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decreasing density of particles, and finally one finds isolated particles that can be imaged and 
characterized.  Examples of such characterization are shown in Figures 3–6.  In Figure 3 the 

elemental composition of a single silicon particle was examined using electron energy loss 
spectroscopy, with spectra obtained at 1-nm intervals [4].  This technique clearly resolves the 

oxide surface layer.  Figure 4 shows a bright-field high-resolution transmission electron 

microscope (HRTEM) image [4] of microtwins in a single �-SiC particle.  The changes in atomic 

stacking are evident across the twin boundaries. 
 

Figure 1. Fabrication of MEMS gears using focused 

nanoparticle beams. 

Figure 2. Lines deposited by scanning across focused 

beam of silicon nanopartiples. 
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Figure 3. Spatial profiles of electron energy 

loss spectra across a single silicon particle. 
Figure 4. Bright field HRTEM image of microtwins 

in a �-SiC particle. 
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The mechanical behavior of nanostructured materials is currently of considerable interest.  The 
ability to probe individual nanoparticles using nanoindentation provides a window into 

mechanical response at small length scales.  Figure 5 shows a series of load-displacement curves 
obtained by nanoindenting a single nanoparticle deposited by FPBD onto a sapphire substrate 

[5].  The particle is successively compressed with each load cycle, until finally it fractures.  From 
these studies one can determine “hardening curves”, as seen in Figure 6 for several particles of 

various initial sizes [5].  Hardness is seen to increase as particle size decreases.  Hardness values 
several times higher than that of bulk silicon (12 GPa) were measured for these nanoparticles.  

To our knowledge, these are the first reported nanoindentation studies of individual 
nanoparticles.       
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Figure 5. Successive load-displacement 

curves of a silicon particle with an initial 

diameter of 92.7 nm. 

Figure 6. Hardening curves for silicon 

particles of various initial sizes. 


