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 Why X-ray Diffraction on unique objects? 

 Which X-ray sources? Which focusing devices? Which techniques? 

 

 X-ray Scanning Microscopies: 

     Composition  -Fluorescence Maps (2D)  Nanotomography (3D) 

     Structure -Scanning X-ray Diffraction Microscopy 

  -Scanning Laue micro-Diffraction   

 

 Full reconstruction of a single nano-object with coherent x-rays 

  -Coherent X-Ray Diffraction 

  -X-ray Holography 

  -Bragg Ptychography 

 

 Conclusions and future directions 

Outline 



New physical properties of nanostructures 

Strongly correlated to structural properties: 

  - atomic structure  (strain, relaxation, defects ...) 

  - morphology   (shape, size, lateral arrangement …) 

  - composition   (intermixing, atomic ordering) 

Structural characterization of nanostructures 

Need accurate size & strain determination  X-ray diffraction 

e.g. Electronic applications e.g. Photonic applications 

200 nm 

Size and strain & defects affect 
photoemission 

Strain & defects affects/tunes  
the carrier mobility 
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The usual techniques to study nanostructures: Grazing 
Incidence X-ray Scattering (GIXS / GIXD / GID) 

Q = Q// + Q 

Exploration of reciprocal 
space with Q = kf - ki 
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~ 200*200 μm2~ 200*200 μm2

Si
Ge

Si
Ge

~ 0.1 m

104-105 objects usually polydisperse 

 Statistically averaged  

properties!!! 

Measurement of  

individual objects 

Need to compensate for less scattering objects  

 

Synchrotron X-ray sources + focusing of the x-ray beam 

X-ray studies of individual nanostructures 

“standard” experiment “nano-beam” experiment 



X-ray sources & nano-focusing of (coherent) X-ray beams 





Wide range of techniques  different information 



 

1) Scanning X-ray fluorescence microscopy: 

 



Elemental composition maps   
Resolution = beamsize, 60 nm ID22 undulator- ESRF Grenoble 

XRF  
Ga-Kα 

 

G. Martinez-Criado et al Nano Lett. 2012 12, 5829−5834 

Signal(Flurescence) 
Signal(Luminescence) 

“Seeing” with Fluorescence 



 

2) Scanning X-ray Diffraction Microscopy: 

 



 A tool to investigate the internal structure of devices non-destructively 

SXDM  - Scanning X-ray Diffraction Microscopy 

Mocuta et al. PRB 77, 245425 (2008) 

Focusing x-ray optics 

localize and study the diffraction 
signal (lattice parameter - form factor) 
of one nanostructure within a device 
and correlate it  with its environment 
(e.g. strain). 

 Real-space map of the sample at a 
specific crystallographic orientation. 

Sample after TEM Sample after XRD 



What do we expect to measure ? 
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M.Schmidbauer 

Example: SiGe pyramids / Si(001) 



optical microscope image 
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 Truncated pyramid Flat island 

Truncated pyramids (3×3×1.5 m3) 

~5-10% Ge content 

Concentration gradient from base to top 

Flat island Truncated pyramid 

Only 1% of objects !!! 

1. detector streak 

2. Monochromator streak 

3. CTR 
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Reciprocal space maps (004) 

Si 

Ge 
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Simulation Measurement 

- objects with unknown symmetry 

- crystallinity more complicated than cubic 

Tomography (strain, shape, composition, …) 

Strain in substrate 

Tomography of a Bragg peak – data vs. simulation 

V.Holy et al.,  
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SXDM on a microelectronic device 

Y 

Q 

PI x,y,z 
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pixel 
detector 

OSA FZP CS 

  
(004) 

8 keV 

Detector image (Rec. Space) 

Region of interest: 

Raster scan of a 30x30 m2 Region 

`Si(004) peak 

Imaging of different levels of strain (stress) in a real device 
Stress/strain inhomogeneities 



Scanning X-Ray Diffraction Microscopy 
other example: high speed and high accuracy on strain 



 

3) Scanning Laue X-ray diffraction: 

 

 



2D detector 

3µm 

Energy sensitive detector 

White nano-beam 

1 

2 Laue diagram 

For each grain, complete strain tensor within 10-4 

Scanning Laue Microdiffraction: principle 

 Maps of  
 Orientations 
 Strain (10-4) 
 Defects 

 Scale of strain 

Fluorescence map Strain map Orientation map 

BM32 (ESRF) 
Unique in Europe 

300 x 300 nm2 



 

 

4) Coherent X-ray Diffraction Imaging (CDI) 



3D Coherent Diffraction Imaging (CDI) 

goal: 3D reconstruction  

of shape and strain in  

single nanostructures  

• Synchrotron undulator monochromatic X-ray beam coherence length 

> 100 m (transverse) and 1 m (longitudinal)  

• Focusing optics  focused coherent beam with 109-1010 ph/s in areas 

as small as 100x150 nm2   

KB Mirror, 

or Be CRL 

or FZP 

Synchrotron undulator  

X-ray beam 

Nano- 

object 

3D reflections  

in reciprocal space 

2D detector 

ki 

kf 

q=kf–ki= Qhkl   

J. Miao et al, Nature 400, 342 (1999) 
I.K. Robinson et al, PRL 87, 195505 (2001) 
M. Pfeifer, et al., Nature 442, 63 (2006)  

ki 



KB Mirror, 

or Be CRL 

or FZP 

X-ray beam 

Nano- 

object 

3D reflections  

in reciprocal space 

detector 
Take series of images 

on a Bragg peak 

Basics of coherent diffraction imaging 

 Measure all 3D peak intensity 



Movie 



Phys. Rev. B 79, 125324 (2009) 

Diaz et al 
Phys. Rev. B 79, 195401 (2009) 

Favre-Nicolin et al 

 

phase 
retrieval  
algorithm 

Basics of coherent diffraction imaging 

FT FT 

Reconstructed 

Object 

 

resolution ~5 nm 

InAs  nanowire Ø ~ 150 nm Si  nanowire Ø ~ 95 nm 

    2
rq FTI 



Reconstruction iterative algorithm in a nutshell 

Needs oversampling (at least twice the Nyquist frequency) 

I.K. Robinson and al. PRL 2001 

 Scattered intensity = square of FT of electron density 



 Scattered intensity = square of FT of electron density 

 In a crystal with lattice rn + strain field u(rn): 

s(r) = shape of crystal 

 Close to a Bragg peak 

Electron density  
modified by strain field u(r) 

FT of an effective electron density 

So far for the shape, but what about the strain ? 

Amplitude  (r)  shape 
Phase  Qhkl.u(r)  projection of strain field along Qhkl direction 

 qA  qA

 'qA

 qA



Ex: Diffraction by a small hexagonal crystal 

Without strain With strain 



Sensitivity to strain needs high Qhkl values 

SAXS : sensitive to 

The shape & density 

profile 

Simulated Si/Ge 30nm nano-rocket 

- increased Ge concentration with z 

- relaxation with z 

Bragg : sensitive to 

the shape, density profile 

and strain 

    )(2i r.uQ
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2D reconstruction of strain in CDI? 

Q// 

Q 



Example of 3D reconstruction of the full strain 
tensor in a ZnO nanorod using 6 Bragg reflections 

Newton et al., Nat. Mater. 9 (2010), 120 - 124  

Reconstruct the full 3D 

displacement field inside the 

nanocrystal 
 

Measuring the CDI on 6 independent reflections 

    )(2i r.uQ
rq hklπ

esFTA 

 Full strain tensor in a single nanostructure 



5) Fourier Transform Bragg holography 

 

Other model-free techniques to image the shape and the 
internal atomic structure (strain) of nanoobjects 

 Wave diffracted  by the object (O) interferes 

with the wave diffracted  by the reference 

crystal (R) (same Bragg angle) 

 

  Recover the phase by direct Fourier 

Transform! 

O 

R 

SiGe/Si(001) 

Chamard. PRL 104, 165501 (2010), Sci. Rep. 5, 9827 (2015)  



Fourier Transform Bragg holography 
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X-ray Bragg holography: A 3D look inside nanostructures 

Figure 1. a) The holographic sample: object (OC) and reference crystal (RC). b) 
2D slices through the 3D coherent Bragg diffraction intensity distribution. c) 
The inverse Fourier transform of the 3D intensity distribution. d) Two views of 
the external shape. 
 

http://www.esrf.eu/files/live/sites/www/files/news/spotlight/spotlight122/spotlight122-fig1.jpg


 6) Bragg Ptychography 

 Redundancy of information from overlapping 

areas makes retrieval algorithm very robust 

 

  Recover the phase 

Godard Nature Com. Nov 2011 

Other model-free techniques to image the shape and the 
internal atomic structure (strain) of nanoobjects 



Principle of iterative ptychography algorithm 

Pe(r) = Illumination  
 function 

e(r) = electron  
 density 



 3D ptychography: image reconstruction without hypothesis 

M. Dierolf et al 

467 Nature (2010) 436 

Voxel size: 65 nm 

Resolution: ~120 nm 

Dose: ~2MGy 

Ex: 3D reconstruction of a mouse bone internal structure displaying  
osteocyte lacuna (L) & connecting canaliculi  (C)  



Some perspectives of X-ray diffraction on unique objects 

NEMS 

Time-resolved strain 

Photonic nanowire: 

InAs QDs in GaAs 
=>locate the QD, correlate 

with photoemission 

properties (efficiency, 

polarisation,... 

n-MOSFET FDSOI 
Study strain distribution 

vs conductivity 

In 5 years, routine reconstructions of single objects with a 0.2 nm 
resolution and a sub-Å resolution for atomic displacements in 3D. 

 

Key ongoing developments : 
 - Measure multiple reflections for a single object (full strain) 
 - Correlation with physical properties on same objects 
 - In situ/in operando analysis 
 - Time resolved (XFEL) 

Full characterization of active devices 

V. Favre-Nicolin et al 
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Science 341, 51-59 (2013) 

Pump-probe experiments 

Free Electron Lasers: 

- Based on Linear Accelerators 

- Deliver ultrashort pulses 

( < 100 fs = 0.1 ps= 10-13 s) 

- (Transversely) Spatially 

coherent (laser-like) radiation 



Imaging of vibrational modes 

42 

Beyond the analysis of the Bragg spots position: imaging of 

vibrations: acoustic phonons in a gold nanocrystal 

In the near future: time resolution < 10 fs and spatial resolution < 5 nm. 



Very diverse applications of diffractive imaging 
methods with coherent x-rays in physical science  

Reconstruction of 
LiFePO4  nanoplate (used 
(for electrochemical 
energy storage) 
combining ptychography 
and anomalous 
scattering at Fe K edge 

CDI on molten Fe-rich alloy 
+ crystalline  
Olivine at 6 GPa and 1800°C 
Mimicking earth upper  
mantle Fe rich phase in an 

olivine matrix 

Histogram of Fe-rich, 
FeS  and Olivine 

Phase Composition 



Very diverse applications of diffractive imaging 
methods with coherent x-rays in life science 

Unstained yeast  
pore cell 

Humain 
chromosome Herpes virus virion 

CDI of giant mimivirus particle (XFEL) 



Some conclusions 

•Scanning X-ray fluorescence 

• 3D nanotomography of composition with nm resolution 

•Scanning X-ray diffraction microscopy  

• (in)homogeneity of strain/rotations in real devices 

•Micro-Laue diffraction: 

• Fast study of single nano-objects/grains 

• 2D/3D strain determination 

• Coherent Bragg Imaging / Holography / Ptychography: 
• Reconstruct objects smaller than 100 nm with resolution down to 2 nm 

in 2D and 5.5 nm in 3D. 

• Stacking fault structure / individual defects 

• Deformation field (2D/3D) with sensitivity down  to ~0.05 nm 

• Towards heterogeneous materials 

 

• Future sources = X-ray Free Electron Lasers (XFEL) 

• Even higher resolution + time-resolved down to ps. 
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A few references 



http://www.esrf.eu/UsersAndScience/Experiments/CRG/BM32/    

Si 

Ge 

French CRG/IF BM32 Beamline @ ESRF 

Nanostructures, Surfaces, Interfaces by X-ray scattering  

http://www.esrf.eu/UsersAndScience/
http://www.esrf.eu/UsersAndScience/
http://experiments/CRG/BM32/
http://experiments/CRG/BM32/
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G. Renaud et al., Surf. Sci. Rep., 2009 "Real-Time Monitoring of Growing Nanoparticles",  
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INS: Principle of in situ measurements during 
growth 



In situ UHV-CVD growth of Si/Ge 
Nanowires 
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• State, liquid or solid of catalyst 

• Growth mechanisms of NWs 

• Strain / stress / intermixing in NW heterostructures 

CRG-IF BM32 
X-ray Scattering @ Interfaces and Surfaces 

French CRG/IF BM32 Beamline @ ESRF 



Nanobeams to image “count” (1) 

A.  Biermanns et al.  
Phys Status Solidi 2013 XTOP- Villard de Lans 15-19 Sept 2014 

GaAs NWs statistical distribution 


