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Colloidal semiconducting quantum dots (QDs) are a potentially transformative material with applications in 

photovoltaics, electroluminescent devices, and flexible electronics [1]. Here we study monolayer films of PbSe 

QDs in a square superlattice (SL) with epitaxial connections along their <100> facets, formed through a self-

assembly and oriented attachment process. A range of applications that exploit the tunable bandgaps of these 

films require large electron delocalization only achievable in a highly ordered SL. However, translational and 

orientational disorder reduce epitaxial connectivity, suppress efficient charge transport, and limit usefulness of 

the film [2,3]. Here, we examine orientational disorder in both the atomic lattice (AL) and SL, providing insight 

into the SL structure and the oriented-attachment film growth process.   

We used HAADF-STEM images (Fig. 1a) of these films to allow real-space analysis and quantification of the 

orientational disorder. To facilitate analysis across many images, it was first necessary to create an automated 

method of extracting orientational information from the QDs in an image. The ~500 QDs in each image are 

segmented, fast-Fourier-transforms (FFTs) are taken of each dot, and from these the Bragg peaks are identified. 

The peaks reveal the azimuthal orientation of the AL, and their lattice frequencies and the number of peaks are 

used to extract out-of-plane orientation information. Figures 1c-e show the three primary orientations of QDs 

found in the images, their FFTs, and corresponding crystallographic orientations. Despite the expectation that 

the QDs will all orient with a <100> facet in the out-of-plane direction, many are found at least partially 

misaligned towards the <110>, and some misaligned towards <111>. Finding the AL orientation for all dots 

in an image (Fig. 1b) allows us to calculate the misalignment of the AL of each QD relative to its four nearest 

neighbors, 𝛼𝑁. We find that dots that are aligned in the <100> orientation have a tighter distribution of 

misalignments from their neighbors (Fig. 1g), while QDs misaligned out-of-plane are more likely to be 

misaligned from their neighbors’ ALs.  

To quantify the orientation and quality of the superlattice around each dot, we found the centers of all QDs, 𝑟𝑖, 
and used those centers to extract a Voronoi diagram. We then calculated the metric Ψ4, defined here by 

𝛹4(𝑟𝑖) = 1/𝑝𝑡𝑜𝑡 ∗ ∑ 𝑝𝑗 exp(4𝑖𝜃𝑖𝑗)𝑗 . Here, 𝑝𝑡𝑜𝑡 is the total perimeter of the Voronoi cell for the dot centered 

at 𝑟𝑖, the sum is over all neighbors 𝑗, and  𝑝𝑗 and 𝜃𝑖𝑗 are the side lengths of the Voronoi cell and angles between 

the centers respectively. Intuitively, the Ψ4 vector for each QD points in the direction of best local fourfold SL 

symmetry with a magnitude that quantifies the degree of local fourfold SL symmetry. Figures 2 a,b show an 

overlay of  Ψ4 vectors, the Voronoi diagram and the original image. Disordered regions of the SL tend to run 

in grains through a film rather than being distributed randomly. The SL fourfold symmetry is reduced in areas 

where dots are loosely packed, as highlighted by a Voronoi cell much larger than the QD. We compared the 

misalignment of each QD relative to the local Ψ4 vector (𝛼Ψ4
) to the misalignment relative to its neighbors’ 

average AL (𝛼𝑁) (Fig. 2c). We found that dots are more likely to be misaligned from the local SL (Fig. 2d top) 

than from their neighbors (bottom). QDs properly aligned in the <100> direction appear in groups (Fig. 1b), 

similar to well-aligned regions of the SL (Fig. 2a). These <100> dots are more likely to be well aligned with 

their neighbors, thus increasing epitaxial connectivity. Our work highlights the importance of optimizing the 

oriented attachment process to ensure well-aligned dots both in-plane and out-of-plane, to achieve the charge 

delocalization needed for QD devices. 
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Figure 1. Disorder in the atomic lattice (AL) orientations of quantum dot (QD) superlattices (SLs). (a) HAADF 

STEM image of a PbSe monolayer showing the square SL orientation. (b) AL orientations of each QD overlaid 

using an algorithm that takes FFTs of individual dots and identifies Bragg peaks. QDs are either (c) aligned in 

plane, (d) rotated towards <110>, or (e) towards <111>. (f) AL orientations can be compared between QDs, 

and an average AL misalignment from neighbors αN is found for each dot. (g) Histograms of misalignments 

αN for QDs in <100> (red), <1n0> (green), and <1mm> (blue) orientations are found to have standard 

deviations of 1.70, 2.31, and 2.59 degrees respectively, indicating that QDs misaligned in an out-of-plane 

direction are more likely to be misaligned from their neighbors as well.  

Figure 2. QDs preferentially 

align their AL with that of 

their neighbors rather than in 

the direction of the local SL. 

(a,b) Overlay of Ψ4, a 

measure of SL fourfold 

symmetry, and Voronoi 

diagram used to calculate Ψ4. 

(c) AL misalignment with 

respect to the average nearest 

neighbor AL, 𝛼𝑁, plotted 

against AL misalignment 

with respect to the 

superlattice, 𝛼𝛹4. The tighter 

𝛼𝑁 distribution indicates that 

dots prefer to align with their neighbor’s AL. (d) Dots with a Ψ4 vector (orange arrow) misaligned from the 

local QDs’ AL tend to align with the AL of their neighbors (top) rather than the local SL (bottom). 


