Report on “Ultra high resolution determination from HREM images” 

Background 

The SuperSTEM is a spherical aberration (Cs) corrected microscope. The base microscope is a VG HB 501 FEG STEM to which a Nion Cs corrector has been fitted. The SuperSTEM incorporates a computer controlled aberration correction of the objective lens using quadrupole and octupole lenses. This allows the formation of a sub-Angstrom probe for simultaneous ultra-high resolution high angle annular dark field (HAADF) imaging and atomic-column electron energy loss spectroscopy (EELS) analysis of thin specimens. It is a unique national SuperSTEM facility at Daresbury that allows UK scientists to do analysis at very fine scale.

The properties of next generation devices will depend on control of composition in three dimensions. Knowledge of their structural characteristics is essential in order to optimize heteroepitaxial systems, but for these structures characterization is non-trivial. New methods in high resolution microscopy (HREM) give a potential breakthrough in characterization, allowing quantitative analytical measurement on an atomic level. The combination of strain measurements applied to HAADF images and analysis using Z-contrast constitutes a powerful approach to investigate strained heterostructures on the nm scale.

Key advances and achievements

Our original objectives are listed below: 

1. To establish in the UK new methods for determining composition distributions in semiconductor systems.

2. To apply these methods to quantum well (QW) and quantum dot (QD) systems

3. To apply this methodology to new materials emerging in the last few years, such as: Quaternary alloy semiconductor heterostructure InGaAsN/GaAs MQW, self-assembled multilayer, stacking quantum wires of InAs/InP, InxGa1-xAs/InP and quantum rings of InAs/GaAs

4. To develop the methods to STEM and HAADF to take advantage of very high resolution and simplicity of image interpretation

Our performance can be summarized as follows (representative images of this work haven been collected in an appendix):

The development of this project started with the establishment of quantitative HREM. Different kinds of heterostructure were analyzed.

a) InAs quantum dot capped with an InAlAs-InGaAs combined overgrowth layer which has an improvement in quantum-dot optical properties with respect to the structures with only an InGaAs capping layer. Strain analysis, carried out in HREM images, showed a high strain layer which goes all the way up the sides, and over the top, of the dot. In Figure 1* this high strain layer can be observed as red areas. It must correspond to high In content, which is an important observation since it shows that introducing Al can increase In incorporation.

b) InGaN/GaN quantum well to determine the In distribution. The III-N semiconductor materials technology has progressed rapidly with many practical applications in optoelectronics. Figure 2* shows the superposition of the experimental HRTEM image and the strain distribution calculated in this area of the sample. As can be observed the InGaN quantum well is not continuous, exhibiting a lateral variation in the strain distribution. There are areas with higher strain (red in the figure) which may be associated with In clustering formation inside the quantum well.

c)  GaInAsN/GaAs quantum wells. III-V alloys containing nitrogen have in recent years emerged as very interesting subjects for both experimental and theoretical research. Quantum structures based on these materials have the capability to emit in the 1.3 (m and 1.55 (m wavelength range. InGaAsN quality deteriorates dramatically with increasing nitrogen composition, due to a large miscibility gap and phase separation. Figure 3 shows a strain analysis of a GaInAsN/GaAs quantum well. As previously (in b), the strain distribution along the quantum well is not completely homogeneous and areas with higher strain (in red) can be observed. This higher strain inside the quantum well could be associated with increased In concentration, or it could also be related to the N distribution inside the quantum well, or both. Unfortunately, we can not separate the influence of In and N in quaternary alloys using only this kind of analysis.

d) Growth of self-assembled multilayers, involving simple nanostructures and stacked InAs/GaAs quantum rings. The strain distribution associated with the composition variation is probably the major influence on the ordering behaviour. Figure 4 shows an example of the strain determination in quantum rings. The areas corresponding to the rings appear in red. The formation of self-assembled nanostructures depends on the growth conditions, and the determination of the composition column by column is very important.

Thus, quantitative HREM has been applied to quantum dots and quantum well heterostructures in a wide range of materials. Strain distribution, which is clearly related to composition, has been obtained in all of them, establishing an important base for the development of this technique.

Another significant objective in this project was to translate this methodology to STEM and HAADF images. 

Our first observations with HAADF images recorded in the SuperSTEM showed an “artificial” distortion in the HAADF images, even when no real distortion was present. The geometric phase methodology has been a useful technique during the development of this project since it has been used to analyse the systematic distortion caused by electrical interference and periodic external magnetic fields in the recorded HAADF images. The main observation was a slight shift in the columns of pixels as a whole in the y direction, but the periodicity of the crystal is preserved. A similar analysis was performed on displacements parallel to x, but no systematic variations were observed. These studies were carried out in order to resolve the influence of this parameter on the determination of local strain in the heterostructure.

Measurement of the strain field inside InAs/GaAs heterostructures has been performed using a peak finding methodology applied to HAADF images obtained from the SuperSTEM. The processing of the experimental images by peak finding was performed using routines written in the analytical language for images of the Optimas graphical environment. Figure 5 shows the strain analysis carried out in different parts of the same quantum dot, from which it can be concluded that the strain map is a true representation of the strain in the thin specimen.
Electron energy loss spectroscopy (EELS) was used to check the results (albeit at lower spatial resolution), using the In M-edge at 443eV. The spectra confirm the shape of the quantum dot as it appears in the strain map. It is possible to obtain limits on the composition of the material from the strain image by considering the elastic relaxation of the tetragonally distorted lattice in the thin and thick sample limits. For an experimental strain of 10%, the concentration of In lies between 90 and 66%, depending on whether we consider the sample to be a relaxed thin foil or bulk material. This is a large range: similar studies of InGaN/GaN quantum well heterostructures were able to narrow this range by modelling the real sample geometry, which could also be applied in this case in future work.

Research impact and future research 

This project has demonstrated that the quantitative methodologies – applied mainly to HRTEM images to date – can be also used to analyse HAADF images. The peak finding methodology is a powerful tool for analysing HAADF images, if the systematic distortion caused by the scanning electronics can be avoided. 

It is clearly feasible to perform quantitative analyses on HAADF images in the same way as can be done with conventional HRTEM images – and also make use of the atomic number Z-contrast in the same image. Nevertheless, improvement of electrical stability would provide suppression of the main systematic distortion, (yx, thus delivering an enhancement of the precision in 2D strain field mapping. Further distortion, the so-called “second order” distortion, is difficult to remove. Its influence could be reduced by improving statistics, which means collecting more data and it is the main aim for our future work. 

Finally, we have demonstrated that the combination of strain measurement and quantitative analysis using Z-contrast constitutes a powerful approach to investigate the strained heterostructures on the nm scale. 

Although most of our work was concentrated on STEM imaging, in the course of this project we also used EELS at the nanometre scale and conventional TEM to complete the analyses and meet the objectives of the project.  The work has been presented at several conferences and published in leading international journals – see publication list below.

* All the images can be found on Peter Goodhew’s web site at pcwww.liv.ac.uk/~goodhew/research.html
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