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Introduction



surfaces, interfaces
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• 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. 



surfaces, interfaces
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• 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



x-ray/matter interactions
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Figure 2.1 The interaction of x-rays with matter. Surface (and interface) regions of a solid
or liquid material are characterized by physical properties and structures that may differ
significantly from those of the bulk structure. The x-rays may be elastically or inelastically
scattered, or absorbed, in which case electrons or lower-energy photons can be emitted. If
none of the above occur, the photon is transmitted through the sample.

with matter can be explained by the much higher photon energies involved. The most
important phenomena are sketched in Figure 2.1.

The binding energy of the only electron in a hydrogen atom is 13.6 eV. To a first
approximation, the innermost electrons in an atom of atomic number Z have binding
energies which are proportional to Z 2, as shown in Figure 2.2 for the 1s-electrons. X-rays
therefore have energies similar to or larger than those of tightly-bound core electrons,
and hence the interaction strengths or ‘cross-sections’ between x-rays and core electrons
are stronger than those between x-rays and valence electrons.

In this chapter, we will discuss how x-rays interact with matter and how this manifests
itself in the phenomena of refraction, reflection, absorption and fluorescence. Diffraction
phenomena are treated separately in Chapter 5.

2.2 The Electromagnetic Spectrum

The use of light to investigate the properties and structures of materials goes back to the
dawn of science. Before the end of the nineteenth century, mankind only had visible light



(hard) x-rays for interfaces studies
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• atomic scale (  - interatomic distance) 
• non-distructive probe 
• avoid sample charging 
• in situ measurements 
• 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 m

λ = 0.1nm

μ



surface interface x-ray scattering
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• 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



surface interface x-ray scattering
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surface interface x-ray scattering
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Grazing incidence geometry 



Total reflection - optics reminder
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3.4 Snell’s law and the Fresnel equations in the X-ray region 77
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Fig. 3.4 Snell’s law and the Fresnel equations can be derived by requiring continuity at the interface of the wave and its
derivative.

Thus the absorption cross-section, σa, is proportional to the imaginary part of the atomic scattering
length, f ′′, in the forward direction. This result is sometimes known as the Optical Theorem. It should
be noted that f ′′ is negative since σa is a positive real number, and that in other texts the sign convention
is sometimes such that f ′′ is positive.

3.4 Snell’s law and the Fresnel equations in the X-ray region

In the X-ray wavelength region, both δ and β are very much smaller than unity. It follows that
when considering refraction and reflection phenomena we can limit ourselves to small angles and take
advantage of the appropriate expansions.

The incident wavevector is kI , and the amplitude is aI , as indicated in Fig. 3.4. Similarly the
reflected and the transmitted wavevectors (at angle α′) are kR and kT , respectively, and the amplitudes
are aR and aT . Snell’s law and the Fresnel equations are derived by imposing the boundary conditions
that the wave and its derivative at the interface z = 0 must be continuous. These require that the
amplitudes are related by

aI + aR = aT (3.11)

and
aIkI + aRkR = aT kT (3.12)

The wavenumber in vacuum is denoted by k=|kI |=|kR| and in the material it is nk=|kT |. Taking
components of k parallel and perpendicular to the surface yields respectively

aIk cosα + aRk cosα = aT (nk) cosα′ (3.13)

−(aI − aR)k sinα = −aT (nk) sinα′ (3.14)

From Eq. (3.11) together with the projection parallel to the interface (Eq. (3.13)) one readily derives
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Fig. 1.15 (a) The refraction of light shows that in the visible part of the spectrum the refractive index of glass is considerably
greater than one. In contrast, the index of refraction for X-rays is slightly less than one, implying total external reflection at
glancing angles below the critical angle αc. (b) A focusing X-ray mirror can be constructed by arranging that the incident angle
is below the critical angle for total external reflection. (c) At glancing angles below the critical angle the reflectivity is almost
100%, and the X-ray only penetrates into the material as an evanescent wave with a typical penetration depth of ≈10 Å. In this
way X-rays can be made to be surface sensitive.

Visible Light

24 X-rays and their interaction with matter

Light

(a) Refraction and reflection  of light and X-rays

X-rays

Total external reflection

(b) Focusing X-ray mirror

(c) Evanescent wave

Image

Mirror

Source

Expanded 
scale

α<α
c

α>α
c

α’

α

α<α
c

α’

Fig. 1.15 (a) The refraction of light shows that in the visible part of the spectrum the refractive index of glass is considerably
greater than one. In contrast, the index of refraction for X-rays is slightly less than one, implying total external reflection at
glancing angles below the critical angle αc. (b) A focusing X-ray mirror can be constructed by arranging that the incident angle
is below the critical angle for total external reflection. (c) At glancing angles below the critical angle the reflectivity is almost
100%, and the X-ray only penetrates into the material as an evanescent wave with a typical penetration depth of ≈10 Å. In this
way X-rays can be made to be surface sensitive.

X-rays



Penetration depth
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Penetration depth
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Figure 2.13 The penetration depth and reflectivity of 5 keV and 12.4 keV photons in SrTiO3
(ρ = 5.12 g cm−3). Below the critical angle, the reflectivity is close to unity, while the
evanescent wave penetrates the surface by only 2 to 3 nm. Above the critical angle, the x-rays
rapidly begin to penetrate deeply into the material, which is accompanied by a catastrophic
reduction in the reflectivity.

2.6.3 Absorption

2.6.3.1 The Absorption Coefficient

From Equations (2.13) and (2.14), it can be seen that the absorption index β is related
to f ′′ by

β = r0

2π
λ2f ′′. (2.19)

We have already stated that away from absorption edges, f ′′ is proportional to the inverse
square of E , hence from Equation (2.19) it should be apparent that β is proportional to
the inverse fourth power of the energy.

Let us imagine an x-ray beam travelling in vacuum and then penetrating some sort of
absorbing medium (Figure 2.14). We begin with the classical description of the electric
field vector of a linearly-polarized electromagnetic wave propagating in the z -direction
through vacuum

E (z , t) = E0 exp [i (k0z − ωt)] , (2.20)

where k0 = 2π/λ0 is the wavevector in vacuum and λ0 is the wavelength in vacuum.
When the wave travels through the medium, however, the wave function changes to

E (z , t) = E0 exp (ink0z − ωt) , (2.21)

where we have now included the complex refractive index n . In other words, the wave-
length of the x-rays is changed by the medium, although their frequency (ω) is, obviously,
unaffected. Substituting Equation (2.12) into Equation (2.21), we obtain

E (z , t) = E0 exp(−nI k0z ) exp (inRk0z − ωt) . (2.22)



Example: ZnTe/GaAs
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V. H. Etgens et al. Phys. Rev. B47, 10607 (1993) 
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Example: ZnTe/GaAs
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15 ML

V. H. Etgens et al. Phys. Rev. B47, 10607 (1993) 
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Crystal Truncation Rod (CTR)



Scattering intensity from a crystal
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Kinematic approximation

Perfectly ordered structure : 

Decomposition :  crystal description

Atom Atomic scattering factor

Lattice vector :  Rn
Crystal shape  :

Cristal 

Structure FactorUnit Cell 

The intensity scattered by the crystal is :

where
Atomic 
structure periodicity

Finite size effects

the atomic form factor is a complex quantity       f(q)=f 0(q)+ f '+ i f  
the terms f' et f'' are only dependent on the X-ray energy and represent the dispersion and absorption 
corrections, they take significant values in a close vicinity of absorption edges of the considered atom 
(anomalous effect)  



Scattering intensity from a semi-infinite crystal
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Cristal Truncation Rod (CTR)
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Cristal Truncation Rod (CTR)
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Surface roughness
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h0

01

The Intensity decays more rapidly from the reciprocal node than for a flat surface  
Roughness models:   
i. a simple two level model (E. Vlieg)
ii. an exponential decay (I. Robinson)
iii. a gaussian distribution of successive layers occupancy (P. Guenard)



CTR from a rough surface
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CTR from a relaxed surface
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CTR :  Cu (001)  et  N/Cu(001)
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Rod (1,1,L) Rod (2,0,L)

bare Cu saturated Cu (q =1)
Relaxation d12 -3,16% +13,54%
Relaxation d23 -0,54% +1,46%

B. Croset et al., Phys. Rev. Lett.  88,056103 (2002)

Light element (N)
but it is possible to see the 
relaxations induced on the 
Cu(001) substrate



CTR and interfaces
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Adjustment →  

Si(111)
structure
known

NiSi2
Structure
and
thickness
known d ?

FSi

FNiSi2

FTotal= Fsi + exp(2πld) FNiSi2

FTotala1

I. K. Robinson et al., Phys. Rev. B 38, 3632(R)

SiNi2/Si(111) interface around Si(111) Bragg peak



Surface x-ray Diffraction
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Fourier transform of  σ(r) : 
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Surface x-ray Diffraction
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Surface crystallography
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Graphene growth
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Surfaces Interfaces x-ray Scattering (SixS) beamline 
@ Synchrotron SOLEIL
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SixS beamline overview 
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OH

EH1

EH2

UHV

M1 / M2

M3b
Beam sizes (FWHM) : 

at MED position : 1500(H) x 25(V) µm2            Divergence: ~ 60x120 µrad2

at UHV position : 40(H) x 40(V) µm2 Divergence: ~ 600x60 µrad2

U20 undulator
Si(111) monochromator
Energy range 5-20 keV

MED

Flux on both experimental stations

4 1013   ph/s with  ΔE/E ~ 10-4 (6 keV) 
3 1012   ph/s with  ΔE/E ~ 2 10-4 (15 keV)

M3a

Phase plate

Two experimental end-stations

MED:  multi-environment diffractometer
UHV: diffractometer coupled to an UHV chamber



SOLEIL - SixS beamline - UHV end-station
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Co/Thiol/Au(111)

Ag/Ni(11 9 9)



SOLEIL - SixS beamline - MED end-station
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Fast Surface Diffraction
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Pentacene/Cu322
(M. Sauvage, K. Muller, A. Kara,  et al.)
In-plane (hk) – map
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Fast Surface Diffraction
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CTR in flyscan 
- Less than 1 min 
- Projection in the (h l) plane 
- Beam Attenuators correction 
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Gross	et	al.	Science,	325	(2009)	



Metallic vicinal surfaces for nanostrucures growth
An in situ study



Vicinal Surface
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Self Organisation:  Ag / Cu (433)
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Cu	(433)	(100x100)	nm

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

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



Self Organisation: Ag/Ni
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Ag/Ni(11 9 9)

1D Organisation

Ag/Ni(27 17 19)

2D Organisation



Self Organisation: Co/Au
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Co/Au(788)



Vicinal Surfaces (111) fcc
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Vicinal Surfaces (111) fcc
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“Model Systems”: Ag/Cu, Ag/Ni
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• fcc structure
• Immiscibles
• atomic radii                   rAg/rCu=1,13                    rAg/rNi=1,15
• cohesion energies : ENCu=-3,50 eV EcNi=-4,44 eV    EcAg=-2,96 eV

aCu=	3.61	Å	
aNi	=	3.52	Å	
aAg	=	4.09	Å

(111)	plane

[-1	-1	2]

[-1	1	0]

Ag segregates on Ni or Cu
Abrupt Interfaces



Adsorbate induced faceting : X-ray measurements
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Adsorbate induced faceting : X-ray measurements
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Cu(211)
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1 ML Ag/Cu(211) – GIXD
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1 ML Ag/Cu(211) – GIXD and QMD 
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1 ML Ag/Cu(211) – GIXD & STM 
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(10nm)2c(2x10)

Y. Garreau, A. Coati, A. Zobelli, and J. Creuze
Phys. Rev. Lett. 91, 116101



“Magic” Heteroepitaxy
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“Magic” Heteroepitaxy
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“Magic” Heteroepitaxy
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Vicinal Surfaces (111) fcc
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Ni(11 9 9)
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VS=875mV,	It=0.22nATerrasses : (111) 
Steps: (001)

VS=895mV,	It=0.11nA

α = 5.57°       
L = 2.1 nm

[0	-1	1]

[-2	1	1]
[1	1	1]

L = 2.09 ± 0.41 nm

L
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Λ
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Bellec, A., et al., Physical Review B., 96(8): art.n° 085414. (2017)



Ag(4ML) / Ni(11 9 9)
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200x200nm2 - VS=0.85V - It=0.15nA 50x50nm2 - VS=0.85V - It=0.15nA

Terrasses width :       L =2.1± 0.3 nm

4 ML Ag deposit + annealing @ 190°C



Ni(11 9 9):  Vicinal basis
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Ag (4ML) / Ni(11 9 9) : Along step edges
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Reciprocal space mapping
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Reciprocal space mapping
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Reciprocal space mapping
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Reciprocal space mapping

67

h (11 9 9) 

0-5 5 10 15 20-10-15-20

l (
11

 9
 9

)

5

10

15

20

25

30

35

(-1, -1,3)Ag

(2, -2,2)Ag

(1, -1,3)Ag

(0, -2,2)Ag

[1 1 1]

6.46°
[7 9 9]

0-5 5 10 15 20-10-15-20

l (
11

 9
 9

) 

5

10

15

20

25

30

35 (1, -1,3)Ni

(2, -2,2)Ni

(-1, -1,3)Ni

(0, -2,2)Ni

[1 1 1]

5.57°

[11 9 9]

h (11 9 9) 

Ag map  -  k11 9 9 = -1.73Ni map  -  k11 9 9 = -2

-2.2 -2.0 -1.8 -1.6
102

103

104

105

106

107

108

109

In
te

ns
ity

k(11 9 9)

Ag: vicinal surface [7 9 9]

L = 20.7 ± 5.1 Å

ΛAg(7 9 9)  = 20.95Å 

-2.2 -2.0 -1.8 -1.6
102

103

104

105

106

107

108

109

In
te

ns
ity

k(11 9 9)



“magic” heteroepitaxy
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Ag Islands
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1500 x 750 nm2



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



Co growth on vicinal Au(111) surface
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Grazing Incidence Small Angle  X-ray Scattering (GISAXS)



Grazing incidence → surface sensitivity
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• Grazing incidence → surface sensitivity

μ	<	μc

Few	
nm

n = 1 - δ – iβ 
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Cu at 15 keV
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αc ≅0.22°
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qz
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Total reflection

I

Reflectivity



GISAXS - principle
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        Morphology
• Shape
• Sizes
• Size distributions
• Particle-particle
pair correlation function

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



GISAXS – supported NPs
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Data

Pt	NPs	/	C	/	Si

Simulation	BA Simulation	DWBA

HAADF-STEM

cf αα =

	10nm

R. Lazzari, Journal of Applied Crystallography 35, 406 (2002)
D. Babonneau, J. Appl. Crystallogr. 43, 929 (2010)

IsGisaxs software
FitGisaxs software



GISAXS – NPs size distributions

82

Nanoparticle Assembly with same shape

Diameter : 1.5nm
Interparticle Distance : 4nm

Diameter : 3nm
Interparticle Distance : 8nm

Size distribution

Identification of the morphology

R. Lazzari, J.  Applied Cryst. 35, 406 (2002)



GISAXS
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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



In situ GISAXS during ALD of Pt
Dendooven, J., et al. Nat Commun 8, 1074 (2017)
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Dendooven et al. Nature Communications 2017
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Pt catalytic NPs by ALD
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Precursor 
pulse

Pumping

Reactant 
pulse

Pumping

O2 or N2 plasma

Pt ALD with the MeCpPtMe3 precursor

Key advantages of ALD:
atomic level tuning of
• Pt loading
• Pt nanoparticle size

Usually achieved by changing the number of ALD 
cycles

50 nm

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



Pt catalytic NPs by ALD
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Dendooven et al. Nature Communications 2017
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Effect of reactant choice: N2 plasma vs. O2 gas
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MeCpPtMe3 / O2 gas
Diffusion-driven coalescence & lateral growth

MeCpPtMe3 / N2 plasma
Nucleation & vertical growth

spacing D increases:
large clusters grow at the cost of 

individual atoms and small clusters

spacing D is constant

Dendooven et al. Nature Communications 2017



Accurate dimensions control in Pt nanoparticle ALD

89
Dendooven et al. Nature Communications 2017
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By combining O2-based and N2 plasma-
based Pt ALD, we can independently 

tune the spacing and size



In-situ alumina nanoporus
T. Gorisse, L. Dupré, D. Buttard, CEA, Grenoble



In-situ observation of nanoporous alumina formation 
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electrochemical cell

Period 90 nm
Thickness 450 nm



Conclusions, Acknowledgments, References



Surface x-ray Scattering Techniques
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• 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 Å up to several mm



Other X-ray techniques to investigate surfaces and interfaces
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• 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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