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EpiCentre

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

> Focus on some tools
=  Spectral Reflectivity
= Atomic Absorption Spectroscopy for direct flux measurement
= Curvature

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

> The case of GaAsBi growth

> Conclusion
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EpiCentre

AAAAAAAA - RIBER

Non-equilibrium

growth dynamic

Processes
(atom mobility, growth rate,
involved energies, oblique
incidence, substrate
temperature....)
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=" |ssues: growth of complex materials »

EpiCentre
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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

EpiCentre
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A global approach: complementary tools to get a clear picture of growth processes
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MBE412 - 4” [1I-V chamber

Spectral reflectivity
= White light source
= CCD sensors

- REEA

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
= MIC : original tool (Patent FR175461)
EZ-CURVE
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In Situ measurements at LAAS A

EplCentre
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> Spectral reflectivity
= White light source
CCD sensors

S KEE

M{* synchronized to rotation
Y- in the same time base

> Roughness (Diffuse Light Scattering)

> Curvature 4 i
= = MIC : original tool (Patent FR175461) y"
MBE412 - 4” [11-V chamber S RIBER |EZ-CURVE

) RENATECH RENATECH;
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—— (Geometric configuration A

EpiCentre
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4” 3”7 2" 3x2” wafers

\ :su bstrate

Mo sample holder

MBE412 - 4” [1I-V chamber
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—— MBE growth of VCSELSs

An example structure:
the growth of VCSELs
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Cavity
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— n-DBR

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

Vertical Cavity Surface Emitting Lasers (VCSELs) are

complex structures. (>3000 layers, >17H growth)
— p-DBR

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

Cavity

l\_Y—}l

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

L p-DBR

Cavity
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MBE growth of VCSELSs

Reflectance spectrum of a VCSEL at RT
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—— In situ characterization tools in MBE: Reflectivity

In-situ characterization tools:
Spectral reflectivity
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In situ characterization tools in MBE: Reflectivity

Reflectivity
Substrate

Growth
direction

Monochromator
+

Lock-in amplifier

Modulated white
light source

o i

i AR Y Gaad

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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== |n situ characterization tools in MBE: Reflectivity

Reflectivity

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

R+ xAl

Reflectivity
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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)

Données :
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
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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 - —
R+ xal h h - - Reflectivity lﬁ
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== |n situ characterization tools in MBE: Reflectivity

Growth
direction
Reflectivity L =903nm
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 ;: 903 1 Jr“: 1 TE IZ| ;: 20 - — 1
R+ xAl : : s : Reflectivity lﬁ
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- L ===
0.9-]
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015
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Temps de croissance (s)
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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
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—— In situ characterization tools in MBE: Reflectivity

Spectral reflectivity during the growth of a Bragg mirror

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

............................... >
Growth time

k{/« NATECH RENATECH?
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In situ characterization tools in MBE: Reflectivity

EZ-REF software developed within EpiCentre joint lab
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—— In situ characterization tools in MBE: Reflectivity

Measured reflectance
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—— In situ characterization tools in MBE: Atomic Absorption I

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

Atomic absorption measurement of fluxes

Substrate

Hollow cathode UV
lamp(s)

spectrometer

Homemade simplifed setup / P. Pinsukanjana, J. Cryst. Growth 251 (2003), 124

=) Flux measurement (growth rates, alloys compositions)
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—— In situ characterization tools in MBE: Atomic Absorption

=  SEM cross section = |n situ atomic absorption of Ga
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= Uiy v
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—— In situ characterization tools in MBE: Atomic Absorption

=  SEM cross section = |n situ atomic absorption of Ga
0-15"<. L B L AU I B 1.0
10% ! I
Mt sssnsnnnnnnnning i 08
<
o6 E
Q
o
104 <
=
o
(@)}
9 102 8
c
S _
[e}
2 GaAs Buttom Bragg mirror 0.00 |- “ “ \ 100
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§ °®r  layer 7200 7320 7440 7560 7680 7800 7920
©
S [ q Growth Time (s)
000” _ ) Evidence of a systematic error:
T e e e flux transients of the Ga cell

Growth Time (s)
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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 \—/




== ) ) ) )
—— |n situ characterization tools in MBE: Curvature I

In-situ characterization tools:
Curvature
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In 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 /
\p/ 3 1
i
i

ir.. o il =
—_— e "
» sample [

White light source Camera

Highly stable and alignment-free
measurements object TS Q
High rate capability (100FPS)

camera+ lens

Curvature =f(magnification factor)

Video
acquisition

Arnoult, A., Colin, J. Magnification inferred curvature for real-time curvature monitoring. Sci Rep 11, 9393, 2021 EZ-CURVE
https://doi.org/10.1038/s41598-021-88722-6
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—=" 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

Mo sample holder

f :wafer

I
LAAS-GNRS - Riber MB

A ~? X Wafer free to expand in holder = no extrinsic stress here
v

t;ﬂnwum<RENATECH?
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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...

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 : |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
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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
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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
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o 2t
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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
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—==" Curvature/Stress and MBE growth

Intrinsic stress
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—==" Curvature/Stress and MBE growth

Intrinsic stress
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—==" Curvature/Stress and MBE growth

Intrinsic stress

-9
> 25}
v
> 2,0}
g ™
z 15|
&
o) 1,0+
k| 0.5
3% ~
0.0 i AT i ) 3 : l
54 56 58 60 62 64 6,6 E
Lattice Constant (A) 4
N
(<))
S
>
fras}
569 .
- S
1
— —— AlAs ! -
L e —— GaAs | >
I I @) ‘
2 i
g oo | Gans \\\w
Q 1
o
E=] | '10 B g
& sesf ! '0..
1 .0
1
! ]
565 I L 1 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

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




LAAS

CNRS
—  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 ]
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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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100mm GaAs wafer + VCSEL growth
22 um late

In-situ curvature variation measurement

I T I T I T I T T T I T I T I
0.02 -
S 0.0 .
)
E .
3 - No alignment
® -0.02 4 =
c Curvature change of . ey
3 the whole VCSEL stack s z?cqwsmon_
1 min processing
-0.04 -
|
(77
g ) o] 7 — e ] B ] e Mt bt ettt e ] Lt ] ettt i et |

0 7200 14400 21600 28800 36000 43200 50400 57600 64800

Growth Time (s) VIEW

mMeasurement
that goes beyond limits

Patented technique based on white light
phase shifting deflectometry

See www.dip-view.com
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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
101 Gahs GaAs
s ——
= -20;
(T
(a ]
S, -30
< _40- )
= A ] eensil
Ep R (tensile)
Relaxationg: | .,
-60- n?\,~ .
-70 e

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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Growth rate: Curvature

> Stoney equation:

Young Modulus

N\
_ 60_fhf _ hf Mf _ hf Mf Ar — Ug A M = £
K= ; =677 8="623 vee 1—v
M hs hs Mg hs Mg ag \
Poisson coefficient

For Al,Ga; ,As: 14

ar = Aaigaas = XAaias T (1 = X)Agaas Eﬂ-%:\/
6hAlGaAs aAlAs(T) — QGaAas (T) Oi:

K~ — > X Xx X 0 02 04 05 08 1

hs AGcaAs (T) x Al

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

PRB 60 (16), 1999

Laboratoire d’analyse et d’architecture des systemes du CNRS
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Growth rate: Curvature

6hAlGaAs aAlAs(T) — QAGadas (T) th R — G % t
k ~ — > x X with N4iGaas = Gaicaas
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—==" Reflectivity — Curvature complementarity
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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

1170-

-0.954558

1100
1050}

apnydwy

Wavelength (nm)

497- 1 1 1 1 |. 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 i
7250 7275 7300 7325 7350 7375 7400 7425 7450 7475 7500 7525 7550 7575 7600 7625 7650 7675 7700 7725 7750 7775 7800 7825 7850 7875 7900 7825 7950 7975 8000 8025 8050 8075 8100 8125 8150 8175 8200 8225 8250

| Time
16'40 Curvature P
. AlC tration | [
. Curvature | & Al Concentration [ 711 |
[ -0.75- ‘ -1 ]
-0.9-] -0.9
-
-0.8
“1.1-
-1.2- Tl | | -0.7
7 3 06 =
£ 14 B
[a]
:‘5: -1.5- 058
g -15- g
3 . tu.._““._. —0.4g
-1.8-] Tl N -0.3
-1.9-
-0.2
2
-2.1- J -0.1
-2.25- [ 1 [ [ 1 [ | 1 T | | | | | | [ | T | [ | [ | [ 1 1 [ | =0
7250 7275 7300 50 7375 7400 7425 7450 7475 7500 7525 7350 7575 7600 V625 V650 7675 7700 V725 V750 7775 7800 7825 7850 7875 7900 V925 V950 7975 3000 3025 3050 3075 3100 3125 8150 8175 8200 8225 8250
Time

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




LAAS |
CNRS e

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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—— Complementarity and time scales

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

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

Seconds / ml X + +++




2= The case of GaAsBi growth I

Case of GaAs, Bi, MBE
growth studied with the
MIC curvature tool
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mismatched allo

Wide range of applications for GaAs technology

m-v v

» Solar cells 4
»Lasers 1 et I
» Spintronics -
» Photodiodes

- s S .-\7 h
» Thermoelectric materials T ‘ R T

» Topological insulators g8 . i
POlog R

1 1 1 1 L
5.4 5.6 5.8 6 6.2 1 6.4 6.6

Energy gap [eV]

GaBi (6.33A)

Alloy based on highly mismatched binary compounds: Aa_ 12%
a
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=  BI Incorporation in GaAs

= Under 400°C : Bi incorporation with specific growth conditions

Any small changes in these conditions induce high
difference in Bi composition, and different electrical,
optical and mechanical properties of the alloy

= V/IIl atomic ratio (~1!)
=  Substrate temperature

- Above 400°C : Bi acts as a surfactant

1.0 L InGaNAsQws 1.0
26% In; 1.19% N —_
( n ) 3 o
1 1 — A5 Grown ‘E’
_ = Annealed at 730°C —
;‘E 08 1 for 60s g 0.9 o]
< ©
5 I |\ . -E
% 06 Iy WinBi(8EP 10 Tom 3 08—
> (S
3 L 5
8 o
£ - c
=04 o 0.7 -
o =]
E e
= =
0.2+ =
0.6 -
. \ I I | | .
0.0 == T T s ] 0 5 10 15x10
1100 1150 1200 1250 1300 1350 1400 .
Wavelength (nm) Bismuth flux (Torr)

Surfactant enhanced growth of GaNAs and InGaNAs using bismuth, Tixier and al. , 2003
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—==" Curvature and GaAsBi Growth

Ga OFF
Ga ON Bi ON Bi OFF
¥ l - l - — 350um thick, 50mm
- f | 1o diameter substrate
N 172 = V/IIl atomic ratio near 1
o GaAsB; 12
iq_ -15 dAsbl -6 §, 9 GGaAs - O.BHm/h
o 20 s g = Tsub = 265°C BandiT
£ o Y —> 12 RPM rotation
B -30 | -12 3
% -35 -14
e
g -40 -16
~ 1l curvature 3 18
-50 PR | L 1 L 1 L 1 " | I 1 " 1 "

0O 20 40 60 80 100 120 140 160 180 200 220
Film thickness h; (nm)
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- Some peculiar events during the growth
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—  Curvature for GaAsBiI Growth

Ga OFF
Ga ON Bi ON Bi OFF
5 T T T 'll' T T T T Il T T T
.0 ‘ —
e J
S 5 -2
&

-10 . 4 o~
S GaAsBi 1% 4
< 15 | -6 E
p 1. =
8-20— -8 v
S 25 10 =
@ >
I -30 - -12 3
% -35 -14
5
S 40t -16
= s -18

Curvature ;
-50 )

0O 20 40 60 80 100 120 140 160 180 200 220
Film thickness h; (nm)

-> First nm: very low stress and incorporation (Bi segregation)
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—  Curvature for GaAsBiI Growth

1
(&)

-10
-15
-20
-25
-30

Curvature k (km™)

-35

-40

Incremental stress ¢ x h; (GPa.nm)

-45

-50 " 1 " 1 " 1 PR | " IE " 1 " 1 " li " 1 " 1 "
0 20 40 60 80 100 120 140 160 180 200 220

Film thickness h; (nm)

- Change of surface reconstruction during GaAsBi layer
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—  Curvature for GaAsBiI Growth

Ga OFF
Ga ON Bi ON Bi OFF
5; T LI ; T T I‘ T —

—_ 0 quM 40
£ \ . de . 400
C. -5+ \ 42 rlvative |
T i b 200
& -10f 0\ | 1.
S GaAs ~\ Slopeg, =-780 MPa
£ 15 ! A ! 4.6
X
© 20} ls
) 1 ‘ 1
0 i i
O 25| N | 110
s 30 : ESIope(Zx‘l)= -420 MPa | -12
c 3 . f
g 3r  GaAsBi ‘ ] -14
o |
5 0T -16
C -
= .45 18

Curvature ;

-50 P NP IR AN B

0O 20 40 60 80 100 120 140 160 180 200 220
Film thickness h; (nm)

Curvature k (km™)

Stress ¢ (MPa)

-600

-800
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-1200

—> Observation of stress
variation during growth

0 20 40 60 80 100 120 140 160 180 200 220

Thickness h; (nm)

Constant growth parameters, two-step incorporation
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—  Curvature for GaAsBiI Growth

Bi ON Bi OFF e
— (004) XRD
: l l 187 simulated
0 M 1o 1000000
£ A | - @
% > A\ 1 12 \é': 100000
& : Slope;,3) = -78 MPa -
o 10F ‘ 14 & G
e e 5 10000
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8 20 F | ] -8 ; 1000
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- Specific growth conditions GaAsBi 5,y 60.5 2.9 57.3 3.6
o different stress during (1x3) and (2x1 :
, g (1x3) and (2x1) GaAsBi ., 245 5.3 247 53
reconstructions
o different Bi incorporation in the two layers Substrate
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e
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Better understanding : coupling of in-situ techniques
Curvature P \(\[

Growth time (s)

Rotating substrate:
* (001) GaAs

*  50mm dia.

* 150um thick

L
hg M

resolution x5.4!

K
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Better understanding : coupling of in-situ techniques
vacu:Um As GaAsBi iGaAsiAs i vacuum As
Curvature P
= : 1 OIIOO 20:00 30:00 40:00 50:00 GC;OO
< . . \‘“~m~ﬂ_A o - [110]
. “ — —
RHEED : a,, e o - [110]
S ] wa) [ @ |a3)
RHEED : intensity q c(4x4) S
0 1000 2000 3000 ' 4000 ' 5000 6000
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Better understanding : coupling of in-situ techniques
vacu:Um As i GaAsBi iGaAsiAs i vacuum ] As
Curvature P 30
. : 10:00 20:00 I 30:00 I 40:00 I 50:00 I 60-00
S — . - | [110]
RHEED : a,, - \*}: T 1 [170]
S ] wa) [ @) 1)
RHEED : intensity q el c(4x4) S
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0 1000 2000 3000 4000 5000 8000
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Y . X | ! Y
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=) Coupling techniques is an efficient way to better understand the growth mechanisms
ECH RENATECIji‘
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v"When facing peculiar dynamic conditions, in-situ
analysis tools are mandatory

v Curvature measurements provide extremely rich
Information — MIC makes it accessible to MBE

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!
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