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> In-situ control of growth: a global approach
> An example structure: the growth of VCSELSs

> Focus on some instruments
= RHEED
= Reflectivity
= Atomic Absorption Spectroscopy for direct flux measurement
=  Band Edge Thermometry for reproducible wafer temperature evaluation
= Wafer Curvature and stress management

> Complementarity
= For alloy concentration/growth rates
= Intime scales

> Towards automation of MBE growth
= Bragg mirror automatically grown thanks to spectral reflectivity
= Automated lattice match control of alloys growth
= Monitoring MBE substrate deoxidation and surface reconstruction change via RHEED image-sequence analysis by deep learning

> Conclusions
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Probe, understand

. THY e and tailor :
Non equnlbrlu_m Coupled In situ
growth dynamic > and real-time
ACEEs diagnostics
(atom mobility, growth rate, < e
involved energies, oblique : :

surface morphology,

iIncidence, substrate flux monitoring...)

temperature....)

No diagnostic tool provide a complete picture of the growth process, but
coupling them in the same time base maximize their complementarity
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== |n-situ measurements at LAAS

A global approach: complementary tools to get a clear picture of growth processes
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Spectral reflectivity
= White light source
= CCD sensors

Temperature
= Band-Edge Thermometry
=  Pyrometry

Fluxes (Atomic absorption Spectroscopy - OFM)
= QOriginal tool (Patent FR1856743)

RHEED: synchronised to rotation
= |n-plane lattice parameter, streaks intensity

Roughness (Diffuse Light Scattering) 1 )
Curvature A
= MIC : original tool (Patent FR175461) y"
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== |n-situ measurements at LAAS I

A global approach' complementary tools to get a clear picture of growth processes

y ﬁ‘ /_ > Spectral reflectivity
= White light source
CCD sensors

Ul synchronized to rotation
Y- in the same time base

M)

> Roughness (Diffuse Light Scattering)

> Curvature 4
= MIC : original tool (Patent FR175461) -

MBE412 - 4” [1I-V chamber
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—— (Geometric configuration

4” 3”7 2" 3x2” wafers

* T.
\ substrate

Mo sample holder

MBE412 - 4” [1I-V chamber
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An example structure:
the growth of VCSEL
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MBE growth of VCSELSs

Vertical Cavity Surface Emitting Lasers (VCSELs) are
complex structures (>3000 layers, >17H growth)

The vertical geometry permits the simultaneous
processing of lasers, and the fabrication of laser matrices

VCSELs are used in datacom, lidars, face recognition, etc...

Laboratoire d’analyse et d’architecture des systemes du CNRS
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MBE growth of VCSELSs
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Vertical Cavity Surface Emitting Lasers (VCSELs) are
complex structures. (>3000 layers, >17H growth)

The vertical geometry permits the simultaneous
processing of lasers, and the fabrication of laser matrices.

VCSELs are used in datacom, LiDARs, face recognition,
etc...
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MBE growth of VCSELSs

Reflectance spectrum of a VCSEL at RT
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MBE growth of VCSELSs

Reflectance spectrum of a VCSEL at RT

High reflectivity plateau
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MBE growth of VCSELSs

Reflectance spectrum of a VCSEL at RT
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=" MBE growth of VCSELs

> MBE solid-sources are not very stable

Flux transients when cell opening can be >10% of the nominal flux

Flux drifts due to effusion cells depletion
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Focus on some instruments
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—— In situ characterization tools in MBE: Reflectivity

In-situ characterization tools:
RHEED

(Reflection High Energy Electron Diffraction)
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—— |n situ characterization tools in MBE: RHEED

Diffraction
Diagram

Electron gun Sample Screen

= Diffraction pattern

« Surface morpholgy
— Reconstruction (V/Ill ratio, temperature, ...)
— Roughness (2D-3D growth, ...)

 Growth rate

Laboratoire d’analyse et d’architecture des systemes du CNRS
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RHEED

Z
screen —»t

(a ) side view

reciprocal rods
\ 00

I. Hernandez-Calderon, H. Hochst, Phys. Rev. B 27 (1983) 4961
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Roughness (2D-3D growth, ...)

M.A. Hafez, M.K. Zayed, H.E. Elsayed-Ali
Geometric interpretation of reflection and transmission RHEED patterns
Micron, 159 (2022), Article 103286
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GaAs (001)
Ideal surface
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GaAs (001)
B2(2x4) surface reconstruction
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== |n situ characterization tools in MBE: RHEED I
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Live RHEED

GaAs (001) B2(2x4) surface reconstruction
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Image capture
synchronized to
rotation
One image every
27t/n (n=2, 4, ...)
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GaAs (001) B2(2x4) surface reconstruction
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Surface phase diagram for GaAs(001) growth from Ga and As,

Ts (°C)
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GaAs (001) - T=580°C—-12 rpm
B2(2x4) surface reconstruction

Laboratoire d’analyse et d’architecture des systemes du CNRS
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>
Get intensity profiles for each rotation angle

GaAs (001) - T=580°C—-12 rpm
B2(2x4) surface reconstruction

Laboratoire d’analyse et d’architecture des systemes du CNRS
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Azimuthal RHEED

GaAs (001) - T=580°C—-12 rpm
B2(2X4) surface reconstruction Paul Drude Institute Berlin / iRHEED website

W. Braun, Applied RHEED, Springer (1999)

mm) Surface reconstruction / crystal phase

Laboratoire d’analyse et d’architecture des systemes du CNRS
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Azimuthal RHEED

GaAs (001) -T=580"C-12 .rpm W. Braun, Applied RHEED, Springer (1999)
BZ(ZX4) surface reconstruction Paul Drude Institute Berlin / iRHEED website

Surface reconstruction / crystal phase

RenaTECHIRENATECHN
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At LAAS —rotation at 4 rpm
GaAs (2x4) surface reconstruction

Laboratoire d’analyse et d’architecture des systéemes du CNRS
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BiSbTe on Si (111)
(\/§ X \/§) surface Courtesy S. P. Plissard — LAAS-CNRS

Laboratoire d’analyse et d’architecture des systemes du CNRS K/




LAAS
CNRS

——’/

In situ characterization tools iIn MBE: RHEED

RHEED can also be used to calibrate growth rate, provided that
* No rotation (!)
* Substrate is small to reduce non homogeneity of growth rate along its surface (~1 cm?)

renarec JRENATECH
e

Laboratoire d’analyse et d’architecture des systemes du CNRS \—/



LAAS
CNRS

——’/

In situ characterization tools iIn MBE: RHEED

RHEED can also be used to calibrate growth rate, provided that
* No rotation (!)

* Substrate is small to reduce non homogeneity of growth rate along its surface (~1 cm?)

reflection coverage
electron beam A

W \/ 9=0

@=05

i
"\
N |
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e

Laboratoire d’analyse et d’architecture des systemes du CNRS




LAAS
CNRS

__/

In situ characterization tools iIn MBE: RHEED

RHEED can also be used to calibrate growth rate, provided that
* No rotation (!)

* Substrate is small to reduce non homogeneity of growth rate along its surface (~1 cm?)

reflection cCoverage
electron beam ﬂ

W \/ 9=0

=
_\" =05
N

https://www.youtube.com/watch?v=NMTsd9D8vAM
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In situ characterization tools iIn MBE: RHEED

RHEED specular sport intensity oscillations over time |:> growth rate
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In-situ characterization tools:
Reflectivity
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In situ characterization tools in MBE: Reflectivity

Substrate

Growth
direction

Monochromator
+

Lock-in amplifier

Modulated white
light source

o i

ans cans

Reflectivity oscillations period:

= Average growth rates

—> Average alloys concentrations
—> Optical indices (A,T)

+ Real-time comparison with a model
(Abéles transfer matrices)

Laboratoire d’analyse et d’architecture des systemes du CNRS N\
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Reflectivity

file path (use dialog)
% C:\Users\adminaarnoult\Documents\Labview\RDA\ Connected to XE\GaAs_AlAs_AlGals.rcp

R+ xAl
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In situ characterization tools in MBE: Reflectivity

= Optical index evolution with Al concentration and temperature

4.0 T T T T T T T T
N 3
e o)
= £
£ 2
c O
o 2
Q O 32
% 0
; 3.0
. A =1229nm
4.100 ; 28 , | , | , | , | ,
60 ' 0 200 400 600 800 1000
% Al Temperature (C)

Data:
M.A.A. Afromovitz, Solid State Commun. (USA), 15, pp59-63 (1974)
K.P. O’Donnell, Appl. Phys. Lett. 58, 2924 (1991)

l n evolves with T

Need to know precisely T
DReNATECHIRENATEC Ha
- ~r
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In situ characterization tools in MBE: Reflectivity

Growth
direction
Reflectivity L =825nm
file path (use dialog) T(°C) Wavelength (nm) Layers step () Polarisation theta *
% C:\Users\adminaarnoult\Documents\Labview\RDA\ Connected to XE\GaAs_AlAs_AlGals.rcp = ;: 500 ;: 825 1 Jr“: 1 TE IZ| ;: 20 - —
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Reflectivity

file path (use dialog)

% C:\Users\adminaarnoult\Documents\Labview\RDA\Connected to XE\GaAs_AlAs_AlGals.rcp

R+ xAl

=1

A =903nm

T(°C) Wavelength (nm) Layers

Polarisation theta *
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In situ characterization tools in MBE: Reflectivity

Growth
direction

Spectral Reflectivity

file path (use dialog)

IT Q) Wavelength Layers step (s)  Polarisation theta *
X - A = 7% A %
% C:\Users\adminaarnoult\Documents\Labview\RDA\Connected to XE\GaAs_AlAs_AlGaAs.rcp ‘ o 600 1158 4 :: 1 TE B ;) 20
¥ U
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Spectrometers

I e o e e e e e e -

Courtesy P. Gadras — LAAS-CNRS
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Spectral reflectivity during the growth of a Bragg mirror

00 1 Bragg mirror
. | ” ',: ': ! “‘ } reflectivity plateau
CHEHEEEEEEHEE

............................... >
Growth time
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In situ characterization tools in MBE: Refl
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EZ-REF software developed within EpiCentre joint lab

R ez-rer - m] b

File Measurement Settings License About

EpiCentre

Reload Reference LAAS CNRS - RIBER

; = =
fist S Reference =

Acquisition Settings Single Point Multi Point
Ty ]
= EZ-REF
File Version 0
Trigger Source | External
Mapping
Paoints per Wafer | FALSE
NIR Steps 3266
VIS Steps. 3266
= NIR

Start Pixel 0
Stop Pixel 120
Integration Time | 30.00000
Integration Delay | 0
Mbr Averages | 6
Dark Correction Ei FALSE
Dark Correction P| 100
Smooth Pixel 0
Smooth Model | 0
Sat Detection FALSE
Strabe Control 0
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In situ characterization tools in MBE: Reflectivit
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In situ characterization tools in MBE: Reflectivity
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In situ characterization tools in MBE: Reflectivity
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In situ characterization tools in MBE: Reflectivity

W Ez-REF VCSEL Analysis — x
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In situ characterization tools in MBE: Reflectivity

[F&| EZ-REF VCSEL Analysis
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Real-time Fabry-Perot dip position determination (VCSELSs)
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== |n situ characterization tools in MBE: Reflectivity

Spectral reflectivity is a powerful instrument able to

= Help calibrating growth rates
= Follow some optical features in real-time
= Check early in the growth that everything goes as expected

Laboratoire d’analyse et d’architecture des systemes du CNRS
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In-situ characterization tools:
Atomic Absorption
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— |In situ characterization tools in MBE: Atomic Absorption

LED
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" \
Hollow cathode lamp |
I HCL signal
| +
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HCL reference — - ~ | A
y r| | Ga ﬁf "“.\
/ eeah
11
Dual-slit UV # e e e

A. Arnoult, “Device for measuring a flux of matter by absorption of light,
and corresponding measuring method”, US Patent 11226288

spectrometer
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—— In situ characterization tools in MBE: Atomic Absorption

=  SEM cross section .

In situ atomic absorption of Ga
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—— In situ characterization tools in MBE: Atomic Absorption

=  SEM cross section = |n situ atomic absorption of Ga
0.15 R BN N B B 1.0
10% ! I
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Evidence of a systematic error:

T e romoe YRS flux transients of the Ga cell
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—— In situ characterization tools in MBE: Atomic Absorption

Result : 10% flux variations in some layers
Maximum tolerable error <1% on the whole wafer (100 mm diameter)

Atomic absorption allows for
* errors identification
 real-time corrections

Laboratoire d’analyse et d’architecture des systemes du CNRS \—/




LAAS
CNRS

——/

- In situ characterization tools in MBE: Atomic Ab

sorption
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—— In situ characterization tools in MBE: Band Edge

In-situ characterization tools:
Band Edge Thermometry
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In situ characterization tools in MBE: Band Edge
Transmission Retlection
Mode Mode
CdTe Optical Band Edge @ RT (Red), 350C (Blue) Su b strate T
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Figure 4: CdTe band edge moves to the
right with increasing temperature
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CCD spectrometer

- Absolute temperature + transmission spectrum
Growth rates and alloys compositions
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In situ characterization tools in MBE: Band Edge
BET limits A (nm)
A A28 : 400nm AlAs + 1um GaAs
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BET temperature 1394
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BET temperature oscillates when growing different materials
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In situ characterization tools in MBE: Band Edge
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In situ characterization tools in MBE: Band Edge

Possibility to map wafer temperature
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> Rather than an absolute temperature, BET provides a
reproducible temperature independent of experimental
conditions (same from MBE chamber to MBE chamber,

stable over the long term, etc.)

> The Interest for materials whose growth is very sensitive
to temperature (GaAsBI, CdHgTe, etc.) is obvious

> What about complex GaAs/AlGaAs-based structures
(VCSEL - QCL)?
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In-situ characterization tools:
Curvature




== Stress measurement: how ? I

> There are two mains ways to measure curvature
In situ and In real-time:

* Laser deflection
— kSA MOS
— Laytec EpiCurve®TT

Laboratoire d’analyse et d’architecture des systemes du CNRS =



== Stress measurement: how ? I

> There are two mains ways to measure curvature
In situ and In real-time:

* Laser deflection
— kSA MOS
— Laytec EpiCurve®TT

- Magnification Inferred Curvature (MIC)
— Riber EZ-CURVE®




== Curvature/stress measurement: how ? I

> There are two mains ways to measure curvature
In situ and In real-time:

* Laser deflection
— kSA MOS
— Laytec EpiCurve®TT

« Magnification Inferred Curvature (MIC)
— Riber EZ-CURVE®

Robust and sensitive technique (thick wafers, rotation (=wobbling), MBE environment, ...)
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=== Curvature/stress measurement: MIC

MIC (Magnification Inferred Curvature)

[t's harm’blz!?... What's hap- Nothing. Captain! [t's
i peved tome t .. . just that you were look-

r‘f--r\A- — . . P
2 p .,/ ing in a concave wmirror!
/ P / And here's a convex one!

Thank goodness!

-

A
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Curvature/stress measurement: MIC

MIC (Magnification Inferred Curvature)

Nothing, Captain! [t's

just that you were look-
ing in a concave mirror!
And heres a convex one!

Thank goodness!

[t's horrible! ... What's hap-
) pened Eome® ...

Spherical mirror:

Source

Light source.

/

Plate with holes

“——— Viewports

A=
/i/&

-+<— Lens

Beam splitter

«— Camera

A'B 1 1 y-1
J/:@:1—2% TPy
e - 1 ye—1 AP + OP
. (magnification seen by the camera) K1 = VAR X op

Magnification B Curvature

Arnoult, A., Colin, J. Magnification inferred curvature for real-time curvature monitoring. Sci Rep 11, 9393, 2021
https://doi.org/10.1038/s41598-021-88722-6
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MIC (Magnification Inferred Curvature) analytical equations whatever the
Incidence angle:

1 yce —10P+ AP/ 1
2AP  ygy OP 'cosH

Ki(0) =

1 —1 AP+OP
K = ve X —— Tilt angle 6

24Py op B | ye—10P+ AP
K(0) = — —(cosb
2AP YCs

Arnoult, A., Colin, J. Magnification inferred curvature for real-time curvature monitoring. Sci Rep 11, 9393 2021)
https://doi.org/10.1038/s41598-021-88722-6
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—— |n situ characterization tools in MBE: Curvature

Virtual image magnification analysis: MIC (Magnification Inferred Curvature) measures the
magnification factor of a virtual image created by a surface (i.e. a wafer)

virtual image

Laboratoire d’analyse et d’architecture des systemes du CNRS




—=" Stress/Curvature and crystal growth I

Curvature and stress are linked

> Usually, three stress components are distinguished:

» 1. Extrinsic stress

= |Induced by external factors: external loading, exposure to environment, ...

Laboratoire d’analyse et d’architecture des systemes du CNRS k—/




LAAS
CNRS

Stress/Curvature and crystal growth

Extrinsic stress ” ”
2” or 4” wafers

;i

wafer
Mo sample holder
A 7’ | Wafer free to expand in holder = no extrinsic stress here
% . - F 2
LAAS-GNRS - Riber MBEZ12

t;ﬂnwum<RENATECH?
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Stress/Curvature and crystal growth

Curvature and stress are linked

> Usually, three stress components are distinguished:

» 1. Extrinsic stress

= Induced by external factors : external loading, exposure to environment, ...

2. Intrinsic stress

= Stress source introduced during the MBE process : lattice mismatch, growth mode,
relaxation, surface and/or interface stress, incorporation or desorption of impurities,
phase transformations...

Laboratoire d’analyse et d’architecture des systemes du CNRS
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Stress/Curvature and crystal growth

Curvature and stress are linked

> Usually, three stress components are distinguished:

No extrinsic stress here

» 2. Intrinsic stress

= Stress source introduced during the MBE process : lattice mismatch, growth mode,
relaxation, surface and/or interface stress, incorporation or desorption of impurities,
phase transformations...
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Stress/Curvature and crystal growth

Curvature and stress are linked

> Usually, three stress components are distinguished:

No extrinsic stress here

» 2. Intrinsic stress

= Stress source introduced during the MBE process : |attice mismatch, growth mode,
relaxation, surface and/or interface stress, incorporation or desorption of impurities,
phase transformations...

Laboratoire d’analyse et d’architecture des systemes du CNRS



LAAS
CNRS

_—/

In situ characterization tools in MBE: Curvature

Why thin films are usually in a stressed state?

Substrate Substrate
HEETHEEE L ekl |
HEEEEEER HEERNEEEE

Pseudomorphic growth ‘

Concave curvature
Film in tensile state

R<0

Convex curvature
Film in compressive state

R>0
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== |n situ characterization tools in MBE: Curvature

neutral axis

v

h; = film thickness
M. = substrate biaxial modulus
G h, = substrate thickness

f o; = stress in the film

A

> Satisfying equilibrium conditions (ZF = 0 and M = 0) leads to the Stoney equation

Laboratoire d’analyse et d’architecture des systemes du CNRS
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—==" Curvature/Stress and MBE growth

Intrinsic stress

Growth time (s)

O L
o~ -2t
E I
~ _4 -
Q
5 L
g -6f
e _
>
O -8¢

10+

o) 500 1000 1500

MBE growth of GaAs/AlGaAs on a rotating
Thickness hf (nm) 350 um-thick (001) GaAs wafer at 600°C
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—==" Curvature/Stress and MBE growth

Intrinsic stress

Zero curvature = initial state [
(relative curvature changes) 0

2
E L
< 4
o

e |
© -6
> |
>

O -8
-10

T

—— — _— — _— — _— — _— — _— — _— — -

500 1000
Thickness hf (nm)

1500

MBE growth of GaAs/AlGaAs on a rotating
350 um-thick (001) GaAs wafer at 600°C
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—==" Curvature/Stress and MBE growth

Intrinsic stress

Zero curvature = initial state [
(relative curvature changes) 0

2
E L
< 4
o

e |
© -6
> |
>

O -8
-10

Laboratoire d’analyse et d’architecture des systemes du CNRS

T

—— — _— — _— — _— — _— — _— — _— — -

T

Film in (relative) tension

I I

afilm < asubstrate

Film in (relative) compression Gfim = Asypstrate

500 1000 1500 MBE growth of GaAs/AlGaAs on a rotating
Thickness hf (nm) 350 um-thick (001) GaAs wafer at 600°C
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—==" Curvature/Stress and MBE growth

Intrinsic stress

[ GaAs
0 p»
o~ -2t
E I
~ _4 .
Q
5 I
© -6
e _
>
O -8¢
r | GaAs
10 +
0 500 1000 1500 MBE growth of GaAs/AlGaAs on a rotating
Thickness hf (nm) 350 um-thick (001) GaAs wafer at 600°C
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—==" Curvature/Stress and MBE growth

Intrinsic stress

| GaAs
0 T
o 2t
E L
~ _4 |
Q
= L
© -6F
e _
-]
O -8¢r
r GaAs
_10 L
0) 500 1000 1500
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Thickness hf (nm)

MBE growth of GaAs/AlGaAs on a rotating
350 um-thick (001) GaAs wafer at 600°C
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—==" Curvature/Stress and MBE growth

Intrinsic stress

0
2
£
< 4
o
>
© -6
> |
>
O -8

-10

Thickness hf (nm)

| GaAs
| GaAs on GaAs
| = no curvature change with h;
i — no stress in the film
GaAs
0 500 1000 1500

MBE growth of GaAs/AlGaAs on a rotating
350 um-thick (001) GaAs wafer at 600°C
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—==" Curvature/Stress and MBE growth

Intrinsic stress

% e T T T
> 2,0f L
& GaAs
G 1,5} O "
55 1.0} i %W%
205 — A
® ol T2y
' 54 56 58 6,0 6,2 64 6:6 E L
Lattice Constant (A) 4
~ _4 .
(<))
— L
>
569 ; | 4('_6' _6 B
~ —— AlAs | S I
§ 568 —— GaAs | >
§ [Tt O -8r /\_/\
§ 567 i r GaAs
Q 1
k) [ - -
E 5.66 [ i 10
565 L I E \ 1 1 L 1 N 1
0 200 400 600 800 1000
Temperature (C) 0 500 1000 1500 .
MBE growth of GaAs/AlGaAs on a rotating
M. Ettenberg, R. J. Paff, J. Appl.

Phys., 41, no.10, pp.3926-3927 (1970) Thickness hf (nm) 350 um-thick (001) GaAs wafer at 600°C
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—==" Curvature/Stress and MBE growth

Intrinsic stress

% ST T T T
> 2,0f L
& GaAs
G 1,5} O “
55 1.0} i Y,
205 M
: 0.0 I :'\ 21
T T54 56 58 60 62 64 66 &
Lattice Constant (A) 4
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e r Y
=2
569 ; | M _6 B
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I I O -8t
§ sor i GaAs
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% 5.66 [ i -10 i
565 L I E \ 1 1 L 1 N 1
0 200 T 400 t 600 C 800 1000 0 500 1000 1500 .
. Etten :rjpji;rje; ) / MBE growth of GaAs/AlGaAs on a rotating
. Ettenberg, R. J. Paff, J. Appl. . . o
Phys., 41, no.10, pp.3926-3927 (1970) Thickness hf (nm) 350 um-thick (001) GaAs wafer at 600°C
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—==" Curvature/Stress and MBE growth

Intrinsic stress

—~ 9
£ &It T T T
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> 2,0} |
GaAs
s 15¢
f_ O wwmwm»mw«mwww‘“%
& 1.0t i m%
205 !
g ~ 2t
0,0 ! T | L ! 1 L !
54 56 58 60 62 64 6,6 E
Lattice Constant (A) 4
v _4 | M
(o)) M
S
=2 M
569 T | C>U '6 B o,
—_ — AlAs ! - L
§ 568 —— GaAs | 8 8
C T T T T T T T T TS T T T T T - —
8 [Tttt i o
c i
g ser ! I GaAs \M
Q 1
o
= | -10 -
® se6f :
1
1
1
565 I L 1 L L | L

0 200 400 600 800 1000

Temperature (C) 0 500 1000 1500

M. Ettenberg, R J. Paff. J. Appl MBE growth of GaAs/AlGaAs on a rotating
Phys. 41, 1010, pp. 39263927 (1970) Thickness hf (nm) 350 pm-thick (001) GaAs wafer at 600°C
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—==" Curvature/Stress and MBE growth

Intrinsic stress
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> 25}
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Phys. 41, 1010, pp. 39263927 (1970) Thickness hf (nm) 350 pm-thick (001) GaAs wafer at 600°C
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—  Curvature/Stress and MBE growth
Intrinsic stress Curvature 6 | e Constant for a given film on a given substrate
-1
(m ) \ K —
M hg | he=film thickness
P M, = substrate biaxial modulus
h, = substrate thickness
S 25 : : : . I . oy = stress in the film
.2 [ GaAs
5- 1,0+ O |
2 o5l —
B 0,0 FI'E -2 i
£ i
N _4 -
Q
5 i
569 . | © _6 B
~ —— AlAs | c I
L e —— GaAs | >
R e - S O -8r ‘
§ 567 i 1 I GaAs \
% 566 F i — -10 i
Temperature (©) 0 500 1000 1500 MBE growth of GaAs/AlGaAs on a rotating
M. Ettenberg, R. J. Paff, J. Appl.

Phys., 41, no.10, pp.3926-3927 (1970) Thickness hf (nm) 350 um-thick (001) GaAs wafer at 600°C
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—  Curvature/Stress and MBE growth
Intrinsic stress Curvature 6 | e Constant for a given film on a given substrate
-1
M h% | h, = film thickness
S 9 M. = substrate biaxial modulus
h, = substrate thickness
S 25 : : : . I . oy = stress in the film
! " GaAs 1
i 1.5F 0 _ O
6" 1,0+ |
2 05 — -
® 00 a2 Slope = 6,=-17 MPa £
S : f c
< 4} >Xq = 0.27 10§ 2
o O ~ Mshs
3 S = K
569 : cU —6 - — ¥£|— 6
—— AlAs | S i 1
< I X
= s —— GaAs | > —
o = O -8r ‘ 1-20 ©
§ 567 | i 1 I GaAs \N*'
% 566 F i - -10 i
5650 260 4(‘)0 630 8(‘)0 1000 0 ! 560 ! 10100 ’ 15100 ’ -30
1. Ettent T:rjpja;;rje ;C) / MBE growth of GaAs/AlGaAs on a rotating
Phys, 41, no.10, pp.3926-3927 (1970) Thickness hf (nm) 350 pum-thick (001) GaAs wafer at 600°C
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Stress/Curvature and crystal growth

Curvature and stress are linked

> Usually, three stress components are distinguished:

No extrinsic stress here

2. Intrinsic stress

= Stress source introduced during the MBE process : |attice mismatch, growth mode,
relaxation, surface and/or interface stress, incorporation or desorption of impurities,
phase transformations...

» 3. Thermal stress

= Difference in thermal expansion coefficients between film and substrate

Laboratoire d’analyse et d’architecture des systemes du CNRS
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Stress/Curvature and crystal growth

Thermal stress

> Because thermal expansion coefficient is material dependent, any change
In temperature induces a change in stress/curvature of an heteroepitaxial

stack. e
' 1 800
60 L / Thermocouple
Y R — - Curvature : <
] _ S0 \ ‘ o
_ —— AlAs 5 4600 =
L el GaAs 1 c [ =
< i
E = 40 5'
e @ 3
8 5.67 - b=y
S = 4400 @
= el EI'
© L S
1 5.66 U 20 i 3
1200 O
5'650 ' 2(|)o ' 4c|>0 ' 6(I)0 ' 8(I)0 1000 10
Temperature (C)
M. Ettenberg, R. J. Paff, J. Appl. Phys., 41, no.10, 0 . | . | . | . | . — 0
Pp-3926-3927 (1970) 0 7200 14400 21600 28800 36000

Time (s)
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Stress/Curvature and crystal growth

Thermal stress

> Because thermal expansion coefficient is material dependent, any change
In temperature induces a change in stress/curvature of an heteroepitaxial

stack. - <
60 L / Thermocouple | 800
s — + Curvature ] <
] _ 9S0F \ ‘ )
= —— AlAs 5 4600 7
= 568 GaAs 1 c [ =
S — 40 Band Edge )
= = ' . Thermometry 3
8 T = 400 ®
o B 30 «_(on a GaAs wafer) 7 -
Rs! > Q
= — EI'
© - >
1 5.66 U 20 i a
1200 O
5'650 ' 2(|)o ' 4c|>0 ' 6(I)0 ' 8(I)0 " 1000 10 |
Temperature (C)
M. Ettenberg, R. J. Paff, J. Appl. Phys., 41, no.10, 0 . | . | . | . | . e 0
pp.3926-3927 (1970) 0 7200 14400 21600 28800 36000
» Nice correlation between temperature and curvature Time (s)
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MIC Robustness to substrate rotation: anisotropy

Wafer :

Single-side polished
GaAs NID AXT (001)
50mm diameter
350um thick
Measured at 580C
Rotation : 12RPM

L (pm)

Because substrate is rotating, it is possible to measure the curvature in any

direction, and to get a clear view of its shape in live
Note : It is also possible to measure this complete shape on non-rotating substrates at normal incidence

\J NATECH RENATECHP

Laboratoire d’analyse et d’architecture des systemes du CNRS
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“In situ characterization tools in MBE: Curvature

MIC : some experimental results

| RIBER [EZ-CURVE
T T T T T T T T T T T
T T T T T T T T T T T T T
. Qi -3
002 L _ =— GaAs : Si (5E18 cm™)
0.02 ]
—
5 000 i
L)
o
-
= 0.01 4
© 002} i
=
© Slow flux transient !
, I
004}/ §
1
1
! 0.00
/
-0.06/ I’.'| // /T P DA N B | 1 . 1 . I . I . 1 . 1 1
/0 7,200 '14400 21§00 28500 36000 43200 50400 57600 64800 3600 7200 10800 14400 18000 21600 25200
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il ,Growth Time (s)

\Jf”“””JRENATECH}

Growth Time (s)

Low strain GaAs/AlGaAs system (Aa/a = 0.046% at 600°C)

Continuous observation of a complete VCSEL structure (+17H)
Possibility to correct the deviations on parameters
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——=" Ex-situ characterization of full wafer shape

In-situ curvature variation measurement

3D Height MAP

0.02

0.00

-0.02 Curvature change of

the whole VCSEL stack

curvature (a.u.)

-0.04

g ) o] 7 — [P i A S | e | B A A TS T A

0 7200 14400 21600 28800 36000 43200 50400 57600 64800

Growth Time (s)
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-urec JRENATECHy
e

=1 -100 pm

I

-120 ym

140 ym

-160 ym

-30 mm -20 mm

10 mm 0 10 mm 20 mm 30 mm 40 mm 50 mm

100mm GaAs wafer + VCSEL growth

See www.dip-view.com




LAAS
CNRS

——/

In situ characterization tools in MBE: Curvature

MIC : some experimental results

| RIBER [E7-CURVE|

Tunnel jonctions for solar cells

b- JTs avec 12% Sb et In

10 L
| JTiIn12GaAsSb12-FINE
0 , | —]T3in12GaAsSb12-EPAISSE
-10- GaAs GaAs
s ——
= -20-
(T
(a
S, -30-
< _40- )
= A ] teensil
5 R (tensile)
Relaxationg: |\ .,
-60- n?\,~ .
-70 NI

0 100 200 300 400 500 600
h¢ (nm)

=) Real-time observation of relaxation

renarec JRENATECH
e
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Complementarity for
alloy concentration / growth rate
measurement
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> Stoney equation:

K

For Al,Ga; ,,As:

Growth rate: Curvature

M hg

Af = AaiGaas = XAaias T (1 —x)agqas

6hAlGaAs
K~ —

X X

Ayias (T) — QGaAas (T)

AGaAs (T)

Laboratoire d’analyse et d’architecture des systemes du CNRS

LA

=

=

Young Modulus

\
E

M =
Avec 1— v

\

Poisson coefficient
i
1.08-
1.06-
1.04-
1.02-
1-
Olgs_\/
0.96-
0.94-
0.92-
0.9-! , , , , ,
0 02 04 065 038 1

X Al

Compositional dependence of the elastic
constants and the lattice parameter of AlGaAs
Gehristz et al.

PRB 60 (16), 1999
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Growth rate: Curvature

6hAlGaAs aAlAs(T) — QAGadas (T) th R — G % t
k ~ — > x X with N4iGaas = Gaicaas
h Agaas(T)
s ass = (G 4+ Gayac) X t
— GaAs AlAs
G
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— ~ =
2 GaAs AlAS
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—==" Reflectivity — Curvature complementarity

file path (use dialog) T (=C) Wawelength (nm) Layers step (s} Polarisation theta =
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Complementarity and
time scales
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Complementarity and time scales

Spectral reflectivity
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Complementarity and time scales

Spectral reflectivity
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Complementarity and time scales

Spectral reflectivity
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Complementarity and time scales

Spectral reflectivity
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Complementarity and time scales

Spectral reflectivity
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—=" Complementarity and time scales

Atomic absorption
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> Reflectivity, Atomic Absorption and Curvature
adress different time scales / thicknesses

10H / 10um
1H / 1um o +4++ +
Minutes / 10t nm - ++ +

Seconds / ml X + +++
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Towards automation
of MBE growth




—=" Towards automation of MBE growth I

Bragg mirrors
automatically grown thanks
to spectral reflectivity
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Bragg mirrors automatically grown
Perfect DBR for A; ser : Simulation of in-situ reflectance with measured optical
) indices at 600°C
toaas = % 20 -
taras = % = * 5
E g
Alas Simulated FTIR spectra ‘_":’11'2 '’ / v/ > ’OI',;/;;;;;; ’ é
W WG |
GaAs— 100 nm " < 108
: S o, annnaasaaaiaaig :
g 05 2

0.80 0.85 0.90 1.00 105 110

time (s)

095
wavelength (um)

® ® Cais

® AlAs
1.03

1.02

=

1.01

.8

- = =
=)
-~
==
=]
—
=
—_
-y
-
[ )

by

Lambida Monitoring (* m)
[ ]

1.00

°
Relative Reflectivity

L]
TS

0.99 . & e o
04-
02—y i i i i i i i i i i | | i | | i i i
0:022001:0400 010600 010800 011000 011200 011400 011600 OL1&00 012000 012200 002400 012600 012800 013000 013200 013400 003600 01:3800 014000

0.98

0 5 10 15 20 25 30 35 40

Calculated optimal monii‘oring wavelengths Get wavelength when reflectivity reach a maxima at the end of layer
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G Auto-DBR growth: Experiment

1043 nm 1007nm 999nm 990nm 987nm 982nm 981 nm 979nm 978 nm 976 nm

| | |
= =l ,
['4 ! k\ : 90- \\ //
RIBER EpiCenre ‘ \
: |

(N

[ Si

(I i

o 50- | i

| _ i

L 40- ] !

(I ) {
) |

Intensity (a.u.)
3
paa

Spectrometers

10-, | |
00:53:39  01:00:00 01:10:00

In-situ optimal wavelength measurement of 5 periods auto-DBR

01:20:00 01:30:00 01:40:00 01:50:00 02:00:00 02:10:00
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o Auto-DBR growth: Primary Results

100

Measurement (A qne= 941.0 nm)
F=— =MN4 layers (hgne~ 940.8 nm)

g0 L ] 25%~75% ---- Fitted thickness from XRD
T 5%~95% 75 B
_ 85} M GaAs calculated A/4 85.5 —_ i
E B AlAs calculated 1/4 st
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§ W 792 g i
% 75} & 50
£ 3 |

— - (=
g I
66.6 L
~ e5) 25}
-------- 62.1 -
60 - L
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XRD results of 5 periods auto-DBR and comparison with expected 600 700 800 900 1000 1100 1200

Wavelength (nm)

FTIR measurement of 5 periods auto-DBR and comparison with

ted
—> Phase compensation effect expecte

- Good control of the centering wavelength

Laboratoire d’analyse et d’architecture des systemes du CNRS




—=" Towards automation of MBE growth I

Automated lattice match
control of alloys growth
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—" MIC (Riber EZ-CURVE) and Crystal XE
RIBER

o

I
N

Curvature
derivative

Scripted PID loop to compute
temperature/valve target SP
and min/max securities

https://www.ez-curve.com/
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Automatic lattice match control of a 730 nm-thick InGaAs on InP

MIC In action: Automatic lattice match

Rotating substrate:
 (001) InP

* 50 mm dia.

* 400 um thick

------- Indirect
——— Direct

2.8
InGaAs growth
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PID loop on indium cell (set on curvature change)
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Lattice constant [A]
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—=" MIC in action: Automatic lattice match
Automatic lattice match control of a 730 nm-thick InGaAs on InP .ROta(ggf)Sll:\iStratei

InGaAs growth Cooling down
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I -
10 F i | i "M“;_[
8 | | “ﬂ‘,\ww“
| p .,
| S —
= B
£ 4L .
= - _
o 2f ) -
> 0 | w _
E VMNWNWM'Nwww""’”‘”ﬁ’“‘hw—w»mw.-\w‘»"ww»,m].
5 2H |
SRR W _
|
6 | 1 _
\
g\ |
I i
of W sooc | N 20°C
_12 ) I I | | ! | I I
0 1800 3600 2255

Growth time (s)

PID loop on indium cell (set on curvature change)

908

907

906

905

904

903

902

901

900

In cell temperature (°C)

Band Gap,Eg [eV]

Laboratoire d’analyse et d’architecture des systemes du CNRS

* 50 mmdia.
* 400 um thick

2.8
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— MIC In action: Automatic lattice match
Automatic lattice match control of a 730 nm-thick InGaAs on InP ROtjgg%Sl“t;Strate:
. n
* 50 mm dia.
0.73 um InGaAs on InP * 400 pm thick
HRXRD
. 107 .
> _InGlaAslgrolwth. > ‘Coglln;]g do_wn> 008
10 L : . 106 InP substrate
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PID loop on indium cell (set on curvature change) ) o )
Thermal expansion coefficients mismatch

m) thermal stress
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MIC In action: Automatic lattice match

Automatic lattice match control of a 730 nm-thick InGaAs on InP

HRXRD
5-890 T T T T T T T T T T M 107 ) i i ) ! i ) ) i ! ) i ) ) '
. 106 InP substrate
—~ 5.885| Lattice match
<? Ing.5,,Gag 475AS layer
- at growth temperature o 108
- C
c o)
S 5880+ 3
2 ® 10
o) (]
O o
o 5875} 2 10°
e 3
et
© (@
—1 5870} B i 10?
ensile strain ] i
P . INg 524G 476AS 10" i
5.865 . 1 .at 20 C 1 . L . 1 . 20°C '
0 100 200 300 400 500 600
o 100 1 L L 1 1 L 1 1 L 1 1 L 1 1 | 1
Temperature (°C) 625 63.0 63.5 64.0

20 (°)
Bisaro et al, Appl. Phys. Lett. 34(1), 100 (1979)

*  0_Inys3Gag 4-As = (5.55 +0.10) x 106/ °C
« o_InP = (4.56 + 0.10) x 106/ °C

Thermal expansion coefficients mismatch
m) thermal stress
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_—

Lattice constant (A

MIC In action: Automatic lattice match

Automatic lattice match control of a 730 nm-thick InGaAs on InP

5.890
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5.875
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5.865
0

Lattice match
at growth temperature

InP

ensile strain
INg 524G 476AS

A at20°C

100 200 300 400 500 600
Temperature (°C)

Bisaro et al, Appl. Phys. Lett. 34(1), 100 (1979)

0_INg 53Gag 4,As = (5.55 + 0.10) x 106/ °C

o_InP

= (4.56 + 0.10) x 10/ °C
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— MIC In action: Automatic lattice match
Automatic lattice match control of a 730 nm-thick InGaAs on InP ROtjgg%Sl“t;Strate:
. n
e 50 mmdia.
* 400 um thick
< InGaAs growth>< Cooling down >
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— MIC In action: Automatic lattice match
Automatic lattice match control of a 730 nm-thick InGaAs on InP ROtjgg%Sl“t;Strate:
. n
* 50 mm dia.
* 400 um thick
- HRXRD
< InGaAs growth>< Cooling down > T |
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=) Automatic alloy content matching
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MIC In action: Automatic lattice match
Automatic lattice match control of a 730 nm-thick InGaAs on InP ROtjgg%Sl“t;Strate:
. n
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—==" Conclusions I

> Magnification Inferred Curvature (MIC) makes it
possible to control automatically the lattice
parameter of the growing layer in MBE

> Thermal expansion needs to be considered in order
to reach a perfect after-growth lattice match

> “Automatch” algorithm is now fully integrated in
RIBER Crystal XE software
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Monitoring MBE substrate deoxidation
and surface reconstruction change
via RHEED image-sequence analysis
by deep learning
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Surface deoxidation and Al

Native oxide removal

oxidized surface

——————
deoxidized surface

e

e Detect deoxydation moment model overview

Plach et al, Journal of Applied Physics 2013, 113

e Slowly heating the subtrate

Model ox/deox

e Stop heating to avoid
damaging the crystal

Courtesy A Khaireh Walieh — LAAS-CNRS

L/« NATECH RENATECH?
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Surface deoxidation and Al

Neural network architecture

Autoencoder Encoder Decoder
(compressor)
latent
Input image A Reconstructec
image
=_, l ‘ ' (25 25, 64) (12 21z  ®612H (82,128 ©6128 021269 (5759 l .
(100, 100, 1) (100, 100, 16) (50, 0. 32) (80, 50, 16) (100, 100, 1)
(100, 100, 1) (1152)_-(3. 3, 128) (100, 100, 1)
P(oxidized)
ﬂCOVWQD +BN + Relu nConvEDTranpose + BN + Relu 3 : i i [|<P(deo><|dlzed}
Flatten (L/4, Ni4, 128) @
Conv2DTranpose + sigmoid Input (LN, 1) (L/2, N2, 64) (128) (32)

I:| Dense + BN + Relu ( (L/4)*(N/4)*128 )
N : latent size = MaxPooling2D
L : sequence length UpSampling2D [I Dense + softmax

[| Dense + Reshape —3= UpSampling2D + ZeroPadding2D CNN (classn‘ler)

Khaireh-Walieh et al, Crystal Growth & Design 2023, 23, 2, 892-898

80% for training
20% for validation

Courtesy A Khaireh Walieh — LAAS-CNRS

dataset of 7644 images
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Surface deoxidation and Al

Test with a set of images captured during the entire deoxidation procedure
and varying the sequence length as well as the latent space size.

L=1 N=50 L =3 N=50 L=4 N=50 L=5 N=50 L =10, N=50 L =15 N =50
0 2000 4000 6000 O 2000 4000 6000 O 2000 4000 6000 O 2000 4000 6000 O 2000 4000 6000 O 2000 4000 6000

[ =15 N=1 L =15 N=2 L =15 N=5 [ =15 N=10 L =15 N=30 [ =15, N=

™ ]

0 2000 4000 6000 O 2000 4000 6000 0 2000 4000 6000 0 2000 4000 6000 0 2000 4000 6000 0 2000 4000 6000

RHEED video frame number
Khaireh-Walieh et al, Crystal Growth & Design 2023, 23, 2, 892-898

1.0

"deoxidation" neuron activation

0.0

ATECH RENATECH;
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Surface reconstruction and Al

Surface reconstruction: (2 x 4) and c(4 x 4)
(2x4) c(4x4)
S| a—%ﬁﬂ%

[}fx+
:Hi % agtd +
RSN

2x4

’E—C'—"}

@ Ga
Penev et al, Physical review letters 2004, 93, 14, 146102 RH EED patterns
e Rearrangement of surface model overview
atoms
. . Model (2x4)/c(4x4)
e Depending on the growing
conditions

e [nter-atomic forces only 0 .
, : 85% for training
from the bulk side 3150 mages{ 15% for validation

Courtesy A Khaireh Walieh — LAAS-CNRS
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Surface reconstruction and Al

Neural network architecture

Model architecture Identity mappings ResNet block
. input
Input sequence of images
Y
T LeakyReLU |->|Conv2D
3 X | ResNet block | BN |~ [LeakyRelU ] > [Conv2D]
-> | LeakyRelU |—> | Conv2D|
- l
3 X | ResNet block
- —>| LeakyReLU |>| Conv2D |
. +
ResNet block
|
ResNet block
4 X Ml.P
.
MLP | BN |
—
v {
(2x4)/c(4x4)

Courtesy A Khaireh Walieh — LAAS-CNRS
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Surface reconstruction and Al

Model test

Test with images captured during surface transition: c(4 X 4) to (2 x 4)

prediction

1.00 T

0.75 1

0.50 1

0.25 4

0.00- |lI ll ll — l ||l T T T
0 1000 2000 3000 4000 5000

thermocouple temperature (°C)

660 1

640 1

620 1

0 1000 2000 3000 4000 5000

Courtesy A Khaireh Walieh — LAAS-CNRS
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Surface reconstruction and Al

Model test

Test with images captured during surface transition: (2 X 4) to c(4 x 4)

prediction
100‘ T "1 |'!r"|||-r|| ]-'I
0.75 1 ’
0.50
0.25
O.OO_ T T T T T T T
0 1000 2000 3000 4000 5000 6000
thermocouple temperature (°C)
680
660 -
640 -

1000 2000 3000 4000 5000 6000

o -

Courtesy A Khaireh Walieh — LAAS-CNRS
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> Al make It possible to monitor automatically
complex processes that only trained users can
detect

> Work In progress
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v In situ and real-time instruments address
complementary information

v Substrate temperature, growth rates, growth modes,
surface geometry, ... can be analyzed in real time

v Different time scales can be monitored

v Coupling In-situ tools
— Further understanding of the growth mechanisms

— Control of growth and properties of epitaxial materials
and device structures
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Thank you!

EpiCentre

LAAS CNRS - RIBER

RF AutoMat
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