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1. Introduction  

The aberration-corrected scanning transmission electron 
microscope (STEM) provides a new level of sensitivity for 
analyzing semiconductor device structures, and when 
combined with density functional theory, is able to provide a 
microscopic interpretation of macroscopic device properties. 
Sub-Ångström probes are now routinely available [1-3], and 
provide not only improved resolution, but greatly increased 
sensitivity to individual atoms. Individual high atomic 
number atoms been imaged with a high angle annular dark 
field (HAADF) detector [3-5], as shown in Fig. 1. The atoms 
are not visible in bright field image obtained simultaneously. 
Individual dopant atoms have also been spectroscopically 
identified inside their bulk environment [6]. Furthermore, 
the depth of field of the aberration-corrected STEM is just a 
few nanometers, so atoms well-separated in depth can be 
located to high precision. 
 

 
 
Fig. 1  (a) HAADF image, (b) bright field image of a HfO2/SiO2/Si 
high-K dielectric device structure. Circles mark bright spots 
representing individual Hf atoms inside the SiO2. Results 
obtained with a VG Microscopes HB603U with Nion 
aberration corrector at 300 kV, reproduced from [7]. 

 
2. Analysis of HfO2/SiO2/Si High-k Dielectric  

Single Hf atoms were observed within the nanometer 
thick SiO2 interlayer between a HfO2 high-k dielectric and 
the Si substrate [8,9]. Figure 2 shows a focal series of 
images in which the atom circled can be located in depth to 
better than 1 nm. A total of 65 atoms were detected in the 
entire focal series and each of their 3D coordinates could 
therefore be determined. Their average density is 1.4 nm-3 
giving an average separation of only 0.7 nm. 

 

 
 
Fig. 2  A focal series of HAADF images showing a Hf atom 
coming in and out of focus. Reproduced from [8]. 
  

Strikingly, no Hf atoms were found in contact with the 
Si substrate, and they exhibited preferred distances from the 
interface. First-principles density-functional calculations 
reveal the origin of this behavior is the increasing order and 
reduced ring size in the SiO2 layer as the interface is 
approached, which makes it energetically unfavorable for Hf 
to approach the interface, see Fig. 3 [10].  

 

 
 
Fig. 3  Plot showing the formation energy for substitutional Hf 
atoms across the interface. Hf atoms at the interface are 1.4 eV 
higher in energy than those in the center of the oxide, explaining 
why no Hf atoms were found at the interface. Adapted from [10]. 

 
Nevertheless, localized states are created within the Si 

band gap, as shown in Fig. 4. These states may mediate 
leakage at the high densities observed in this case. In 
addition, they may affect channel mobilities. Calculations of 
scattering rates are consistent with measured mobility values 
[11].  
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Fig. 4 (a) Densities of states around two interstitial Hf atoms 
overlap the Si band gap. (b) Plot of the Hf 4d localized state, and 
the wave function of the bottom of the Si conduction band, 
showing a significant extent. Adapted from [12]. 

 
Electron energy loss spectroscopy has detected the presence 
of localized states in this region of the device, as shown in 
Fig. 5. Analysis of the fine structure indicates the formation 
of oxygen vacancies during rapid thermal annealing [13]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Averaged EELS absorption edges for the as-deposited 
(dotted lines) and the annealed sample (solid lines) in (a) the Si 
substrate (b) at the SiO2/Si interface; purple in the center of the 
SiO2 film; blue at the HfO2/SiO2 interface; and brown in the HfO2 
film. The arrow marks localized states in the SiO2 after annealing. 
Data adapted from [13]. 
 
3. Conclusions 

The combination of atomic-scale 3D structural and 
electronic characterization available with a modern 
aberration-corrected STEM, combined with first principles 
calculations offers the potential to unravel the true 
microscopic origins of macroscopic device properties. For 
additional discussion readers are referred to recent review 
articles [14,15]. 
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