of the
constructed waveguide is r, = 0.6r, where r = 0.27a is the aperture radius of the photonic crystal. The
relationship between the lattice constant of the photonic crystal waveguide and the group index (n,) is
obtained by simulation. When the lattice constant @ = 1 018 nm and the photonic crystal waveguide n, is
43.97, the optimal waveguide structure is obtained at A = 4.602 5 pm. It is found that most of the light is
confined to the center hole region, and the peak electric field intensity of the center hole cross—section is
increased by ~ 3.41 times. At this time, the power confinement factor f,. of the photonic crystal waveguide
is 250.69% , the optimal waveguide length L, = 72 pm, and the limit of detection C,,, = 9.13 X 107°.

Then, a mid-infrared suspended InGaAs-InP ridge waveguide sensor is proposed. The total thickness
of the core layer is set to 780 nm. In order to obtain a large f,. under guided mode condition, COMSOL
Multiphysics software based on finite element method is used to optimize the waveguide structural
parameters, including ridge width w,, plate width w,, ridge height A,, plate thickness A, and waveguide
length L. The optimum waveguide structure and the optical mode field distribution of TM, mode of the
mid-infrared suspended ridge waveguide are obtained. Most of the light is concentrated around the ridge.
foe = 115.65%, L,,, = 162 ym, and C,,;, = 8.51 X 10 ".

Comparing the two sensors designed, since HPCW can only guide TE mode, a polarization rotator is
required to integrate it with the quantum cascade device with TM polarization. Ridge Waveguide (RWG)
can support TM polarized light and does not require a polarization rotator for integration, which reduces
total transmission loss and integrated device area, and simplifies the preparation process. The advantage of
suspended HPCW is that it has a high group refractive index, so it can effectively reduce the light
absorption path length. But HPCW has a higher propagation loss, which is not conducive to improving the
sensitivity of integrated gas sensors. The lower propagation loss of the suspended RWG allows for longer
waveguide lengths, which in turn improves gas sensor sensitivity. The influence of propagation loss on the

performance of the two sensors is analyzed and calculated, and the variation curves of L., and C,, versus

opt

a,, are obtained. L

mt opt

propagation loss can be effectively reduced, the lower detection limit can be further reduced.

decreases and C, ., increases with the increase of propagation loss. If the waveguide

With CO as the target gas, the InGaAs—InP platform is used to simulate the design of suspended
photonic crystal waveguide and ridge waveguide. The waveguide parameters are optimized to achieve
single-mode transmission and higher f,.. After optimization, f,. of the suspended photonic crystal
waveguide and ridge waveguide are 250.69% and 115.65% , respectively. When the waveguide loss is
27.5 dB/cm and 3 dB/cm, respectively, the optimum waveguide lengths of the two sensors are
determined, respectively. When SNR,,, = 10, C,, of the two sensors are 9.13 X 10" °and 8.51 X 10°,
respectively.

Key words: Waveguide sensor; Middle infrared; Absorption spectrum; Gas sensor; Photonic crystal
waveguide; Ridge waveguide
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