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OUTLINE

* InAs/AISb quantum cascade lasers: properties



Antimonide compound semiconductors
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Sbh-based IR devices
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InAs/AISb: very good intrinsic properties for QCLs
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Long wavelength InAs/AISb QCLs: state of the art
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* Integration on Si: motivations
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The sensing challenge
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Mid-IR: atmosphere transparence windows + “fingerprint” region

A wealth of applications
Atmospheric pollution monitoring, industrial process control,
food industry, health, security, free space optics, etc.

Increasing demand for low-cost, small footprint, smart, photonic sensors.



The sensing challenge

Methane absorption spectroscopy on a
silicon photonic chip

Tombez et al., IBM TJ Watson Res. Center Vol. 4, No. 11 / November 2017 / Optica 1322

. sambient CH,

output to
detector

Si waveguide

5 .
16 mm* footprint Si0, buried oxide

Si substrate

Need for integrated opto devices



The substrate challenge
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Low cost mid-IR devices ====) Sij platform.



« Molecular-beam epitaxy on Si
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Surface preparation
Off-cut substrates
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tiphase boundaries *

Domain 2
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llI-V epitaxy on Si:

0.e 0.8

a number of mismatches

Twins

Surface preparation
e Growth conditions

Dislocations

* Nucleation
* Buffer-layer engineering




Epitaxial growth on Si: experimental

Si substrates

* 4 - 6° offcut (001) 2 inch. Si substrates

Standard Ill-V molecular-beam epitaxy (MBE) reactor
Solid-source MBE with load-lock chamber

Valved-cracker cells for As and Sb

Standard group-lll effusion cells
e T < 850 °C

substrate

Growth chamber and T, not compatible with in-situ Silicon de-oxidation

ubstrate

No Si buffer-layer growth in (most) Ill-V systems
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InAs/GaSb on Si templates

/ * 4-6°off (001)Si \

* Ex-situ O, Plasma + HF Si preparation cycles

* In-situ annealing at 800°C
* 4 MLsAlSb @ 450°C
* ~ 1 pum GaSb buffer layer

\° 200 nm InAs /

InAs 0.2 um

GaSb 1 ym

AlSh 4 ML

Si
(001) 6°0ff
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TEM image: A. Trampert, PDI-Berlin 15



MBE growth

Substrate 2”n-InAs (100) m

InAs 0.2 ym

GaSb 1 ym

Dummy AISb 4 ML

Si
(100) 6°0ff

Template on 2” Si (100) 6°off

Side-by-side growth on 2 substrates
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« Laser properties
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Design
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Waveguide
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InAs/AlISb QCL on Si

————— 50 nm ——— 20 nm

Au contacts

hard baked photoresist
n*-InAs top cladding
nid-InAs top spacer
InAs/AISb active zone
nid-InAs bottom spacer
n*-InAs bottom cladding
GaSb template

Si substrate
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InAs/AISb QCL on Si
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H. Nguyen-Van et al., Sci. Rep. 8 (2018) 7206.



InAs/AISb QCL on Si
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[ Performances are similar on InAs and on Si substrates!!! ]
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QCLs on Si vs QCLs on InAs
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3A QCLs on Si — why so good?
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high barriers = strong interface recombination

1
On-axis perfect interfaces: 1 ML (3A) roughness —~(AE,)?
Ti
Step flow growth on 6°-off substrate

T, = 0.3 ps with interface scattering

Low interface scattering due to misoriented substrate
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« Summary — Perspectives
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Summary

Quantum cascade laser is a very robust technology

First quantum cascade lasers grown on silicon

QCL on Si
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Perspectives

* Further work on templates, toward on-axis substrates
* Dislocation filtering

* Optimized device design and technology

Future
A complete IR optoelectronics toolbox integrated on Silicon
1.5-3 pum laser diodes
3—-5umICLs
GaSb |:> =
3 —-25 um QCLs

photodetectors

[ Development of a variety of Mid-IR integrated sensors }
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Toward on-axis Si: an AFM view

500 nm GaSb on 0.5° offcut (001) Si

5 x 5 um? AFM images + TEM

Improved template Original template

APD free 60%/40% domain distribution

APD free down to 0.5° miscut
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