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@ 1 — Photonic integration on silicon

- Light emission integrated in the silicon O Op-Cp A B
industry TTIK o e o o LUt i
- Oy Oy O 0.0 ;
— GaAs appears as an adequate candidate o R
- Direct bandgap RAA °C bB
- Lattice mismatch: 4.1% 1 % % %9 :
. . 0’0’ QO’QO’O aB bA
— Nanowire geometry allows lateral relaxation Zinc-blende (ZB) Wurtzite (WZ)
N. Chandrasekaran et al. :
APL, 82, 22 (2003) 154
3C 2H
1.0+ |
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Dislocations Lol ZB WZ

A. Belabbes et al.

10nm PRB, 86 (2012)
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@ 1 — Photonic integration on silicon

- Crystal phase quantum well emission using GaP we_zs wz - _BE
. 2.5 é N v
NANOWIIresS. A. Assali et al., Nano Lett. 17 (2017) o= °|
— ZB and WZ alternations to create quantum wells % 51 v D&
Crystal engineering os o

for segmented phases T

0 2 4 6 8 10 12 14
Position (nm)

LM

* Integration of group-lV elements in silicon technology

— Hexagonal SiGe alloy recently demonstrated as direct band-gap
light emitter. E. M. T. Fadaly et al., Nature, 580, 7802 (2020)

- Possible to synthesize through llI-V nanowire phase transfer Ll GaAs -
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@ 1 — Water splitting

Solar energy conversion, an alternative

to fossil fuel.

Photoelectrochemical water splitting
reaction occurs at the liquid/electrode

Hydrogen generation
- Efficient storage

— 142 MJ/kg (Fuel: 47 MJ/kg; Li-ion

battery: 0,46-0,70 MJ/kg)

interface.

Oxygen evolution reaction (OER)
2H,0 + 4h* =2 4H* + 0,

Hydrogen evolution reaction (HER)
AHY + 4e~ = 2H,
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@ 1 — Water splitting

« 1lI-V semiconductors = R o
— Bandgap adapted to solar spectrum
- GaAs:1.4¢eV ul

I 4G Tamirat, Nanoscale Horiz., 1 (203“:} T

A

« Enhanced efficiency using nanowires
« Wide interaction surface
« Charge separation
* Enhanced light absorption

Electrolyte

p-doped GaAs
n-doped GaAs

TiO2

Silicon
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A 2 — The growth of GaAs nanowires

 Molecular beam epitaxy (MBE) — vapor-liquid-solid (VLS) mechanism
R. S. Wagner and W. C. Ellis Appl. Phys. Lett. (1964)

— A% p 2 \
e B

MBE IlI-V
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@ 2 — The growth of GaAs nanowires

 Molecular beam epitaxy (MBE) — vapor-liquid-solid (VLS) mechanism
R. S. Wagner and W. C. Ellis Appl. Phys. Lett. (1964)
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@ 2 — The growth of GaAs nanowires

 Molecular beam epitaxy (MBE) — vapor-liquid-solid (VLS) mechanism
R. S. Wagner and W. C. Ellis Appl. Phys. Lett. (1964)

Radial growth




@ 2 — The growth of GaAs nanowires

 Molecular beam epitaxy (MBE) — vapor-liquid-solid (VLS) mechanism
R. S. Wagner and W. C. Ellis Appl. Phys. Lett. (1964)




@ 2 — The growth of GaAs nanowires

 Molecular beam epitaxy (MBE) — vapor-liquid-solid (VLS) mechanism

R. S. Wagner and W. C. Ellis Appl. Phys. Lett. (1964)
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@ Outline
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3 — Crystal phase engineering

— WZ insertion

— Extended WZ segment
— Combined characterization

4 — 11I-V nanowire for water splitting
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@ 3 — Extended WZ segment

« Master Thesis: Inclusion of short WZ segments in a ZB nanowire

*  PhD Thesis: sustained growth of a WZ segment ?

— Self-assisted NW growth: a self-regulated system Asymptotic value for the wetting angle 8

M. Vettori et al. Nanoscale Adv. (2019) o \ﬁ

"J
~
wm

— As-rich regime:
* Droplet volume decrease to equilibrium

3.50

— Ga-rich regime:
« Droplet volume increase to equilibrium

Ga flux (atm . nm™2. st

Led
N
o

V/III = 4.8

3.00 L 1
14.93 19.90 24.88 29.85 34.83 39.80 44.78

As flux (atm . nm™2 . s?)

T. Dursap et al. Nanotechnology (2021)
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@ 3 — Extended WZ segment

25 min growth at V/lIlIl = 2.4

* |Increase As flux to reach V/Ill = 4.0

0,75 — | ; R R R
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3 — Extended WZ segment

4 followed by 20 min under V/Ill = 4.0

imaging

2

in under V/III

25 m

STEM HAADF

High resolution

Dark-field TEM
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3 — Combined characterization

GOy Oy ly A Oy Oy Oy Oy
NI o o o o RENTTRIN S8 20 20 S
GOy Oy Oy Ol T Gy gty
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7O Oy Oy Oy iC | g0y Oy ty
Oo- Co- Co- OO B e

Zinc-blende (ZB) Wourtzite (WZ)

Slight in-plane lattice mismatch: -0.3%

* Increase of the As flux during growth:

— Crystal phase change
— Internal strain?
— Defects ?
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@ 3 — Nano-diffraction

NW localized using the
fluorescence of Ga

* Reflection of the
202 (ZB)I2110 (WZ) plans
— Integrated intensity

« Measurement of the center of
mass to determine the d,,

— Precise determination of the d,,
* dyz=1,9987 A
S. Saib et al. Solid-State Elec. (2006)
* dyy=1,9923 A
J. Jacobsson (2015)
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@ 3 — Nano-diffraction

- The 202 (ZB)/2110 (WZ) reflection shows both crystal structures.

- We can have information on each crystal phase by selecting the right
diffraction spot.
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@ 3 — Nano-diffraction

Integrated intensity of different reflections
Extract internal strains from the d-spacing maps
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@ 3 — TEM measurements

* Nano-diffraction
— Spatial resolution of 25 nm

- TEM observation
— High spatial resolution

Focused lon
Beam (FIB)
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@ 3 — High-resolution STEM

«  TEM and nano-diffraction on the same nanowire
— Confirm the crystal phases identified
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@ 3 — Dark-field TEM

- DF-TEM to localize the crystal phase all along the nanowire
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@ 3 — Dark-field TEM

-  DF-TEM images used as input for finite element simulations

* 1) Localization of the phases
(WZ/ZB) from DF-TEM images.

« 2) Computation of the inter-reticular
distance.

« Strong contribution of the
structural transitions on the d-
spacing.
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1 — Context
2 — The growth of GaAs nanowires
3 — Crystal phase engineering

4 — llI-V nanowire for water splitting 4

— GaAs nanowires as photocathode
— Impact of the morphology
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@ 4 — ll1l-V nanowires for water splitting

« Ill-V nanowires for water photoelectrolysis
— Efficiency of the nanowire geometry over thin film
— Optimization of the nanowire-cell

- Electrolyte

p-doped GaAs
n-doped GaAs

F

TiO3
Silicon
BEEP ANR project (ANR-18-CE05-0017)
Collaboration between

LCBM (CEA Grenoble), SPEC (CEA Saclay), MATEIS, ICJ, INL.
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@ 4 — GaAs photocathode

%
« p-doped GaAs film grew on Si(111) Lcbm

@SolHyCat
10 mV/s, 0.1 MPB pH7, 1 Sun, AM 1.5

p-doped GaAs

Silicon

-504

S

é\__;:;
—

« p-doped GaAs NWs grew on Si(111)

Current density (pHA/cm?2)

-1504+ | | N 4
1L
p-doped GaAs _200__ A1
—— GaAs film on Si substrate
—— GaAs NWs on Si substrate T
-250 : } f ' | : } } } ¥
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4
E vs RHE (V)

Silicon
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s 4 — Impact of the morphology

* Increase the size of the NWs by:

— L=23um,D =125 nm
— L=52um, D =380 nm
— L=94um,D =740 nm

GDR NAME — Rennes — 10 November 2023
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4 — Impact of the morphology

*.
; - . <)
Increase the size of the NWs by: L<bm
— L=23um, D =125 nm £ SolHyCat
— L=5.2um, D=380nm 10 mV/s, 0.1 MPB pH7, 1 Sun, AM 1.5

— L=9.4pm,D=740 nm —

-504

-1004

Current density (pHA/cm?2)

-150-
~200+4 \ —— Core -+
10 —— Core + 1h radial growth |
—— Core + 2h radial growth
-250 } f ' | t } } } ¥
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E vs RHE (V)
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@ 4 — Impact of the morphology

. . . . . &)
« Current density varies with the interaction surface Lcbm

@ SolHyCat

- Enhanced light trapping by the NWs

Reflectivity
-

Current density (MA/cm?2)

=11 (x01I..f\\“~v--rr—""7"f"f'

| I 400 500 600 700 800
50——@}:}:}:::"{:'-'-}: WaVelength(nm)

02 4 6 8 10 12 14 16 18 20
Surface of interaction (cm2/cm?2) FDTD by E. Drouard, INL
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@ 4 — Impact of the morphology

.
Thick p-doped GaAs NWs e )

n-doped GaAs chm
Egsz:;)tarticles @ SOI I Cat
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0o oo
N 002
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@ 4 — Impact of the morphology

* Thick p-doped GaAs NWs
«  Growth of core/shell PN junction

« Cobalt nanoparticles deposition

— 1mM Co(NO;),.6H,0, 0.5M PB pH7, during 45 min
under 1 sun, 1.5 AM, at -0.65 V vs Ag/AgCl

o
<
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CUFFERE gensity (MA/em2)
R
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@ 4 — GaAs photocathode

* Thick p-doped GaAs NWs
«  Growth of core/shell PN junction

« Co nanoparticles deposition
— 1mM Co(NO;),.6H,0, 0.5M PB pH7, during 45 min

under 1 sun, 1.5 AM, at -0.65 V vs Ag/AgCl T
. iy . . 0.04
* Atomic layer deposition of a TiO, protective < | [
shell g-o.s-
— Lower current density £ 1 J
2 -1.0-
HAADF Ga core Ti shell Ga +Ti a | |
S 5]
& 1 |
- 2
3 -2.04 +
© i —— PN junction + Co + TiO2
T —— PN junction + Co 1
1 Ry : 0.0 : 0.2 : 0.4
(e) E vs RHE (V)
ﬂ‘m --
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@ 4 — GaAs photocathode

* Thick p-doped GaAs NWs
«  Growth of core/shell PN junction

« Co nanoparticles deposition

— 1mM Co(NO;),.6H,0, 0.5M PB pH7, during 45 min
under 1 sun, 1.5 AM, at -0.65 V vs Ag/AgCl

* Atomic layer deposition of a TiO, protective
shell
— Lower current density
HAADF Ga core Ti shell Ga + Ti

GDR NAME - Rennes — 10 November 2023
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@ 4 — GaAs photocathode

* Thick p-doped GaAs NWs
«  Growth of core/shell PN junction

« Co nanoparticles deposition

— 1mM Co(NO;),.6H,0, 0.5M PB pH7, during 45 min
under 1 sun, 1.5 AM, at -0.65 V vs Ag/AgCl

* Atomic layer deposition of a TiO, protective
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shell 021 —— = —
: e .04l I
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STEM-EELS after photoelectrocatalytic HER experiments at -0.18 V 2 08T T
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@ Conclusions

Experimental proof of the relevance of in situ RHEED for crystal phase engineering

*  Robust synthesis of WZ-pure segments ym-long in self-assisted mode.
— Building block for the MBE growth of Au-free hexagonal Si,  Ge,

T. Dursap et al. Nanoscale Advances (2020) o

—~
i
—
—
Z
c
]
2
[}
o
=
°
<
]
2
o
e
U]

T. Dursap et al. Nanotechnology (2021)

Ga flux (atm . nm2. s

24.88 20.85 34.83
As flux (atm . nm?2 . s’1)

- Correlation between phase change and strain from X-ray nanodiffraction & TEM

T. Dursap et al. in preparation

Strain

UTZB & o e e
ﬂsﬁ-:::'-:i

000000

* Assessment of GaAs nanowire cell for photocathode o ceaoire

—  Perspective: fabrication of a photo-anode / photo-cathode tandem cell R  ores o
—  Perspective : Investigation of other materials and passivation techniques

TiO2

Silicon

T. Dursap et al. ACS Applied Materials Interfaces (2023,
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