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TOPICS

1. Motivation

2. Is the film thin?

3. X-ray Attenuation 

Techniques:

a) GI-powder XRD

b) GI-single crystal XRD

c) Reflectivity

d) GISAXS



Motivation

Three Most Common

Issues Coatings 

Address:

1. Friction

2. Heat

3. Corrosion



Structure                  Performance

Stress  fracture patterns in ALD W/Si



What can we measure?

Small angle x-ray reflectivity

GI-SAXS

GI-WAXS  -- GI – PXRD
-- GI -- RSM

Reflectivity
XRD
Pole figures

They yield information about: 
✓Film thickness, roughness, porosity
✓Structure, stress, texture, defects
✓Composition, interdiffusion, gradients
✓Buried nanostructures, size, shape, ordering



What kind of films can we measure?
Single-crystal Poly-crystalline

Amorphous Nanostructures



Using X-Rays to investigate thin films

Incoming x-rays Diffracted x-rays

Thin film

Substrate 



The grazing incidence geometry
enhances the film signal relative to the 

substrate  signal

Incoming x-rays
Diffracted x-rays

Thin film

Substrate 



X-Rays attenuation length

Where to find attenuation lengths 

of materials:

• CXRO

• XOP/XPOWER

• …

The attenuation length  is the distance over which the x-ray 

beam intensity has dropped to 1/e of its incident intensity.

Denser materials will have shorter attenuation lengths.

Higher energies will have longer attenuation lengths

The attenuation coefficient  is simply the inverse of the 

attenuation length

e = 2.71828182845904523536 
1/e = 0.367879441171 

𝐼 = 𝐼𝑜 𝑒
−
𝑑
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X-Ray attenuation length



X-Ray attenuation length



X-Ray attenuation length



X-Ray attenuation length



X-Ray attenuation length

XOP/XPOWER
https://www.aps.anl.gov/Science/Scientific-Software/XOP



X-Ray attenuation length



How do we measure?



Sample alignment

BEAM

SAMPLE

Iterate!
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Grazing incidence diffraction

applied to 

Polycrystalline films



Grazing incidence diffraction

https://www.sciencedirect.com/science/article/pii/S0022311517313946

Regular specular geometry,  =  Grazing incidence geometry

https://www.sciencedirect.com/science/article/pii/S0022311517313946


Grazing incidence diffraction

Refraction correction

Powder Diffraction 24(S1): S11-S15, 2012



Grazing incidence diffraction

Journal of Nuclear Materials 502: 68-75, 2018.

Thin Film

Depth sensitivity
x-rays



Grazing incidence diffraction

Journal of Nuclear Materials 502: 68-75, 2018.

Uranium Oxide (UO2) exposed to air 



J. Phys. Chem. B 109, 12845, 2005. Kim et al.

Structure and electrocatalysis of sputtered RuPt thin-film electrodes

Grazing incidence x-ray diffraction Phase diagram determination

Grazing incidence diffraction

130 Å thick



Grazing incidence diffraction

applied to 

Single crystal films



GID
setup



GID setup



Sample alignment
BEAM

SAMPLE



Journal of Crystal Growth 386(0): 139-145, 2014

a⊥

Not-Grazing incidence diffraction



Grazing incidence diffraction

upstreamdownstream

a

Journal of Crystal Growth 386(0): 139-145, 2014



Grazing incidence diffraction

Journal of Crystal Growth 386(0): 139-145, 2014



Small angle x-ray reflectivity

Single crystal films

Polycrystalline films

Amorphous films



Small angle X-Ray reflectivity

• Reflectivity yields information about the 

➢ Thicknesses

➢ Density / porosity

➢ Roughness of the interfaces

• Other names:

➢ X-ray specular reflectivity

➢ X-ray reflectometry
➢ XRR No diffraction!



Small angle X-Ray reflectivity

𝜃𝑐~𝜆 𝜌



Small angle X-Ray reflectivity

Snell’s law
n1 cos 1 = n2 cos  2

n = 1− δ + i 

Gibaud 2013 – X-ray reflectivity chapter



Small angle X-Ray reflectivity

Reflectivity of a chromium film on 
top of silicon substrate, Cr/Si,
for different thicknesses
between 5 and 300 Å.
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Kiessig fringes spacing:
0.61 deg ~ 83 Å (SL period)
0.05 deg ~ 994.9 Å (Stack thickness)

EuTe (m MLs)

Substrate(111)BaF2

SnTe buffer layer

SnTe (n MLs)

~3m

D=d1+d2

d1
d2

Small angle X-Ray reflectivity



Small angle X-Ray reflectivity

𝑅𝑟𝑜𝑢𝑔ℎ = 𝑅 ∙ 𝑒−
𝑞𝑧
2𝜎2

2

Surface roughness 
100 Angstrom chromium layer 
on silicon substrate 
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Small angle X-Ray reflectivity
Footprint correction

Beam footprint length:

𝐹 =
𝑡

sin(𝛼)

Chapter 7 - X-Ray Reflectivity, A. Gibaud et al.



Fits to the measurement

Smooth interfaces

Rough interfaces

Lower densities
(porous sample?)

Oxide layer  cap!

Small angle X-Ray reflectivity



Programs for 
simulating and fitting reflectivity

• GSAS II !

• Parratt 32

• RFit2000

• WinGixa (Panalytical)

• XOP / IMD

For more x-ray related softwares consult website:
http://gisaxs.com/index.php/Software#Crystallography

http://gisaxs.com/index.php/Software#Crystallography


IMD/XOP to simulate x-ray reflectivity

https://www.aps.anl.gov/Science/Scientific-Software/XOP

http://www.rxollc.com/idl/IMD.pdf



IMD/XOP to simulate x-ray reflectivity



IMD/XOP to simulate x-ray reflectivity



Grazing incidence

Small angle X-ray scattering

GISAXS



GISAXS measurements

Surface Science Reports 64(8): 255-380, 2009.

Area detector

Beam stop



GISAXS

Surface Science Reports 64(8): 255-380.

qy



Modelling software

• R. Lazzari, IsGISAXS: A program for grazing-incidence small-angle X-ray 
scattering analysis of supported islands, J. Appl. Crystallogr. 35 (2002) 406–
421.

• http://www.insp.jussieu.fr/oxydes/IsGISAXS/isgisaxs.htm

• Jiang, Z. (2015). "GIXSGUI: a MATLAB toolbox for grazing-incidence X-
ray scattering data visualization and reduction, and indexing of buried 
three-dimensional periodic nanostructured films." Journal of Applied 
Crystallography 48(3): 917-926.

• https://www.aps.anl.gov/Science/Scientific-Software/GIXSGUI

• FitGISAXS, BornAgain, HipGISAXS, NANOCELL, SimDiffraction,…

http://www.insp.jussieu.fr/oxydes/IsGISAXS/isgisaxs.htm
https://www.aps.anl.gov/Science/Scientific-Software/GIXSGUI


IsGISAXS

http://www.insp.jussieu.fr/oxydes/IsGISAXS/isgisaxs.htm#Introduction

Pd islands on MgO(100)

Decoupling Approximation (DA) Local Monodisperse 
Approximation (LMA)



GISAXS

Journal of Applied Crystallography 48(3): 917-926, 2015

Spherical gold nanoparticles in silicon



In Situ GISAXS
Gold film growth on conducting polymer

ACS Applied Materials & Interfaces 1(2): 353-360, 2009



Thin film characterization at the 
Brockhouse sector

Beamlines energy range
Lower energy wiggler beamline: 7 – 22 keV
Undulator beamline: 5 – 24 keV
Higher Energy wiggler beamline: 20 – 95 keV



Thin film characterization at the 
Brockhouse sector



Thin film characterization at the 
Brockhouse sector

IBM in-situ station

XRD

RTA up to 1000 oC

H2 or N2 ultrahigh 
purity atmosphere

Resistance probe

Roughness probe



BXDS – Brockhouse X-ray Diffraction 
and Scattering for materials science



Conclusions
If you have a sample… →measure XRD!

If it is a very thin film… → try one of the techniques with grazing 
incidence geometry

They yield information about:
✓ Structure / texture / stress
✓ Defects
✓ Thickness
✓ Roughness
✓ Composition, interdiffusion, gradients
✓ Size, morphology, ordering
✓ How does it perform under real working conditions?

→Come to a synchrotron and perform in-situ experiments!



Further reading

• Thin Film Analysis by X-Ray Scattering, by Mario 
Birkholz, 2006

• Surface Science Techniques
– Chapter 6: Grazing incidence X-Ray diffraction by Osami

Sakata and Masashi Nakamura
– Chapter 7: X-Ray Reflectivity by Gibaud, Chebil and Beuvier

• Renaud, G., et al. (2009). "Probing surface and 
interface morphology with Grazing Incidence Small 
Angle X-Ray Scattering." Surface Science Reports 64(8): 
255-380
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