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Outline -

o Objective

o Epitaxial Tensile strain Ge (e-Ge) and GeSn Material Synthesis by MBE

o Material Analysis
* Crystallinity >HR-XRD and Reciprocal Space Maps
* Defects properties = Cross-sectional TEM and PV-TEM
* Minority carrier lifetime = p—-PCD Technique

o X-ray photoelectron spectroscopy (XPS) analysis
* Energy band alignment

* Band offset: Atomic Interdiffusion and Benchmarking

o Summary
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Group-IV based Integrated Optoelectronic System 3
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‘Monolithic integration of multifarious devices (Courtesy: EE
Times, October 15, 2013).

Heterogeneous IC integration

» Aims to achieve Group-IV based devices compatible to Si photonics
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Approaches to Make
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Epitaxial e-Ge and GeSn: Lattice Mismatch Issues -
Misfit (%)
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C.W. Liu et al., MRS, 2014, 39, 658.

AlInAs, GaInAs, GaAsSb, GaInP,AlAssb © Epitaxial lift-off the device layer
lattice matched layer options [ VirginiaTech
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Dual Chamber MBE System for llI-V and GeSn
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0 No restriction for e-Ge growth on ITI-V buffers __
A Shallow angle Sn source restrict the amount of Sn flux > 2 -

required to mount with Ge source (upward port) Sn efu cell
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Epitaxial GeSn : Address Lattice Mismatch s
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M. K. Hudait et al., JMC-C, 2022, 10, 10530-10540. . . .
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Epitaxial e-Ge and GeSn Material Synthesis -

Ge,.,Sn, grown on In,Al;  As
M Large band offsets
M Superior confinement
M Lattice matched (virtually defect-free)
o No critical layer constraints
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Group -1V Optoelectronics: Epitaxial 1.6% &-Ge
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M. B. Clavel et al, Phys. Rev. Appl., 2022, 18, 064083-1-12 (December 27t%). .
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Defect Microstructures & Interface Abruptness. Epitaxial 1.6% £-Ge g ]
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V1 Defec'rs are confined within the graded In Ga,_,As buffer
M PV-TEM confirms the “virtually defect-free” ¢-Ge layer
M Only 6 A interdiffusion by atom probe tomography

M. B. Clavel et al, Phys. Rev. Appl., 2022, 18, 064083-1-12. M\ 73 TRt
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Defect Microstructures : Epitaxial Tunable £-Ge -
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S. Bhattacharya et al, ACS Nano (To be submitted, 2023)
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Carrier Transport: Ge and Tunable e-Ge
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Material Analysis of GeSn: X-ray RSMs -
Pseudomorphic Reciprocal Space Maps
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X-ray Analysis of Lattice matched GeSn, ,./In, ,AlAs §
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Minority Carrier Lifetime of GeSn (0-6% Sn) i

Microwave Reflection Photoconductive decay (u—PCD) technique
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Minority Carrier Lifetimes of Ge and GeSn -

GeSn advantages:
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M. K. Hudait et al., JMC-C, 2022, 10, 10530-10540.
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Carrier Recombination: Ge & Tunable ¢-Ge -
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M SRV of 21 cm/s was achieved from unstrained Ge
M Bulk lifetime of ~127 ns was determined
M Carrier lifetime increases with increasing strain

Bhattacharya et al, ACS Nano (To be submitted, 2023) m - e e &
Advanced Devices & Sustainable Energy lLaboratory WV]' TeCh

Invent the Future




Energy band alignment of GeSn - Regions (1) -
G€ 945Ny 06 @) MeaSL’J"r'ed, — Fit ¢ “
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S. Karthikeyan et al., [JMC-C (to be submitted, 2023)
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Energy band alignment of GeSn - Regions (2) i
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Karthikeyan et al., JMC-C (to be submitted, 2023)
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Energy band alignment of GeSn - Regions (2) -
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Karthikeyan et al., JMC-C (to be submitted, 2023)
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Energy band alignment of GeSn - Regions (3) i
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Karthikeyan et al., JMC-C (to be submitted, 2023)
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Energy band alignment of GeSn - Type-I i

GeggsSNgge / 1Ng12AlyggAs
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Karthikeyan et al., JMC-C (to be submitted, 2023) E. A. Kraut et al., Phys. Rev. Lett., 1980, 44, 1620-1623.
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Band offset — Atomic Interdiffusion -

. e T gl_Gé/“f.] . A|. IAS. . O 1.75% £-6e on Iﬂo_26ilo.74ﬁ
1 2 _ 0.25"'0.75 _ 1 2
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~ 1.0 — = 1.0 S
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@)
.y 0.8 4 0.8 O No interdiffusion M
< i | <
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carriers within GeSn ,, layer M
0.4 - | o | . | = 0.4 d GeSn (225°C) lower growth temperature

.|\/| |_O. .M |_1. .|\/| |_2. than Ge (400°C) reduces interdiffusion M
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G. Greene-Diniz and M. Griining, Phys. Rev. Appl., 2018, 10, 044052-1-16
M. B. Clavel et al, ACS Omega , 2022, 7, 5946
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Band offset - Benchmarking

This work _>O Large band offset of lattice matched
Gey 04SN 0e/1Ng 1 Alo W Ge o,5n; o/Ing 1,Al; gAs Heterostructure:

0 AE, =091 eV.
Q AE( 1y = 0.64 eV.

O Band offsets of GeSn grown on Ge or
S1GeSn < 0.2 eV.

: [2018]
Geg 49N 16/510.10G€0 759N 15

G [2016]
Ge, 9,SNj ne/Ge [201610 €0.859Ng 15/Ge
0.92°"0.08

@Geoezsno.os/ Ge (€02

[2020]

Ge;9,5n, 05/ Ge [2015]: 10.1364/0E.24.001358

[2015] [2016]: scholarworks.uark.edu/etd/1824
o Geg SN s/ Ge [2016]: 10.1038/srep34082

[2018]: 10.1002/advs.201700955
[2020]: 10.1364/OF.389378

0.0 0.1 02 09 10 [2022]: 10.1109/TED.2022.3145776
AEy (eV)

S. Karthikeyan et al., [JMC-C (to be submitted, 2023)
I_m_l - - -
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https://doi.org/10.1364/OE.24.001358
http://scholarworks.uark.edu/etd/1824
https://doi.org/10.1038/srep34082
https://doi.org/10.1002/advs.201700955
https://doi.org/10.1364/OE.389378
https://doi.org/10.1109/TED.2022.3145776

Summarx -

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

[ Defects and dislocations are confined within the III-V buffer layers for ¢-Ge and GeSn

O Carrier transport of ¢-Ge on InGaAs suggests carriers are confined within e-Ge layer
O Lattice matched Ge; 94Sng os/Ing 1Al gsAS benefits:

v Virtually defect-free
v' High minority carrier lifetime (324 ns)

v' Type-1 band alignment
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

MVirginiaTech
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* EXTRA

MVirginiaTech

i i [ 572
Advanced Devices & Sustainable Energy Laboratory Invent the Future




MBE Growth (Ge-on-5i)

\

XTEM

Carrier recombination
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Epitaxial Ge on Si 5
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