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Research progress of mid-infrared silicon-based modulators (Invited)
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Abstract: Silicon-based photonics is expected to be extended to the mid-infrared (MIR) wavelength, due to the
low absorption of silicon (Si) material in the range of 1.1 um to 8.5 um. With the needs emergence of
communication window expansion, gas molecular detection, infrared imaging and other applications, the
development of silicon-based devices in the mid-infrared wavelength is imperative. Silicon-based modulator plays
an important role in the research and development of silicon-based optoelectronic devices in MIR. It is an
indispensable link in long wave optical communication system, and can be used in on-chip sensing system to
improve the signal-to-noise ratio and realize optical switching. It is found that silicon and germanium materials
have greater free carrier effect and thermal-optical effect in the MIR band than that in the near-infrared band
(NIR). It is proved that silicon-based materials have unique advantages in the development of mid-infrared
modulators. The development trend and research status of MIR silicon-based modulators were summarized. The
working principle and latest research progress of electro-optic modulators and thermal-optic modulators based on
silicon and germanium materials were introduced. Finally, the mid-infrared silicon-based modulators were

summarized and prospected.
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Fig.1 Comparisons of (a) change in refractive index and (b) change in absorption coefficient at in Si and Ge materials®”!

1.1 EHimFENBIE IR
L1l ASATEARREH S

BT e FE AR ALK 2 T AR BT S 3 R
WCR B, AT DU SR 5 PR R, — 2 ks b
AR RCHT S 32, )P i 58 0 ASORE AR 2 98 ) 7 A2
Sy i R T A D 8 PR AL R R 2% (MZM); 2 AR
PSR ORE 8 R WA AR A 5 R A A A Y O R AR
(VOA), XJF MZM HUEHA4F, A5 X FR (04 P 23 5% Wil

PG L, PRI AT DA 3 5 | B A B BT 25 48 3 5 2
T AEA . van Camp M A 55 AP AE 2012 4E 42 1 1Y
B — AN RESE 404 MZI 25 R 8 R B % 5 2 (] 2).
IR EE R T AEXT ARG MZI 254, B 4K 25 85 pum,
FA I S P BRI 50/50 Y 4332 2854 itk AR SRR
R TR, Ao 86 ) PIN 254 6 0 [ i T 558 ' 18 o)
RO o AR R T IS PO A 25 S BN MZI
25 40 Qs B R EE L, W 20 A5 B S T ARETE

f

/

Path Thermo-optic RF signal
imbalance heaters inputs

1 mm

P2 (a) il B MZI RIS AL BB R A, SR R T Y 23 S255H, A FRIPVE, BOUHIRS S AT S 54 A (b) PE1K 2165 nm 4k

S TE BEXA0 E; (c) PIN G40 A4 i S (10 i T 2

Fig.2 (a) Optical microscope image of the fabricated MZI modulator. Inset: Magnified detail of the 50/50 Y-junction, differential optical path imbalance,

thermo-optic heaters, and RF signal input end; (b) Simulated intensity profile of the fundamental quasi-TE mode at 4 =2 165 nm; (c) Cross-section

schematic of the PIN diode waveguide active region®"!
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Fig.3 (a) Schematic cross section of the SOI PIN junction™; (b) Optical microscope image of the spiral-shaped PIN electroabsorption modulator. P*

doped areas have been artificially colored in red, and N** doped areas have been colored in blue™; (c) Normalized transmission versus drive

current at 1.31 pm, 1.55 um, 2 pm and 2.5 pm®!
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Fig.4 (a) Process flow of Ge-on-insulator wafer fabrication; (b) TEM cross-sectional image of the fabricated Ge-on-insulator wafer; (c) Scanning

electron microscope image of a GeOl modulator and (d) attenuation characteristics of the Ge variable optical attenuator in the 2 um band as a

function’*!
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Fig.5 (a) Optical microscope image of the device; (b) Cross-section diagram of the PIN junction'®. Captured LWIR camera image with the QCL tuned

to =8 pum; (c) When the laser is emitting; (d) When the “laser off” frame is subtracted from the “laser on” frame. White areas show high infrared

light intensity, and dark areas show low intensity!"®!
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Fig.6 (a) Cross-section of the phase shifter for MZI modulator and microring modulator; Optical microscope image of (b) the microring modulator and

(c) the MZI modulator'®®!
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Fig.7 (a) MZI modulator based on SOI platform®); (b) Cross-sectional schematic diagram of the MZI modulator ’s active arms and (c) optical

microscope image of the traveling-wave MZI modulator in Ref.[29]
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Tab.1 Types and performance of mid-infrared silicon-based electro-optic modulators
Ref. Platform  Operating wavelength/um  Type  Extinction ratio  VpL/V-:mm Data rate/Bandwidth Years
[20] SOI 2.165 MZM 23 dB 0.12 3 Gbps/0.4 GHz 2012

EAM 34 dB 60 Mbit/s
[21]  SOI 3.8 2014

MZM 22.2dB 0.052 125 Mbit/s

Carrier-injection

[24] GOS 3.8 EAM 35dB 6 MHz 2017

3.8 MZM 13 dB 0.47 60 MHz
[15] GOS 2019

8 EAM 16.8 dB/A

MZM 2.68 20 Gbit/s

[25] SOl 2 2018
MRR 15dB 3 Gbit/s
Carrier-depletion  [26] SOI 2 MRR 20 dB 2.6 V-:cm 12.5 GHz 2020
[27] SOI 2 MZM 20 dB 1 50 Gbit/s 2020
[28] SOI 2 MZM 22 dB 1.6 80 Gbit/s(PAM-4)/18 GHz 2021
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Fig.8 Ge-on-Si platform: (a) SEM cross section and (b) top view of device of fully undercutting heater. Ge-on-SOI platform: (c) SEM cross section and

(d) top view of device of fully undercutting heater"!
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Fig.9 (a) Plan-view microscope image of the fabricated TO phase shifter
in Ref. [31] ; (b) Micrographs of the fabricated TO phase shifter in
Ref. [32]
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