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Abstract: Short-wavelength mid-infrared (mid-IR) (2-2.5 pm wavelengths) photonics has tremendous applications
in optical communication, ranging, satellite remote sensing, disease diagnosis, and military defense. As key
components of short-wavelength mid-IR optical systems, integrated optoelectronic devices have attracted great
attention in the past decades. With the merit of the wide transparency window of silicon material, silicon photonic

integrated circuits exhibit great potential in developing short-wavelength mid-IR optoelectronic devices. In this
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review paper, we briefly discuss potential applications of short-wavelength mid-IR silicon photonics, and review

its history and frontier progress from three aspects, namely, passive waveguide devices, nonlinear optics

waveguide devices, and optoelectronic waveguide devices.

Key words: silicon photonics;

optoelectronics
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Fig.2 Silicon waveguides in the short-wavelength mid-IR band. (a) Measurement result of optical loss of the TEj-mode strip (left) and rib (right) silicon

waveguides*”; (b) Scanning electron microscope (SEM) images of the silicon waveguide fabricated with the MPW service™; (c) SEM image of

the SMW cross section!*; (d) Schematic of the subwavelength-grating-cladding suspended slot waveguide!*”’

® 1 FRPLAIMEERRER R SHREFRHE
Tab.1 Characteristics of the silicon waveguides in the

short-wavelength mid-IR band

Wavelength/ Optical loss/

No. Wafer um dB-cm™! Waveguide type Ref.
1 SOI 22 0.6 Strip [40]
2 SOI 2 1.00+0.008 Rib [41]
3 SOs 2.08 1.4 Strip [43]
4 SOI 2.02 1.9£0.2 Rib [42]
5 SOI 2.02 3.3+0.5 Strip [42]
6 SOIL 2.25 79 Suspended slot ~ [45]
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W BIUTFARTE, B, S5 6 IS K B i
SR A P sk b A P /D e R S B )
—J7 I, B DR BB, 28 F 0 S/ NVRRAE R ST A
NG, SR TF R OCHE & e Pt T S A i RIS
Mg RIES 22 . EHET, BHIF AR ATTX 20 B ot
WHE & 28 O 2T TR R, JFIUR T —
WS, 2011 4F, Kuyken B 25 A B 3L F SOI i 8/ JF %
TIET 2.15 pm BB AR ZI OGS 5 2% (Shallow-
Etched Grating Coupler, SEGC), Yt Mt % 1 ¥ B &
70 nm, W1 3(a) i, WEMEAR G 20R N -5.2 dB, 3 dB
S FEA 160 nmo GG A8 00 G PR AL T
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fi SOI iy [l A A o T 200 F m il 4, 20 ik R B2 oy
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Fig.3 Silicon grating couplers in the short-wavelength mid-IR band. (a) SEM image of the shallow-etched uniform grating coupler; (b) Schematic of

the polysilicon/silicon grating coupler'*”’; (c) SEM image of the focusing subwavelength grating coupler fabricated with the MPW service?”; (d)

Measurement results of the ultra-thin focusing subwavelength grating coupler

[55]
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75 M, X E BT T U2 28 5T 5 R 0

o ASRARYE SRR, 75 BE0F & 5 4540 B e R &
i, LR SO A TP O K B A AR
JEiE TE . PRAEE L X HER ST TR . HET
JITARAE A = B 2T S M SO & 2 R REX He
22 PR

R 2 BKPLASMNEERERE MR AR

Tab.2 Characteristics of the silicon grating couplers in the short-wavelength mid-IR band

No. Wafer Etch depth/nm Structure Wavelength/um Bandwidth/nm Efficiency/dB Ref.
1 SOI 70 SEGC 2.15 160 (3 dB) =52 [53]
2 SOI 240 SEGC 2.1 90 (3 dB) -3.8 [40]
3 SOI N/A FSGC 2.255/2.331 38/54 (1 dB) —5.9/-5.7 [54]
4 SOI 70 FSGC 2.36 85 (3 dB) =1.77 [27]
5 SOI 150 FSGC 22 115 (1 dB) 7.1 [55]

1.3 RIS RER 25 14
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JIt7R o 2012 4F, Leo F 45 A9 T SOI f BT A& 17—
Flss O (W REJL D% ORI IR s, L 350 um,
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2.3 pm P B, IR Q [H AT F 75000, [ fiGiEE
[l (Free Spectral Range, FSR) 3.9 nm. 2018 4, Li ] 4
NV ET MPW T2 & 1 —F ml P85 119 0 1 Y
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A&l 4(c) Fizn. 75 2 nm JeBekb, SCRNTE O fE24 1520,
FSR #J 04 12 nm, 1 Ot Lt 8 id 20 dB. 2021 4F, Ma

H % ANPVIEF SO & [ 43 BB 58 T KB 42 fifz p £
24 I ORI IR M, 1R A% R 80 pmo 7 2 pm P BX
b, A5 O 1 43 %1 A 17000 A1 11000, FSR 43 51 4
4.5 nm 1 447 nm. [ T RORIEIRIE, BF5E & T84
BLUE PR I ) AT T BE AL R AR ST . 2019 4,
Zhang L % N3 F SO & B ¥ & 1 0 K ol i %
P, 242 6 um, WA 4T, 7E 2 um B
b, W45 O i 4 800, FSR 24 40 nm, Jy & 3k 41 4E
SRR TR P ET SR #R . BT RGE Y R =
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5 i JOE PR R TR R T i O A I AR M | ik
SRR LA N R TR BRI RO B B
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R 3 EIEPLOMEEMBENEIRIE 25 45
Tab.3 Characteristics of the silicon micro-resonators

in the short-wavelength mid-IR band

No. Wafer Q factor FSR/nm Structure Ref.
SOI 75000 3.9 Microring [24]
SOI 17000 4.5 Microring [5]
SOS 11400 N/A Racetrack microring [60]

SOI 11000  4.47
SOl 8100 N/A
SOI 1520 12
SOI 800 40

Microring with p-type doping ~ [5]
Suspended membrane microring [44]

Racetrack microring [61]

N N R W N =

Subwavelength grating microdisk [63]
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PRASAY T ABEEMR™; (d) WO BRI A3 1 F B

Fig.4 Silicon micro-resonators in the short-wavelength mid-IR band. (a) SEM image of the racetrack microring resonator'®”; (b) Schematic picture of the

suspended membrane ring resonator*’; (c) Microscope image of the tunable microring resonator®’; (d) SEM image of the microdisk resonator

with the subwavelength grating structure!*”
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Fig.5 Silicon multiplexing/demultiplexing devices in the short-wavelength mid-IR band. (a) The transmission spectrum image of different channels (left)

and microscope image (right) of the AWG; (b) Microscope image of the echelle grating®); (c) Schematic of the silicon multi-mode

multiplexing/demultiplexing devices!”

function of the received optical signal-to-noise ratio (OSNR)""!

R4 BRPLASMEES R/MEE A4
Tab.4 Characteristics of the silicon multiplexing/

demultiplexing devices in the short-wavelength

mid-IR band
Wavelength  Insertion loss  Crosstalk
No. /um /dB /dB Structure  Ref.
1 2 6 -15.7 AWG [69]
2 2.12.3 High <-16 EG [68]
3 2.2 4 -16 AWG [68]
4 2 <5 <-18 DC [71]
5 2 1.2 —18.83 MMI [70]

2 FREMRFRSHEN

FEREA B BA R IR (345 @ 2 pm P K
N S RAELME R AL (~1.1x107 m¥/W @ 2 pm 1))
(R i, I ELAE R R 21 A M BEAY SOE - IR B
1%, PR, 7R ZL AN S d A B T 5 A
AT E R AT, ZREAEL ML 20N B 278

) (d) Measured bit error rate (BER) of the silicon multi-mode multiplexing/demultiplexing devices as a

B AL AR TR AR R, I T AR
B R AR LL AR, A DU IR AR (Four-Wave Mixing,
FWM). )t & il K (Optical Parametric Amplification,
OPA). Jt:Z 5 &% (Optical Parametric Oscillator, OPO).
8 3% &L 3% 7 £ (Supercontinuum Generation, SCG)

H1 58 JR Y6 H ML (Kerr Frequency Comb, KFC) 45 . {4
4, 2012 4F, Liu X 55 N7 7E SOI f [/ - JF & T 18 ¢
% (Spiral Waveguide), 1| FH PO I 1R A A0 #F 2.4 um
W B () i ¥ 3] 1.6 pm P B, SCHL T K35 62 THz 1)
WR i, SRR 558 19 dB, $& 5 T XS har
HME S BRI R B . 2013 47, Kuyken B % A4 1
URAE TF €20 150 4 ek R g S vl R FH O g YR A S 3 1 e
— MR B P 4, R 2.1 pm P b i T
ZEA A 1S pm Zb B ERDSE, 7 3.6 pm P K B 7 A
LA, AnIEl 6(a) B o SERGIE W, 7RI (E ST )

HR BIWH BT, i B2 85 a5
13.1dB. BR T PUPHRMSL, BF5EE 1T S RO
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PTAEZ — BIG, T 5 IRWE 5 A 0 W e 22 5 b
KA 8 AN T T [ R, () B SRy T AR AR ot (5 o 47 i
7%, 2018 4F, Kou R A5 AV F5E T 5 T2 A2 1%
TF SOS i Tt 3% S 3% 7 AR, DG [ AT 4 55 2~5 um
W B, SR BUR R T 28 SRR M ET R S E S A
J AR W R T S N T BRI ) . PR S
TSR, SRS SE I T R b e KOG AR A Y 58
Wk . 2015 4, Griffith A 25 A B0 ¥ YR FH ik 3 35
FIOME IR 7 A2 T OIS 55 2.1~3.5 pm Y B0
FOBHIRL . 2016 4F, Mengjie Yu 25 AU Y E i 52
B UE 1 A A T O R 7 A BRI
P T OCHIURR AR T, i Y 55 2.4~4.3 pm, 52
BT 40 % Y B D R R L B T RE AR R
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Fig.6 Nonlinear optical waveguide devices in the short-wavelength mid-IR band. (a) Wavelength conversion across more than one octave based on

FWM™; (b) SCG based on the SOI waveguide!’”; (c) Schematic of the Kerr frequency comb generation in the microring resonator™”;

(d) Spectrum and intracavity power of the KFC based on the Si/Ge waveguide

[82]
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Guo R 55 N BRI 5E T R 4G SE SR 6E & S T
TR IR A SR rP £ 057 A i R AR 1Y) W] AT,
WE 6(c) B ZTAERBFITSE LW, Bl # S
A U T T UAT 00 SO WAL A Lk DK, ATt
AT I P 78 15 3 2.4~3.3 pm, WIE 6(d)s . A
2, TE R T A B A P 2T AME R AR 2R U TR
SR E O BRI SE T I, XSG Ak
% % . D' 3 A D BE 45 B (/N B A % J B BN
{H.

3 XBKSHEH

v AL RN N A L e (O R e SN R
AF) SR SE I AR | AR R TR A N A8 G A% O 2H AR
BRI, BEFEG 25 R FF R I 2 AR 28 A T
W B JRE i S B LR BT 5, AR R A2 BBk B %
MRS E R BT B X TAELE 2~2.5 pum I Bt )
H I T B H A T 8% L FAO TR 2 O H AR
AR AR TER R T I8
3.1 EHIEE

H AT T iiE B b 2r i v B e RS
OGRS 854125 25 B OB S 2, JFid i
b Ei- i8R (Mach-Zehnder Interferometer,
MZI) SR R I (Microring Resonators, MRR) i i
SRS BUARO B IR FAe . BRT, BT A R
£ 50 W (Plasma Dispersion Effect) 19 fit 5 B, 5% 7 il
ARSI B O 2R 8] T iz AN, & AT
R IREE T 800 0 HLOG IR ] 3w T 204 i
BP9, 2012 4F, Camp M 2 NPV E I & T TARTE
FLB 2L AN B . B ALY | R
L MZI HLETR I ER 08, A8 E R 1 mm KA p-
i-n T SCIUAH RS Dy fig, Hoi S A TR X s S

K 7(a) FT7s o VRS 28 XF 2.16 um U BEAE LB T
3 Gbps Y HL 36 I8 i, 78 % kb (Extinction Ratio, ER) 2
23 dB, 4 il % * (Modulation Efficiency, ME) N
0.12 V-mm. 2018 4F, Cao W % AP T A 8 7
BN, PR T TAETE 2 pm P BLRY . L% SAE
() MZI R i 25 44 A1 MRR 9 g 44 . Herb, MZI i )
5 1% P 1 4 B AT 5K 20 Gbit/s, 1% e 5.8 dB, 35 1 &%
£ 0.268 V-mm; MRR i il #% (9 8 6l 38 5
3 Gbit/s, G 2.3 dB, TI#E 2.38 pl/bit, &% MF5T R 5L
B2 pm I B Ak A BCE B BEE T A . 2021
4F, Wang X 25 AP TE 2 um 3 BEF & T £ B 1 il
1o Ak R B A ) 5 44 (Mach—Zehnder Modulator,
MZM), W 7(b) Fir s, X P9 B Fik e 2 98 i) (4-level
Pulse Amplitude Modulation, PAM-4) {§ 5 5L B T & ik
80 Gbit/s 114 81 il B =2 o B AR R D' ] ] g 9 o B PR
{38 A AR R I RCR BT T, T RO 8 o) i 18
HR e & TEBRMREBFRESER T Z X
. 2021 4F, Zhong C 55 A™ B R AL T SOI i Bl T &
T TAETE 2 pm 3 B 19 po-p-p B4 O 98 ) 2%,
S BIHESE T MZIFT MRR 45 A4 i 94 ) 2% M fg . 3
F MZI AT MRR B #4325 04 18 1 2803 2 0 ok
0.17 nm/mW A1 0.1 nm/mW, X Jij {8 212 3% D) R #6435
92521 mW F13.33 mW, FFPHOGE SIS0 BT
R 18] 43591 K 3.49 ps/3.46 ps il 3.65 ps/3.70 ps, 42 H
BT IE Y 2 pm 5 BEHROG TR §I &5 2858 18 2 09 b e
IS AT, 5% 2 pm PEBARIRFE | AR AE R G3E A5 1 Y &
JEA T HEMENEM . Bz, VR A O N
1) H B LH S A, S SR S R . AcH . B AR
A 10 S S 21, g ik e 20 A B O T A R A%
N T E LA SCEAE N . AT GE 0 3
Hh 2T A ik D T AR B VA MR RE X AN SR 5 R .

&5 EEPLAIMEE N SEMBE G SR

Tab.5 Characteristics of the silicon-waveguide-integrated modulators in the short-wavelength mid-IR band

No. Wafer Wavelength/um Speed/Gbit-s™ ER/dB ME Structure Ref.
1 SOI 2.16 3 23 0.12 V-mm MZI [83]
2 SOI 2 20 5.8 0.268 V-mm MZI [23]
3 SOI 2 3 2.3 N/A MRR [23]
4 SOI 2 80 N/A N/A MZI1 [84]
5 SOI 2 N/A N/A 0.17 nm/mW MZI [89]
6 SOI 2 N/A N/A 0.1 nm/mW MRR [89]
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Fig.7 Optoelectronic waveguide devices in the short-wavelength mid-IR band. (a) Cross-sectional schematic diagram of the active region of the p-i-n

diode phase-shifter®; (b) Optical microscope image of the MZM *I; (c) Schematic of the racetrack microring resonator-enhanced WSi nanowire

photodetector. The red line indicates the waveguide on which the WSi nanowire is integrated”"’; (d) SEM image of the cross-section of the Zn**-

implanted Si waveguide photodiodes %!
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RO, 2020 4, Guo I HF AP IR T ST AR S
RO | T AR B A ARG LRI, 7F 2 pm
b 2 B I 25 9 W BB A 70 mA/W, 3 dB A S K
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AR RTITRE T . BRILZ AN, B SR& b+
PRI 25 PR ey R A B T — e 2018 4F,
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D5 0 2 2L T vk, BRI, S 0T 4 A A Ol LRI %
IFETE A fE AR R . A5 CMOS T. 2058 &4
SR o S — 5, AEREE AR LS COMS T
LRI Ty T A R SRAS TR
BT TR . SR, 52 B RE LA BHAS AE Y B i) BR i,
S U v T AN BT R RN 8 T R S e A
SFHEARGIA T REGL, $& T REFAR B G m B, H
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Grote R R ¢ NP i3l T TAEAE 2.2~2.4 um ¥ B (1)
B TR TR S S ot e R I A, e
&R (87+29) mA/W, 5 HLIE /N T 10 pA, I 545 14 #
T () 43 44 B8 P AN 1] 7d) BT o I SE AR IE R T
T 8 U v 21 A BER) I RE 0% 5 S8 R ol e BRI
(97T 47 ¥ . [Al4F, Souhan B %5 ACYBESY T TAE1E
2.2~2.3 um W B SiTE F I AR S p-i-n YG LR
%, 78 5V R He T 045 B K B B A 10 mA/W,

B /N T 1 pAL. 2015 4F, Ackert J J 25 AP 3 R 18
T TAEAE 2 pm P B0 v 3 50 5 1k =5 A0t il AR
IES o ZAFEAE 2 pm 20 5 5 BE Ry (0.3+0.02) A/W,
TAEHZ L T 20 Gbit/s, B HLF/NT 1 pA, Mk
BUE A = MURE RN &%, 2R R i rh 2D AR 1
REPEHE T R R o Ty %8 o B TR GE Y S
HZT A1k i T A B R 25 1 BE T LR 6.

R 6 MK PLSMER K SEMBRNERFE

Tab.6 Characteristics of the silicon-waveguide-integrated detectors in the short-wavelength mid-IR band

No. Type Wavelength/um Responsivity/mA-W! Dark current/pA Ref.
1 GalnAsSb p-i-n photodiode 2.29 0.44 1.13 [93]
2 GeSn p-i-n photodetector 2 93 171 [94]
3 Silicon—graphene waveguide photodetector 2 70 N/A [97]
4 Superconducting nanowire single photon detectors 2.1 N/A N/A [91]
5 Zn" implanted Si waveguide photodiode 2.2-2.4 87+29 <10 [92]
6 Si*-implanted Si-wire waveguide photodetector 2223 10 <1 [98]
7 Silicon photodiode 2 0.3 <1 [99]
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