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Alessandro COATI - SixS beamline - Synchrotron SOLEIL

Surface X-ray Scattering
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* Introduction
« Hard x-rays for surfaces, interfaces and nano-objects
« Surface x-ray Scattering techniques
» Crystal Truncation Rod (CTR)
« Surface x-ray diffraction (SXRD)
« Grazing Incidence Small Angle X-ray Scattering (GISAXS)
e SIiXS beamline setup
 [n situ and operando scientific applications
« growth of metallic nanostructures by using vicinal surfaces
« growth of nanoparticles by atomic layer deposition (ALD)
e nanoporous formation in alumina
« Conclusions, acknowledgments, references
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Introduction




SOLEIL surfaces, interfaces

+ Definitions (Oxford English Dictionary)

 Interface. A point where two systems,
subjects, organizations, etc. meet and
interact.

« Surface. The outside part or uppermost
layer of something.




SOLEIL surfaces, interfaces

« Surfaces as
 interface material vs vacuum
« support of nano-objects

» Physical properties (electronic, catalytic, photonics, magnetic):
 different from the bulk
« depending on the interface nature (solid/solid, solid/liquid, solid/gaz, liquid/
liquid, liquid/gaz)
« depend on the atomic structure, the size, the shape and the organisation at
the nanometric scale

« X-ray scattering techniques can give information on all these factors



SOLEIL x-ray/matter interactions

SYNCHROTRON

incident x-ray

photon Auger/photoelectron
HHLLL\ inelastic scattering

fluorescence
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SULEIL (hard) x-rays for interfaces studies

« atomic scale (A = 0.1nm - interatomic distance)
* non-distructive probe

« avoid sample charging

* |n situ measurements

e operando measurements

« probing statistical information

 allow to study in the same experiment microstructure and functionality of the
interface

 surface sensitive, with variable information depth in the pm to um



SULEIL surface interface x-ray scattering

Structure determines functions! > physical properties control

From models to real life:

In situ and operando experiments at the interfaces in various environments
« UHV

Gaz (pressure gap)

Liquid

From single crystals to (small) nanoparticles (material gap)

Approaching real conditions by exploiting hard x-ray penetration in materials



SOLEIL

SYNCHROTRON

surface interface x-ray scattering

Non-destructive
techniques, operando-

Depth-dependent (from nm to Pm) structural
GIXD parameters (lattice parameters, strain, grain size,
mosaic distribution)
Surface / interface structural analysis with pm

CITR resolution

Anomalous diffraction
Element specific structural characterization, in
combination with the different techniques

Thickness, density and roughness of
ARR layered interfaces

G|SA><S Morphology on nanometer scale

compatible
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Sample environment:
URV, MBE, liquid, electrolite, gaz, high T, high p... 9



SULEIL surface interface x-ray scattering

SYNCHROTRON

Depth-dependent (from nm to Pm) structural
GIXD parameters (lattice parameters, strain, grain size,
mosaic distribution)

Non-destructive
techniques, operando-

compatible Surface / interface structural analysis with pm
P CTR resolution
Anomalous diffraction
Element specific structural characterization, in
RCDI combination with the different techniques
Single (nano-)metric object
Morphology, strain and struct . .
< OrPROIogy Sl and SIUEHIre z YRR Thickness, density and roughness of
= layered interfaces
— 5 Y
K —>
N oM. /7 GISAXS Morphology on nanometer scale
SHERAN,.E A2 N
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Sample environment:
URV, MBE, liquid, electrolite, gaz, high T, high p... 10



Grazing incidence geometry |




SULEIL Total reflection - optics reminder

SYNCHROTRON
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SOLEIL Penetration depth

SYNCHROTRON
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SOLEIL Penetration depth

SYNCHROTRON
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SOLEIL Example: ZnTe/GaAs

SYNCHROTRON
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FIG. 1. 6-20 scans of the (200) reflection from ZnTe/GaAs
(001) for heterostructures of increasing thicknesses (4, 6, 7, 9,
and 15 ML from bottom to top curve). Profiles are aligned on V. H. Etgens et al. Phys Rev. B4/, 1060/ (| 99 3)
the substrate Bragg peak.
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ZnTe/GaAs

Example

SYNCHROTRON
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V. H. Etgens et al. Phys. Rev. B4/, 10607 (1993)
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SOLEIL Data collection geometry

SYNCHROTRON

Scattering Vector : g = k- k .



Crystal Truncation Rod (CTR) |




SULEIL Scattering intensity from a crystal

2

/(q) = ‘A(q)‘2 o derp(r)exp(iq ‘r) Kinematic approximation
Decomposition : crystal d;scription
Atom amme( ) f d’r Gwme(r) e Atomic scattering factor
Unit Cell F (q) = Efj e Y = TF [unit cel/] Structure Factor
j
Cristal A(q)=EO(Rn) /:n(q) o IR Lattice vector: R

Crystal shape : G(I”)
Perfectly ordered structure : g (q) = F(CI)
The intensity scattered by the crystal is :

IEE ”etl:r.r:;cf‘foettr? 'f%d)or N E. : pEEELua;EW gg@%;g; 3:1 refp;_selrbtetﬂe dlsgééggr? an—gl:atggr(galn

conragHAns, the luesin a ¢ oe vicinity B{a sorption edges of the considered atom

(anameiaure|ed periodicity

Finite size effects
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SULEIL Scattering intensity from a semi-infinite crystal

rJ_
e here G//(r//) _ o ('l) =| pour r < ho
ho o,(r,)=0 pour r, >h,
Gﬂ(rl )I . _I;it:rier transform of O(r) 2 l
Z(q)=e_iq 5(q/,) — ‘Z(q) =q_2 5(q//)
1 1

s - i [

Efomne)

Crystal Truncation Rods (CTR):
issued from Bragg peak & perpendicular to the surface
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SULEIL Cristal Truncation Rod (CTR)

SYNCHROTRON

ﬁ
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SULEIL |
Cristal Truncation Rod (CTR)
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SOLEIL Surface roughness

zorr
Gi‘”f(rl)=| for r <h
ho ai“rf(rl)=0 for r >h
0 O,surf. rgh. r )= O,surf r @ r
L 1] 1 8 1
i h ’
surf.rg
— ‘z ql _ ‘TF )]

The Intensity decays more rapidly from the reciprocal node than for a flat surface
Roughness models:

.. asimple two level model (E.Vlieg)
il an exponential decay (I. Robinson)

lil. a gaussian distribution of successive layers occupancy (P Guenard)
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SOLEIL CTR from a rough surface

SYNCHROTRON

Cu(001)  (2,0,L) bulk
1C OO0}
S L — — § :
B - — Re
L ook
= F
O
>
3
lOE_
) | y 3 4
L

Optimal sensitivity in « anti-bragg » position, used to monitor layer by
layer growth through pseudo-periodic oscillations
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SOLEIL CTR from a relaxed surface

SYNCHROTRON
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w
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SOLEIL CTR: Cu (001) et N/CU(001)
SYNCHROTRON
10 F T T LI BB B 104""I""I""l""l"-
cuivre nu cuivre saturé en N cuivre nu cuivre saturé en N
o - . i~ . o Expérience x  Expérience
g);{)cirllence g:ﬁ:eurllence Calcul Calcul
10’ 10° £
100 £ 100 F E
op Rod (1L o wEROAQOL) Light element (N)
0 0.5 L1 ! 0 0.5 L1 : but It Is possible to see the
relaxations induced on the
Cu(001) substrate
bare Cu saturated Cu (q =1)
Relaxation d,, -3,16% +13,54%
Relaxation d,5 -0,54% +1,46%

B. Croset et al,, Phys. Rev. Lett. 88,056103 (2002)
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SOLEIL CTR and interfaces

SYNCHROTRON

SiNi/Si(11 1) interface around Si(l 1'1) Bragg peak
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- s
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. K.Robinson et al,, Phys. Rev. B 38, 3632(R) 27



Surface x-ray Diffraction




2D crystal

SOLEIL
SYNCHROTRON

G(I’)=G//(I"//) o,

('l) where O'//(I”//) = |

al(r )=5('1) 2(q)=const (5(q//) — ‘Z(q)

G//

F 2
Real space /(Q)J (sj)‘ CO”StZ[E(S(qN—GU)
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2D layer
) _0'-! -------- o
......... » | &
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€ X
o
2a

Fourier transform of a(r) :

Reciprocal space

Rods

h

© a*/2
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g const”’ 6(q//)
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SOLEIL 2D crystal - spheres

SYNCHROTRON

G

(0" e[ o0a - )

/1

2D layer Real space Reciprocal space
of spheres

.+ . Modulated
____;;;;;‘-;jf;;;;;;;;;‘;_f;;;;;;;;;;‘-Q;; """ intensity
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S'U‘LEIL

SYNCHROTRON

Surface x-ray Diffraction

Real space

Bulk and surface

Crystal Truncation Rods
recor}str?ﬁctlon

In-plane map

. Over layer symmetry

2 ¥

c* sin(Tt

W)

A

...........................

Reciprocal space

.........................

Fractional rods
Top layer and surface
reconstruction

=P




SOLEIL Surface crystallography

Ex: (110) cut in the
3 cubic lattices
C bcc fcc

Basis vectors a, bS ° °

of the | x| surface cells

Basis vectors of a 2x2 unit cell on a

reconstructed (| 10) surface of an fcc lattice

More generally 'T1XIN reconstruction
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SOLEIL

SYNCHROTRON

Graphene growth
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Charrier et al. J. Appl. Phys. 92, 2479(2002)
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Surfaces Interfaces x-ray Scattering (SixS) beamline
N - @ Synchrotron SOLEIL
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SOLEIL This is Us (SixS team 2024)

SYNCHROTRON

Yves GARREAU

IXS

AlinaVLAD

Michéle SAUVAGE

Benjamin VOISIN Andrea RESTA
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SOLEIL SixS beamline overview

SYNCHROTRON [

Two experimental end-stations IXS

MED: multi-environment diffractometer

U20 undulator UHV: diffractometer coupled to an UHV chamber

Si(I'l'l) monochromator
Energy range 5-20 keV

Flux on both experimental stations

41013 phis with AE/E ~ 104 (6 keV)
31012 ph/swith AE/E ~2 104 (15 keV) M

Beam sizes (FVWWHM) :

at MED position : [500(H) x 25(V) ym? Divergence: ~ 60x 120 prad?
at UHV position : 40(H) x 40(V) um? Divergence: ~ 600x60 prad?




SULEIL SOLEIL - SixS beamline - UHV end-station

SYNCHROTRON

IXS

[ & A < f

AgNi(1199) h

) Y
1 o/ [l
L il
; y '
‘g )
_E-8 \/ /4 |

|

= ‘ Co/Thiol/Au(l 'l

.
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SULEIL SOLEIL - SixS beamline - MED end-station

SYNCHROTRON

IXS
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SOLEIL Fast Surface Diffraction

SYNCHROTRON

Pentacene/Cu322

(M. Sauvage, K. Muller, A. Kara, et al.)
In-plane (hk) — map

[h, 36000 images

Surface structure
Surface periodicity
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SOLEIL

SYNCHROTRON

ROI integrated value

Fast Surface Diffraction

CTR in flyscan
- Less than 1 min

- Projection in the (h /) plane
- Beam Attenuators correction

10°
num. of attenuators
108 — corr. ROI
—— raw ROI
10’ /
10° ml 0
/ \\
10° 4/
10 {\\
10°
102 N
10
9 8 7 6 4 3 2 1

number of attenuators

Gross et al. Science, 325 (2009)

C 3

Average phenyl ring
width : 2.42A

T RARARRIRY
b A EEEE»
R

\
c
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SULEIL

SYNCHROTRON

Metallic vicinal surfaces for nanostrucures growth
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SOLEIL Vicinal Surface

SYNCHROTRON
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SULEIL Self Organisation: Ag/ Cu (433)

SYNCHROTRON

0.3 ML Ag/Cu(433) (200x200) nm

Cu (433) (100x100) nm
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SOLEIL Self Organisation: Ag/Ni

SYNCHROTRON

Ag/Ni(11 99 Ag/Ni(27 17 19)
o ,

e

D Organisation 2D Organisation ”



SULEIL Self Organisation: Co/Au

Co/Au(/88)
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SOLEIL Vicinal Surfaces (111) fcc

SYNCHROTRON

Steps {100} Steps {111}

(n+1,n-1,n-1) ga ﬁ/; (n-2,n,n) .



SOLEIL

SYNCHROTRON

Vicinal Surfaces (111) fcc

A . A
Angle (° Li Angle (° L
e () | tnes | e ()| Lines |
Cu2l )y | (195 2+2/3 0.626 10.0 5+1/3 .33
Ol14 | 4+23 .17 Ag(133) | 220 | 2+1/3 | 0629
NI(1199) 1 () 5.57 9+2/3 2.096 Ag(799) 6.46 8+1/3 2.095
Steps {100} Steps {I | I}

(n+1,n-1,n-1)

2/3
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SULEIL “Model Systems”: Ag/Cu, Ag/Ni

[-1-12]

ac,=3-61A

ay =3.52A

ap, = 4.09 A

09000
(111) plane

. fcc structure
. Immiscibles
. atomic radii radTc, =113 ragd =115
. cohesion energies : Enc,=-350 eV E=-444 eV E,=-296 €V

Ag segregates on Ni or Cu
Abrupt Interfaces
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SULEIL Adsorbate induced faceting : X-ray measurements

SYNCHROTRON

Z
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SULEIL Adsorbate induced faceting : X-ray measurements

SYNCHROTRON
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SULEIL Cu(211)

SYNCHROTRON
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SOLEIL 1 ML Ag/Cu(211) — GIXD

SYNCHROTRON

k
e
(1x1)
. . . 10
. o.o .1-—.0‘0 . X
(2x10)
@ % o —h
0 1 2 @3 4

GIXD measurements
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SOLEIL 1 ML Ag/Cu(211) — GIXD

SYNCHROTRON

Cu contribution

e

Ag contribution

= x h
0 1 2 3 4
GIXD Simulation

The structure is not relaxed !
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GIXD and QMD

SOLEIL

1 ML Ag/Cu(211)

SYNCHROTRON
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— GIXD & STM

1 ML Ag/Cu(211)

SOLEIL

SYNCHROTRON
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Y. Garreau, A. Coati, A. Zobelli, and J. Creuze

Phys. Rev. Lett. 91, I 16101
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SOLEIL “Magic” Heteroepitaxy

SYNCHROTRON

b” (0 1.765(8;Z K

lA Cu

~(01.7650) , (020)
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SOLEIL

SYNCHROTRON

“Magic” Heteroepitaxy

Steps {100}

(n+1, n-1, n-1)

[211]

|

(222),

Lél)Cu (OZ-Z)éu

|

(113),,
[111]

Steps {I |1}
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SOLEIL “Magic” Heteroepitaxy

SYNCHROTRON

C(2x...)
Ag(13 2+1 3>
A
x10
Y N—r

y

Cu(211) 242/3

Y. Garreau et al, Phys. Rev. Lett. 91, [ 6101 (2003) 58



SOLEIL

SYNCHROTRON

Vicinal Surfaces (111) fcc

Angle (°) Lines A Angle (°) | Lines (n/r\n)
cull) | 0195 | 2+23 |( 0626 ) 100 | 5+1/3
Oll4 | 44273 17 Ag(133) | 220 | 2+1/3 |( 0629
Ni(1199) | (9557 | 9+2/3 @ Ag(799) | 646 | 8+13 |( 2095
Steps {100} Steps {I | I}

(n+1,n-1,n-1)

2/3 1/3
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SULEIL Ni(11 9 9)

"SYNCHROTRON

(0-11] 09

L

(111] [-211]

3

Vs=895mV, [,=0.11nA

Terrasses : (1)

Steps: (001) L =209 + 04l nm

60

Bellec, A, et al., Physical Review B., 96(8): art.n® 0854 14. (2017)



"SYNCHROTRON

4 ML Ag deposit + annealing @ 190°C

Terrasses width : L =2.1+ 0.3 nm




SOLEIL Ni(11 9 9): Vicinal basis

SYNCHROTRON

b11 99

N
aAi1199
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(1117
[0-1 1] g\;

21 1]

! -
I C119009

[0-11]

(1117 2 1 1] e

« > 3 > «
- by b > > «
<« .. - - - - N
« > « - - - - «
> « [ - - - - P
0. 020202020:202020 ‘
>« - - - > > > <
2 62




SOLEIL

SYNCHROTRON

Ag (4ML) / Ni(11 9 9) : Along step edges

10° : : :
10 [
7
10 :‘ Ag (O _2 2)1‘cc
*? 6 . \Z Lattice mismatch:
— 10 i
E) 105 " n bk buk
= Av Gk |_g)59
10* Aw
10°
Measure:
102 I ) I /] /]
22 20 -1.8 -1.6 _
k Ani dag| 016
(1199) I -
dni

Ag is relaxed along the step edges
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SOLEIL Reciprocal space mapping

SYNCHROTRON

Nimap - Kk jgq=-2

-1.8 -1.6
(1199)
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SOLEIL Reciprocal space mapping

SYNCHROTRON

Nimap - Kk jgq=-2

i
—2I.0 1.8 ll 6

= . = . 65
k(n 99)



SOLEIL Reciprocal space mapping

SYNCHROTRON

Nimap - ki, gq=-2 Agmap - ki q9=-1.73

h(||99)

Ag layer presents a fcc
structure

Inversion of the stacking
between the Ag layer and
the NI substrate

-1.8 -1.6
(1199)



SOLEIL Reciprocal space mapping

SYNCHROTRON

Nimap - ki, gq=-2 Agmap - ki q9=-1.73

h(||99)

Ag: vicinal surface [/ 9 9]
Apgr99) = 2095A

22 20 13 L= 207 + 5.1 A .

(1199)




SOLEIL “magic” heteroepitaxy

SYNCHROTRON

Formation of Ag homogeneous thin film

Ni (119 9): terrasses (I11) {001} (I

steps (001) ' (< <P
Sesiaeaanices

Ag (/9 9): terrasses (I 1) ~ “"ﬂ' «‘Q 209

g LI

steps (111) 220 292022

Apgz59) = 2095A

ANi1199) = 20.96A

Step period governs the growth of the Ag layer
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Ag Islands

SYNCHROTRON

-

SOLEIL

1500 x 750 nm?2
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SOLEIL Ag Islands

SYNCHROTRON

£ 1 O e ——— L ———_—
— 4ML deposition
. ] — 8ML deposition
£ 200
i
v
2 ]
U l
2 100 - s
-'_, =
wm g o
] ',1_21' 'fc,. 600x600nm2,V=2.4V, I=2.5nA
] (ol . ,
N YT “tagennsonits Island formation on a 2ML Ag(7 9 9) layer
0 10 20 30 40

70
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SULEIL

CHROTRON

Co growth on vicinal Au(111) surface
~ Y. Girard et al., Phys. Rev. B72, 155434 (2005)




SULEIL Co growth on vicinal Au(111) surface

SYNCHROTRON

hcp (...ABAB...)

2/3 1/3 2/3 1/3

2/3 2/3 1/3 1/3
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SOLEIL

SYNCHROTRON

e — 8 ML Au (Capping) = — MLy, (© _
——— ML Co—— — — '?g_ ' apping) =
—230 — ———5MLCo —— 5Ml Ci

— —  — — 1 — = 8 ;II
- AU(322) ; — AU(1 11 ) : ; AU(233) —
Terraces 1.17 nm Terraces 1.33 nm

Steps {100} Steps {111}



SULEIL

SYNCHROTRON [
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SULEIL Grazing incidence — surface sensitivity

SYNCHROTRON

« Grazing incidence — surface sensitivity

| - a ﬂzl-é—iB
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Cu at I5 keV
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GISAXS - principle

2D image around direct beam:
Fourier transform of objects

e Shape

e Sizes

e Size distributions
e Particle-particle
pair correlation function

Example : 20 A Ag/MgO(001) 500K

Anisotropic islands:
truncated square pyramids
with (I'1'l) facets

- .7
» /
,,,,,,

G. Renaud et al, Surf. Sc. Rep. 64, 255 (2009) ”



SULEIL GISAXS - supported NPs
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Pt NPs /C/Si
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R. Lazzari, Journal of Applied Crystallography 35,406 (2002) ) IsGisaxs software
D. Babonneau, ). Appl. Crystallogr. 43,929 (2010) ) FitGisaxs software 81
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GISAXS — NPs size distributions

Nanoparticle Assembly with same shape

Y
Diameter: [.5nm
Interparticle Distance : 4nm

0
Intensity scale : loa10

|dentification of the morphong(A

}

Size distribution

W

, Diameter : 3nm
R. Lazzari, ). Applied Cryst. 35,406 (2002)

Interparticle Distance : 8nm N

af(deg)
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Morphology on nanometer scale

Growth monitoring

Average interparticle distances on the surface
Not limited to cristalline systems

* Not easy to fit
* Requires rather smooth surfaces
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In situ GISAXS during ALD of Pt

Dendooven, J., et al. Nat Commun 8, 1074 (2017)




SOLEIL Setup ALD at SIxS
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SOLEIL Pt catalytic NPs by ALD

SYNCHROTRON

<= CHs Pt ALD with the MeCpPtMe, precursor

|
HzC-Ft-CHs Precursor
ChHs pulse

Key advantages of ALD:
atomic level tuning of

+ Pt loading
Ev—— e Pt nanoparticle size
pulse
0, or N, plasma Usually achieved by changing the number of ALD
; f 4 cycles
This work:
Role of the co-reactant in Pt
nanoparticle ALD!?

Can this ALD parameter offer
additional tuning opportunities?

Dendooven et al. Nature Communications 2017



SOLEIL Pt catalytic NPs by ALD
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SULEIL Effect of reactant choice: N2 plasma vs. O2 gas

SYNCHROTRON

MeCpPtMe; / N, plasma MeCpPtMe, / O, gas
Nucleation & vertical growth Diffusion-driven coalescence & lateral growth
IO & o o o o 8 Q0 | Io—>(% O o -0 3 o O |
<—> <——><L >O
Iﬂ&%&aq@&&% 2 & 82 &0 o .o 8 o. o

Q0 210 NaNa1® Q0 IQ_C) e Y-S L T

00000000 O .. OO

spacing D is constant spacing D increases:
large clusters grow at the cost of
individual atoms and small clusters

Dendooven et al. Nature Communications 2017/ v



SULEIL Accurate dimensions control in Pt nanoparticle ALD
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~280 atoms nm™
Py O,-based
E Pt ALD )
Worm-like
(- I:> - structures
h
(@)}
_E 8 | ]
8 9 - '-\ , ~75 atoms nm™ ~380 atoms nm™
310 N »:;-’ N,"-based
11 ' 3 44 FEAED
- ] ¥
() |:'I>
*. <@ bv
12 RYPI): ¥
2 »
h 50 nm 50 nm -

3 4 5 6 7 8910
size (nm)

By combining O,-based and N, plasma-

based Pt ALD, we can independently
tune the spacing and size

Dendooven et al. Nature Communications 2017/ v
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In-situ alumina nanoporus
T. Gorisse, L. Dupré, D. Buttard, CEA, Grenoble




SULEIL In-situ observation of nanoporous alumina formation
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electrochemical cell

dissolution Al203 , S TR, . PR
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Thickness 450 nm
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SULEIL Surface x-ray Scattering Techniques

SYNCHROTRON

* Reliable quantitative analysis
« Statistical information
« Beyond the surface (buried interfaces...)

 In-situ and operando measurements In very different kinds of environments, and
under very different conditions (real advantage of X-rays over other surface probes,
e.g. electrons)

 surface reactivity (catalytic reactions, annealings ...)
» growth (during MBE, (MO)CVD, LPE )
 use of gaseous, liquid or solid surfactants, at High p, T ...
» Atomic structure, composition and morphology
* Shape, roughness, film thickness, surfaces morphologies
* Any kind of substrates (e.g. insulating)
» Depth sensitivity from 20 A up to several mm
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<isieL Other X-ray techniques to investigate surfaces and interfaces

Surface X-ray absorption spectroscopy (SEXAFS ...)
» Local atomic structure
 Electronic structure information
Surface X-ray standing waves (S-XSW)
» Location of adsorbates on surfaces / epilayer relaxation
X-ray Photoelectron Spectroscopy (XPS, UPS ...)
 Electronic structure / bonding
X-ray photoelectron diffraction (XPD)
« Surface electronic + atomic structure
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