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Outline -
o Update from 5% Tri-Service GeSn and SiGeSn workshop

o Substrate orientation mediated GeSn materials
o GeSn materials synthesis
o X-ray, TEM, and Raman analysis
o Carrier lifetime via microwave photoconductive decay (u-PCD)

o Interface modeling by QuantumATK

o Summary
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TSMC teams with Nvidia, Broadcom on Silicon Photonics 3

Silicon Photonics Applications
Beyond Datacom

TSMC has formed a silicon photonics R&D team of 200 engineers to work with Nvidia Corp.
and Broadcom to target AI in the data centre

September 12, 2023
https://semiwiki.com/forum/index.php?threads/tsmc-attacks-silicon-photonics.18758/
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Epitaxial e-Ge and GeSn : Lattice Mismatch
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InAlAs, InGaAs, In(AlGa)As are lattice matched layer options
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Defect Microstructures: Epitaxial InGaAs, SiGe, e-Ge §

In,Ga,  As/GaAs \ 38 3 e K
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SiGeSn
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(MDs only) (MDs only)
Sig 85Ge€0.15/Si

[1] P. Goodhew, K. Giannakopoulos, “Strain relaxation in I1I-V semiconductor heterostructures”, Micron 30, 59-64
\ \ - (1999).; [2] R. Dixon and P. Goodhew, “On the origin of misfit dislocations in InGaAs/GaAs strained layers”, JA4P

- : - ; . ; - 68, 3163-3168 (1990); [3] E. Kasper, et al., “A one-dimensional SiGe superlattice grown by UHV epitaxy”, Appl.
(€): 1 pm Sig g5Ge 15/Si (MDs  (d): 1 pm Sig 85G€.15/Si (MDs Phys. 8, 199-205 (1975).; [4] M. Clavel, et al, Multi-Valley Electron Conduction at the Indirect-Direct Crossover

+ TDDs @700°C) only @ 750°C) Point in Highly-Strained Germanium. Phys. Rev. Appl., 2022, 18, 064083-1-12I_m]" ] .
MVirginiaTech

Invent the Future

Advanced Devices & Sustainable Energy Laboratory



https://d1wqtxts1xzle7.cloudfront.net/50453604/s0968-4328_2898_2900038-920161121-9766-rvjxal-libre.pdf?1479727588=&response-content-disposition=inline%3B+filename%3DStrain_relaxation_in_III_V_semiconductor.pdf&Expires=1686342768&Signature=FXI4JwLtr48ikDYF7a~wX9QZjMBVNrrKqlux2Ml~qZ96QFBZAsTYmShb3TNeqbJn-MRBZcvUI-QqbAi9AI~PB1HuiSFw-wuZ9qEmxe5TRA1yNbZzeUc9XyFXLNNbP5gNr2EhN5nnHVTw~7~pZa1tNByc3hq1VyFdcb5dsNU3R9WzNkzvFq-Vtl6rYbzc2CAMNkK-DikIXc6Pcwk39DGQlGOWDd8NaS7iU9iYgxVYrDflCzlV5VdIipMVGyYxT0ZmIv5glZkb6YEi7N168aiDKkAClE6Fm5jcDFZbTdX098RoB7eNsjWP8sS7qH~Y5R6xfNTZGkKpZ5oEfamOoU18SQ__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA
https://doi.org/10.1063/1.346390
https://doi.org/10.1007/BF00896611
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.18.064083
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.18.064083

I Defects are confined within the graded In,Ga,_,As buffer
M PV-TEM confirms the “virtually defect-free” ¢-Ge layer

M. Clavel, et al,

Advanced Devices & Sustainable Energy Laboratory

1.6% £-Ge (30 nm)

Ing ,4Ga, ,6AS (500 Nm)

In,Ga,,As LGB (1 um)
0.03=x=<0.24

GaAs (100) 2 Substrate
L Em
[Ack: Patrick Goley]

Multi-Valley Electron Conduction at the Indirect-Direct Crossover Point in Highly-Strained Germanium. Phys. Rev. Appl., 2022, 18, 064083-1-12
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.18.064083

Defect Microstructures and Interface: Epitaxial e-Ge &

Thinner Thicker

Vacuum

Pure Ge at the
tip of the foil
wedge

M. Clavel, et al, Multi-Valley Electron Conduction at the Indirect-Direct Crossover Point in Highly-Strained Germanium.
Phys. Rev. Appl., 2022, 18, 064083-1-12
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.18.064083

Epitaxial GeSn: Address Lattice Mismatch -
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v InAlAs or InGaAs lattice matched layer to GeSn
v 6eSn/In(AlGa)As heterostructures, e.g., Sn = 12% & In ~ 24%
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111-V/GeSn/l11-V Heterostructure for Laser

In, (AlGa), As

Ge, Sn,

In, (AlGa), As

R. Joshi, S. Johnston, S. Karthikeyan, L. F. Lester, and M. K. Hudait,
"Monolithically Integrated strained-Ge/In,Ga,_ As Quantum Well Laser

SN Design: Experimental and Theoretical Investigation", IEEE Journal of

P Selected Topics in Quantum Electronics 1-15 (2023) (early access).
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111-V/GeSn/l11-V Heterostructure for Laser -I

Wavelength
6.400
5.750
— 5.100

InAlAs

~ 4.450 InGaAs

3.800 GesSn

InGaAs
3.150

InAlAs
2.500
1.850
1.200

I_I'ml_l - - -
Advanced Devices & Sustainable Energy Laboratory WVIrg]InaTECh

Invent the Future




11

Dual Chamber MBE for llI-V and Ge @ ADSEL i
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1 Compound semiconductor and GeSn MBE growth systems are vacuum interconnected
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Epitaxial GeSn Material Synthesis on Oriented GaAs Substrates §

Gep 94SNg g6 100 NM

Geg g4SNg g 100 NmM

S.I. substrate

S.I. substrate

S.I. substrate

G€0.945Mg.06 50 NM Ge 27 nm Ge 27 nm Ge 27 nm
Ge 50 nm
GaAs 500 nm GaAs 500 nm
GaAs 250 nm GaAs 500 nm
(100)/6° GaAs (100)/2° GaAs (100)/6° GaAs (110) GaAs

S.I. substrate

[A]
Adsel 302

(100)/6°

[B]
Adsel 305

(100)/2°

[C]
Adsel 305

(100)/6°
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Reciprocal Space Maps of Symmetric (004) scans
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Reciprocal Space Maps of Asymmetric (115) scans
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S. Karthikeyan et al., to be submitted to JMC-C (2023).
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Material Characterization: X-ray Analysis

‘ Lattice matched \

Q Ge, o,5Sn, o, overlapping with
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5t Tri-Service GeSn and
SiGeSn workshop
Hudait et al., J. Materials Chemistry C 10 (29): 10530-10540 (2022)
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_Material Characterization: Raman analysis of GeSnoos _j

505
O
Cot8ea

296 300 304
n-Ge Bulk
— LM Ge&¢,945N0.06 &J(]
Sample A (100)/6°
Sample B (100)/2°
)
)

Sample C (100)/6°
Sample D (110

A =514.48 nm

Normalized
Intensity (a.u.)

-

200 300 310 320

Raman Shift (cm™1)
d No significant change of the peak position shift of each GeSn layer

S. Karthikeyan et al., to be submitted to JMC-C (2023). . . s
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Material Characterization: XTEM analysis of GeSn, .,

[ GeSng o, is compressively strained with 6e/(100)2° GaAs, as expected

[IT Bombay . .
S. Karthikeyan et al., to be submitted to JMC-C (2023). . . s
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Minority Carrier Lifetimes of GeSn, ., )
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NREL S. Karthikeyan et al., to be submitted to JMC-C (2023).
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S. Karthikeyan et al., to be submitted to JMC-C (2023).
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Ge/GaAs Interface Investigation: QuantumATK -
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S. Karthikeyan et al., to be submitted to JMC-C (2023). ) o
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Ge/GaAs Interface Investigation: QuantumATK -

TOTAL ENERGY Ge-GaAs Ge-GaAs 6280 atoms
(100)/2 (100)/6°
Without “As” 6.19 eV 5.30 eV AE =0.89 eV
termination
With “As” termination, 3.38 eV 1.89 eV AE =1.49 eV

charged interface

With “As” termination, 2.77 eV 2.31 eV AE =0.46 eV
neutral interface

S. Karthikeyan et al., to be submitted to JMC-C (2023).
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Summarx -

[ Device quality epitaxial e-Ge and GeSn can be realized by interconnected MBE chambers

O Defects and dislocations can be confined in the buffer layer by growing lattice matched
GeSn

Q Effect of GaAs substrate orientations:
v 6eSn, o layer on (100)/6° GaAs shows higher carrier lifetime than other orientations
v' Excitation dependent carrier lifetime at 1800nm is higher than 1500nm due to lower
Auger recombination
v’ Large band offsets (AE, = 0.91 eV, AE; ;.x = 0.64 eV)
v' Abrupt interface

O Required Sn source re-configuration for higher Sn (> 6%) compositional GeSn materials
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