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Report: 
 
The samples consist in Ge-Si core-shell nanowires (NWs). They were 
grown by chemical vapor deposition using vapor-liquid-solid (VLS) phase 
epitaxy on a Si(111) substrate at the CEA-Grenoble. The Si shell thickness 
was 10 nm, while the Ge NW core radius was 300 nm. The growth axis is 
<111>. Figure 1 shows a scanning electron microscopy (SEM) image of one 
of these NWs. 
 

During the experiment, we measured individual as-grown and ex situ 
annealed (at 750°C) Ge-Si core-shell nanowires by Bragg coherent X-ray 
diffraction imaging (Bragg-CDI). The X-ray beam energy was set to 9 keV. 
A KB mirror focusing optic was used to focus down the beam to 150 nm 
(V) x 350 nm (H). Figure 2 displays the measured coherent diffraction patterns (the 111 Ge Bragg reflection 
was measured) as well as results obtained applying phase retrieval algorithms, i.e. the retrieved intensity, 
retrieved density and retrieved phase, for the as-grown (Fig. 2(a)) and annealed (Fig. 2(b)) nanowires. 

 

 
Fig. 2: Input intensity (measured at the 111 Ge Bragg reflection), retrieved intensity, retrieved density and retrieved 
phase for an as-grown nanowire (a) and a different annealed nanowire (b).  

 

 
Fig. 1: SEM image of one 
nanowire 



 

 
Interestingly, the phase, which is directly proportional to the atomic displacement, shows a three-fold 
symmetry. It is known that during the growth process, Au diffuses along the nanowires and only decorates 
three of the six {112} sidewalls facets  [1]. This leads to nanowires with a shape in the form of an 
asymmetric hexagon. Au-decoration on only three of the six facets may also explain the three-fold symmetry 
observed for the phase, i.e. the atomic displacement field. 
 

To follow atomic diffusion in a single Ge-Si core-shell nanowire, we 
performed coherent X-ray diffraction using a compact and lightweight (< 
300 g) furnace compatible with the use of a nano-focused coherent X-ray 
beam (see Fig.3). We succeeded to anneal the nanowires at a temperature 
up to 750°C during 1 hour. Figure 4 displays coherent X-ray 
measurements and results obtained for two nanowires with different 
morphologies of their core. Interestingly, intermixing tends to occur 
depending on the initial shape of the core. We observed no intermixing 
when the Ge core has a hexagonal faceted shape bounded by {112} 
facets (see Figs. 1(c-d)), despite Si and Ge are known to be highly 
miscible. At 800°C, the diffusivity values for Si in Ge are around 10-14 
cm2s-1 [2], implying that Si atoms can diffuse as far as 60 nm during 1 

hour in bulk Ge. In the case of a dodecagonal cross-section, drastic changes in the coherent diffraction 
patterns are observed after annealing (see Fig. 1(a-b)). 
 

(a): 25°C (b): annealed at 750°C (c): 25°C (d): annealed at 750°C 

 
Fig. 4:  Two-dimensional reciprocal space maps measured at the 111 Ge Bragg reflection of two Ge-Si core-shell 
nanowires (diameter of ≈350 nm) measured at room temperature (a)-(c) and at 750°C (b) and (d). Drastic changes are 
observed for the first nanowire after annealing (see (a)-(c)); while no changes are observed for the second nanowire (c-
d). 
 
Due to numerous occurences of beam lost during the experiment (see Fig. 
5) , we did not have time to successfully perform anomalous coherent X-
ray diffraction and look at different core shapes and sizes. These 
preliminary results raise, however, very interesting questions on the 
influence of the nanowire initial shape on the core-shell interdiffusion. 
Further experiments are clearly needed to confirm these findings and in 
particular anomalous coherent diffraction at the Ge K-edge could help 
resolve the concentration profile at the core-shell interface. 
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Fig. 3: Photograph of the furnace 
used for the in situ annealing 
experiment. 

 
Fig. 5: Synchrotron Ring 
Current 


