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Short-period superlattices comprising ultra-thin InGaN/GaN quantum wells (QWs) with 
thicknesses of a few (0002) monolayers (MLs) have attracted considerable interest within the 
field of advanced optoelectronics. These nano-heterostructures offer the potential to 
manipulate the bandgap through precise control over both the QW and GaN barrier 
thicknesses [1]. Furthermore, their potential applications in quantum computing and 
spintronics have been spurred by the possibility of topological insulator behavior [2]. These 
crucial properties are intricately linked to the indium content within the QWs. Growth efforts 
strive to achieve high-quality heterostructures with high indium content and QW thickness of 
less than 5 MLs. This study aimed to determine the impact of growth temperature on indium 
incorporation and minimum QW thickness down to a single ML, by employing a 
methodological approach utilizing quantitative analysis of probe-corrected HRSTEM 
observations. 

Methods 
Multi-quantum-well (MQW) samples were grown by plasma-assisted molecular beam epitaxy 
under highly indium-rich conditions. These conditions included In:N flux ratios of 3:1 or 6:1 
and InN growth rates of 0.25 or 0.15 ML/s. The objective was to kinetically stabilize QWs with 
nominal thicknesses of only 1 or 2 MLs. The MQWs were fabricated with either 3 or 5 
periods. The thickness of the GaN barriers was maintained at 10 nm. Both the QW and GaN 
barrier growth temperatures were systematically varied. An integrated characterization 
approach was implemented to comprehensively analyze these nano-heterostructures. This 
approach encompassed quantitative analysis of probe-corrected HAADF HRSTEM 
observations. A peak finding algorithm utilizing 2D Gaussians was implemented to determine 
the atomic column positions within the experimental HRSTEM images with sub-Angstrom 
precision. These positions were subsequently used for nanoscale strain mapping and 
measurement of the atomic column intensities via a 2D Voronoi tessellation applied to each 
image. For Z-contrast quantification of the atomic column intensities, comparison to frozen-
phonon HRSTEM image simulations was employed. The latter were generated from 
supercells relaxed using either density functional theory or empirical potential calculations 
with a modified embedded atom method interatomic potential [3-5]. 

Results 
HAADF HRSTEM observations along the <11-20> zone axis of the wurtzite structure were 
employed for quantitative Z-contrast and strain analysis. Empirical potential calculations 
were conducted to determine the strain behavior of QWs with thicknesses of 1 and 2 MLs. A 
significant number of InxGa1-xN/GaN QW supercells spanning the entire compositional 
range, including both ordered and random alloy configurations, were constructed, and 
relaxed under biaxial strain conditions. These calculations yielded composition-dependent 
strain profiles. Subsequently, the relaxed supercells served as input for the multislice HRSTEM 
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image simulations. Consequently, graphs of InxGa1-xN/GaN column intensity ratios versus 
TEM foil thickness were generated, facilitating the correlation between QW composition and 
average column intensity. The analysis explicitly considered the effects of thin foil relaxation, 
the presence of amorphous surface layers and the cross-scattering phenomenon. The latter 
was identified as leading to an artificial intensity enhancement of the adjacent GaN MLs of 
the QWs, particularly at large foil thicknesses. The HAADF HRSTEM observations were then 
compared to the strain and intensity calculations in order to determine the indium contents 
within the QW MLs. The evaluation of the results allowed the elucidation of the crucial role of 
growth temperature in governing the indium incorporation and the QW thickness. A 
synthesis model explaining the nanoscale processes occurring during epitaxial growth was 
subsequently proposed. 

Conclusion 
This work emphasized the importance of an HRSTEM-based methodology for determining the 
composition of ultra-thin InGaN/GaN QWs. The indium content was determined directly 
through quantification of Z-contrast and indirectly through measurements of lattice strain. 
Quantification of Z-contrast utilized thickness-composition-intensity ratio maps obtained 
from image simulations. Similarly, lattice strain measurements were translated to indium 
composition by employing the theoretically derived strain-composition coupling of such thin 
nano-heterostructures. The development and application of this integrated approach were 
necessitated by the requirement for sub-nanometer accuracy in compositional and strain 
analysis of low-dimensional materials. This accuracy is crucial for defining their structure-
composition-properties relationship. 
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