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Blue-emitting, cadmium-free quantum dots are increasingly vital for optoelectronic applications 
such as displays and bio-tagging. In particular, bulk-like ZnSe nanocrystals and core–shell quantum 
dots—with a thin ZnS shell on a ZnSe core—have emerged as promising candidates for blue-light 
emission. In this study, we employed an atomistic tight-binding approach to investigate these 
systems. We examined the influence of anion-cation stoichiometry, with particular emphasis on 
surface termination, and assessed the effect of shell growth on single-particle and excitonic spectra. 
Our findings revealed significant spectral differences among dots of nominally identical composition, 
arising from subtle variations in the anion-cation balance. Notably, we demonstrated that strain in 
large ZnSe/ZnS nanocrystals induces a blueshift in the emission energy, contrary to the conventional 
expectation of a redshift. These results provide valuable insights into the spectral engineering of 
heavy-metal-free quantum dots via precise tailoring of core–shell dimensions.
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The search for environmentally benign and efficient light-emitting materials has accelerated research into 
cadmium-free quantum dots. In optoelectronics, blue-emitting quantum dots are essential for next-generation 
displays, solid-state lighting, and bio-imaging applications1,2. Among various material systems, ZnSe 
nanocrystals and ZnSe/ZnS core–shell structures have garnered considerable attention due to their favorable 
optical properties and inherent chemical stability3. Combining a ZnSe core with a thin ZnS shell not only 
passivates surface states but also enables the tunability of emission wavelengths through controlled strain and 
interfacial effects4,5. Bulk-like nanocrystals6exhibit unique characteristics due to their increased volume and 
altered surface-to-volume ratio. Hence, the interplay between surface stoichiometry, structural strain, and shell 
growth becomes particularly critical in these systems. Variations in the anion-cation balance at the surface can 
significantly alter the electronic structure, leading to pronounced differences in single-particle and excitonic 
spectra7,8. Moreover, while strain is conventionally associated with redshifts in emission energies, recent 
observations suggest that strain may induce a blueshift in large ZnSe/ZnS nanocrystals3,6.

In this work, we systematically explore these phenomena using an atomistic tight-binding framework. By 
rigorously analyzing the effects of surface termination, stoichiometric variations, and strain, we aim to elucidate 
the underlying mechanisms governing the optical response of these heavy-metal-free quantum dots. Our study 
enhances the fundamental understanding of core–shell nanostructures and lays the groundwork for advanced 
spectral engineering, thereby contributing to the development of more efficient, cadmium-free optoelectronic 
devices.

Recently, extensive research has been conducted on heavy-metal-free nanocrystals based on ZnSe and ZnSe/
ZnS core–shell nanocrystals3,6,9–13. These studies have focused on the synthesis of high-quality, large (or very large), 
stable quantum dots with good optical properties, preferably with narrow emission lines and high-fluorescence 
quantum efficiency, and, most importantly, with emission peaks in the blue-emitting region. Large quantum dot 
sizes enable an emission shift in the desired spectral region and suppress undesired Auger recombination and 
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Förster resonant energy transfers in packed quantum dot films6. From a theoretical viewpoint, these systems also 
present a formidable challenge. For example, a 10 nm ZnSe quantum dot with a two-monolayer-thick ZnS shell 
will have the number of atoms reaching 45 × 103. This number will rapidly increase with further size increases, as 
the number of atoms grows to the third power as a function of the nanocrystal radius reaching 200 × 103 atoms 
in 18 nm diameter ZnSe nanocrystals (such as studied experimentally by Long et al.13). Despite the growth of 
computational power, such numbers of atoms are typically prohibitive for density functional theory (DFT)-
based methods14.Moreover, the DFT often faces significant challenges when calculating band gaps (and thus 
emission energies/wavelengths) even when using hybrid potentials or DFT + U approaches15. Here, we use 
the atomistic empirical tight-binding method, which has proven its applicability for various small and large 
nanostructures16–18. The tight-binding was then followed by exact diagonalization (configuration interaction) 
and many-body calculations, which are essential for predicting a nanostructure’s excitonic properties (emission 
energy/wavelength)19.

We begin by studying a family of spherical ZnSe nanocrystals as a function of their size. We focus on the 
anion-cation balance that comes from either the choice of the center of the nanocrystal with respect to the crystal 
lattice or from the surface-termination (i.e., Zn or Se-terminated surfaces), with only the type of ionic species 
residing on the surface. We demonstrate that, due to the large surface-to-volume ratio of these nanocrystals, this 
effect plays a vital role in their spectra. For comparison (see Supplementary Information), we performed the 
same calculation for CdSe and ZnS nanocrystals and obtained similar conclusions. Our theoretical results for 
core-only ZnSe nanocrystals agree with recent experimental observations and may be used to better understand 
the notable disparities between different experimentally measured systems. Next, we focus on the role of shells, 
and, in particular, we show that for small ZnSe core nanocrystals, the addition of the ZnS shell lowers (redshifts) 
the emission energy due to decreased confinement. However, the shell has a less-than-expected effect on the 
emission energy of large core systems, where it increases (blueshifts) the emission energy due to strain.

Results
Figure 1 schematically shows the ZnSe/ZnS core–shell nanocrystals of interest. Please note the broad range of 
diameters (D), from very small up to very large nanocrystals (as studied, e.g., in Long et al.13). We began our 
analysis using cases with zero shell thickness (H = 0), corresponding to uncapped (core-only) nanocrystals. We 
also studied uncapped CdSe and ZnS nanocrystals for comparison (see Supplementary Information).

In atomistic calculations, nanocrystals are defined as a spherical cut from an underlying crystal lattice. There 
are multiple ways in which the sphere (nanocrystal) shape can be carved from a crystal lattice, resulting in a 
different stoichiometry. In the tight-binding calculation, there are three natural choices for choosing the center 
of the coordinate system, that is, the center of the quantum dot20. This could be at an anion, a cation, or the 
midpoint of a bond between an anion and a cation. In this work, we tested all three possibilities. For anion-
centered (A) or cation-centered (C) dots, this led to unequal numbers of anions (Na) and cations (Nc); however, 
spherical dots centered at the mid-bond (M) had an equal number of anions and cations. This is illustrated 
in Fig. 2 as the (Na−Nc)

(Na+Nc) ratio may vary profoundly (for A and C cases) depending on size. This effect was 
particularly notable for small nanocrystals with a large surface-to-volume ratio (as shown in the inset in Fig. 2 
(a)). For the same reason, the ionic imbalance was especially strong on the nanocrystal surface (i.e., those 
atoms with passivated dangling bonds, as illustrated in Fig. 2 (b)), where only surface atoms were taken into 
consideration.

In some experiments12, the surface may consist of only one type of ionic species (e.g., a Zn-surface or a Se-
surface). To account for this, we can mimic the surface treatment in models by removing surface atoms of a given 
kind. This process leads to anion-only or cation-only terminated surfaces. Such cases are shown in Fig. 2 by using 

Fig. 1.  Schematics of the geometry and band alignment for ZnSe core/ZnS shell systems under consideration 
with D core diameter and H shell thickness (H = 0 corresponds to pure ZnSe (core-only) nanocrystals. CBO 
and VBO correspond to conduction and valence band offset, respectively.
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a double letter notation, where the first letter stands for the dot center (A, C, M), and the second letter describes 
the type of surface (A for anion-terminated, C for cation-terminated). For example, for ZnSe nanocrystals, AC 
stands for the dot center on Se (anion) with a Zn-terminated surface.

As the volume-to-surface ratio is large at the nanoscale, surface treatment leads to a strongly unbalanced 
stoichiometry of the entire nanocrystal (Fig. 2 (a)), even for larger diameters. We noted that for anion- and 
cation-terminated cases, the surface itself (by definition) was occupied by one type of ionic species only (as 
confirmed by 100% ratios in Fig. 2 (a)).

The compositional variation affects both single particle and many-body spectra of ZnSe nanocrystals, as 
shown in Fig. 3. For small nanocrystals (with larger surface/volume ratios), the electron ground state varied on 
the scale of hundred meVs, with the Zn cation-terminated case forming an ‘upper bound’ for electron ground 
state energy. In contrast, Se anion-terminated cases appeared to limit these electron energies from below. Cases 
with a mixed surface (A, C, M) appear in the center of the scale, with some notable fluctuations on the top 
distance dependence (see the inset in Fig. 3(a)). The dispersion of the results was substantial (≈ 0.1 eV), even 
for relatively large diameters (6–8 nm). For the hole (Fig. 3(b)), a similar effect was observed; however, there 

Fig. 3.  Ground electron and hole states, as well as the excitonic ground state energy as a function of diameter 
for ZnSe nanocrystals. Nanocrystals were cut from the crystal lattice by placing the origin at different points (A 
- selenium anion, C- zinc cation, M - mid-point; see text for more) and/or terminated with one ionic species 
only (second letter in a double letter notation: A - selenium, C - zinc). Insets magnify the low-diameter ranges. 
Please note the substantial variations depending on the stoichiometry.

 

Fig. 2.  Ionic ratios (in %) were calculated using numbers of anions (Na) and cations (Nc) present in spherical 
nanocrystals of different radii (in lattice constants) cut from a zinc-blende crystal lattice using different atoms 
as the origin of the coordinate system (A - anion, C - cation, M - midpoint), as well as by terminating the 
surface with one of ionic species (these cases are marked using a double letter notation, e.g., AC corresponds 
to the anion in the center of the coordinate nanocrystal and the cation-terminated surface). Plot (a) includes 
all atoms in the nanocrystals, whereas (b) shows results for surface atoms only. The inset in (a) shows the 
overall ratio of surface atoms to the total number of atoms as a function of size. Please note the substantial 
stoichiometric variations in several cases. As shown in (b), for a fully anion-terminated surface (AA, MA, CA) 
or a cation-terminated surface (AC, MC, CC), all surface atoms were either anions or cations, respectively, by 
definition.

 

Scientific Reports |        (2026) 16:10003 3| https://doi.org/10.1038/s41598-026-40051-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


was less variation than for electrons due to stronger hole confinement. Moreover, for the hole, anion-terminated 
(AA, MA, CA) cases appear to have the lowest energies, and cation-terminated (AC, MC, CC) cases were in the 
middle of the spectrum. In contrast, mixed anion/cation surfaces (as it happened for A, C, and M) appear to 
limit the hole spectrum from the top.

Overall, electron and hole dependence based on stoichiometry must also be reflected in the spectra of 
interacting electron-hole pairs, i.e., exciton, as shown in Fig. 3(c). In general, Zn-cation-terminated cases have 
higher emission energies than Se-anion-terminated cases, with the energy difference ranging from 0.3 eV for 
small (3 nm) nanocrystals to dozens of meVs for mid-sized systems. This is consistent with recent experimental 
observations12, where a pronounced (although smeared) redshift in absorption spectra is observed for Se-
terminated ZnSe quantum dots compared to Zn-terminated systems. Lin et al.12 also show results for CdSe; 
therefore, for completeness, we performed similar calculations for CdSe nanocrystals (see Supplementary 
Information Fig. S1). We found that, again, Se-anion-terminated nanocrystals have their excitonic energies 
redshifted with respect to the Cd-cation-terminated cases. That is, for a 4.8 nm diameter system, Cd-terminated 
nanocrystals have an emission energy of ≈ 1.98 eV, compared to Se-terminated surfaces of ≈ 1.89 eV, corresponding 
to emission wavelengths of 626 nm and 656 nm, respectively. Similar spectral differences were observed in the 
experiment by Lin eta al12. We also noted that a substantial dependence on stoichiometry could also be found 
for ZnS nanocrystals (see Supplementary Information Fig. S2). Finally, we observed that with sizes larger than 
10 nm, the role of surface (as well as the total) stoichiometry starts to play a negligible role in excitonic emission 
energy, as well as for electron and hole ground states energies, due to a smaller surface/volume ratio.

Different stoichiometric choices mimic variations that can occur (deliberately or not) in experiments. 
Figure  4 compares the results of our calculations (with the AA variant) with recent experimental results 
(shown as data points from four separate experiments and as three experimental fits (curves)). As nanocrystal 
experiments are often performed at room temperature, we performed additional TB calculations for ZnSe with a 
room temperature (2.7 eV) band gap set in the tight-binding parametrization (see Methods). Our results agreed 
with the experimental ones, although we noted a pronounced difference between the various experimental 
results reported13. These may be due to different growth modes (leading to slight variations in size, shape, 
and composition) and measurement conditions (e.g., temperature). We also noted that these curves, provided 
by fitting to a particular experiment, are often fit only in a specific range of nanocrystal sizes and, thus, may 
have poor asymptotic behavior (e.g., underestimating bulk band gaps in the limit of very large nanocrystals). 
Considering all the above factors, we concluded that our approach aligns well with the experimental results.

core–shell
Thus far, we have discussed core-only systems; in the following, we discuss ZnSe/ZnS core–shell nanocrystals as 
a function of core–shell diameter and thickness. For type-I confinement, as in the ZnSe/ZnS system (see band 
alignment in Fig. 1), the role of the shell is to separate the core surface from its surrounding environment21. 
Thus, one would expect a small effect of shell (and overall) surface stoichiometry on the excitonic spectra. 
As shown in Fig.  5, for small (2.7  nm) and medium (5.7  nm) nanocrystals, 1  nm (2 lattice constants) ZnS 
shells strongly suppress excitonic energy variations due to stoichiometry. In Fig. 5, we compared several select 
cases (A, AA, AC) for clarity; however, we found similar results for all other stoichiometric choices (M, C, 
MA, MC, CA, CC). We also performed a systematic analysis (between A and AA) for all core diameters and 
shell thicknesses considered in this work (see Supplementary Information Fig. S3). In all cases, we found that 
there were substantial (> 50 meV) differences due to stoichiometry, primarily for small (< 4 nm) core diameters 
and small (< 1.5 nm) shell thicknesses. Notably, minor (< 10 meV) differences between different stoichiometric 
realizations were still present, even in the largest nanocrystals.

Fig. 4.  A comparison of the excitonic ground state energy as calculated in this work–TB, anion-centered with 
anion (sulfur) terminated surface–and as reported by other authors, either via experimental data points or 
functions fit to the experiment. “TB ZnSe (Eg=2.7 eV)” corresponds to a tight-binding calculation using a ZnSe 
(room-temperature) energy band gap of 2.7 eV.
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Apart from stoichiometric differences, Fig.  5 reveals interesting trends related to shell thicknesses. For a 
small (2.7 nm) core diameter, adding a shell would substantially reduce (on the order of 0.5 eV) the excitonic 
emission energy. This effect was expected21, as the shell, despite a larger band gap, effectively increases the overall 
quantum dot size, thereby reducing confinement. A similar effect was also present for the 5.7 nm dot. However, 
for the 5.7 nm case, the larger shell thickness (> 1.0 nm) increases the emission energy. Moreover, it is apparent 
that adding a shell increases the emission energy for larger quantum dots rather than lowering it. This effect 
appeared to persist for all large-core diameters (as shown in Fig. 6), where we show the emission wavelength as a 
function of core/shell dimension and, for one (A), choice of stoichiometry. As apparent from the plot, for small-
core diameters only, the incorporation of the shell increases the emission wavelength (i.e., decreases the energy). 
There was an intermediate region where the shell weakly affected the emission wavelength, whereas for larger 
dots (say > 8 nm), the addition of the shell increased the emission wavelength instead of lowering it.

This blueshift effect, caused by ZnS capping in large ZnSe nanocrystals, was recently observed experimentally 
(Ji et el3. and Gao et al.6) and was attributed to strain effects. For further comparison with the experiments, we 
used a low-temperature band gap, as given in the tight-binding parametrization. A fair comparison with the 
experiment performed at room temperature shows a reduction in emission energies of 0.1 eV. That is, it increases 
the emission energy from ≈ 440 nm to ≈ 460 nm, consistent with experimental observations.

To justify claims regarding strain reported in experimental papers, we performed a series of calculations 
for the anion-centered dots (A) on the excitonic emission energy with strain effect accounted for or artificially 
neglected, as shown in Fig. 7. For small dots, the addition of a shell reduces (redshifts) the excitonic energy. For 
dots with a diameter of 5.7 nm (and larger), adding more than 1 nm of shell thickness results in a blueshift of 
energy in the strained case. Similarly, adding any ZnS shell for a larger dot diameter systematically increases 
excitonic energy. This effect was, however, absent without strain included in the calculation (Fig. 7(b)), where 

Fig. 6.  The excitonic energy wavelength as a function of ZnSe core diameter and ZnS shell thickness. For small 
core diameters, there is a weak redshift with increasing shell thickness. However, for large core diameter cases, 
there is a blueshift with increasing shell thickness.

 

Fig. 5.  Excitonic ground state energy as a function of shell-thickness calculated for three nanocrystals of 
different sizes and three possible stoichiometric choices. Note different energy scales, overall trends, and weak 
stoichiometry dependence for large core/shell sizes.
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the addition of the shell always reduced the emission energy or did not affect it at all (in large dots). Thus, the 
overall effect was an apparent interplay between decreased confinement due to the shell (redshifting energy) and 
increased compressive strain (blueshifting energy). These two effects combine differently depending on core/
shell sizes, as discussed below.

In Fig.  8, we further investigated the evolution of electron and hole single-particle ground state energies 
(which form the exciton) and the degree of their localization in the core area. For a small (2.3 nm) dot, there is 
an overall monotonic decrease/increase of electron/hole energies when adding shell thicknesses, thus effectively 
reducing the single-particle gap (e1-h1). The difference between cases with strain included and those without 
was generally only quantitative. For this size, either the electron or hole (strained or not) tends to delocalize more 
into the shell area (or less in the core) with increasing shell thickness, effectively reducing their confinement (see 
also Supplementary Information Fig. S4-S5 for further strain plots, and Fig. S6-S7 for selected radial density 
plots).

For a medium-sized (5.7 nm) dot, there is a significant difference between electron state evolution when 
strain is included or neglected. The inclusion of strain increases the electron energy rather than lowering it. The 
shell imposes a compressive strain on the core, which, through the ac deformation potential, shifts the energy up 
at the bottom of the conduction band; thus, increasing the electron energy. The more shell material, the larger 
the strain, with the shift increasing with shell thickness. The effect was so substantial that, for the electron, it 
dominated the simultaneous reduction of confinement. This contrasts with the hole, which still resembles the 
behavior characteristic of the smaller system. As the core was larger (5.7 nm), both the electron and hole tend to 
penetrate the shell less than in the small (2.35 nm) nanocrystal case (note the different vertical scales in Fig. 8(d) 
and (e)). Nonetheless, for the medium-sized dot, when comparing the degree of charge localization between 
strained and unstrained cases, we noticed a more significant degree of core localization in the latter.

This indicates that tensile strain in the shell (and compressive strain in the core) effectively lowers the ZnSe/
ZnS valence and conduction band offsets compared to unstrained cases. (We note here that in ZnSe/ZnS spherical 
nanocrystal, the core is under hydrostatic compressive strain, with no biaxial strain component, whereas the 
shell is under tensile, biaxial strain. The hydrostatic component of tensile strain in the shell effectively lowers 
the confining potential profile for the electron in the shell or, in other words, effectively reduces the ZnSe/ZnS 
conduction band offset. As there is no biaxial strain in the core, there is no heavy-hole/light-hole strain splitting 
component in the core region. Contrarily, the shell is under a substantial biaxial strain, which splits light- and 
heavy-hole. This effectively reduces the valence band offset, although only for light holes, allowing the hole to 
penetrate deeper into the shell.)

The role of strain is even more pronounced for the largest quantum dot (20.4 nm) we considered. The electron 
is monotonously blue-shifted with increasing strain due to increasing shell thickness, while its charge density is 
mostly pinned to the core. In contrast, the hole tended to migrate slightly deeper into the shell. Overall, for the 
hole in the large system, we observe a very weak effect of strain on its energy as the strain contribution cancels 
energy shifts due to confinement (see also Supplementary Information Figs. S8-S10 for qualitative comparison 
with the effective mass approach).

Fig. 7.  Excitonic ground state energy calculated a with strain (ZnSe/ZnS lattice-mismatch) included in the 
calculation and b the strain artificially neglected, and as a function of shell thickness for several nanocrystals of 
different core diameters. Please note that different trends were observed for larger core diameters due to strain 
effects.
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Methods
For the calculations of nanocrystal energy spectra, we used the empirical tight-binding method within the 
sp3s*model22, with parameters fitted to reproduce bulk properties, such as the band gap (from Lippens and 
Lannoo17, and augmented to account for spin-orbit interactions23. Additionally, for ZnSe (when specified in the 
text), we modified the tight-binding parameters related to the bottom of the conduction band to account for the 
decreased bulk band gap at room temperature. The valence band offset between ZnSe and ZnS (0.53 eV) was 
taken from Wei and Zunger24, and it is consistent with other theoretically reported values (e.g. 0.52 eV from Li 
et al.25 or 0.58 eV from Van de Walle26. There was a substantial 4.5% mismatch between the ZnSe/ZnS lattice 
constants (i.e., 0.5667 nm for ZnSe vs. 0.541 nm for ZnS); therefore, to account for strain, we used the valence-
force field method of Keating27 with parameters taken from Martin28. We used the conjugate gradient method 
to find the position of atoms that minimized strain (optimize geometry), assuming free (open) boundary 
conditions, allowing for surface relaxation. We then performed empirical tight-binding calculations for these 
optimized atomic positions, using the Arnoldi sparse solver as implemented in ARPACK29 to find several lowest 
electron and hole states, including the ground hole and electron states. Strain was included in the Hamiltonian 
via Slater-Koster rules30 to account for changes in bond angles and via the Harrison law31 to describe variations 
of bond lengths. Perfect tetrahedral bond angles and uniform lengths were assumed in cases where strain effects 
were neglected. To remove spurious states due to dangling bonds, we used the model by Lee et al.32, where an 
energy shift is applied to surface bonds instead of modifying the surface atom’s energies. This scheme has been 
widely successful in mimicking the passivation of dangling bonds in a broad family of quantum dots.

After the tight-binding calculations, the excitonic spectra19 were calculated using the configuration-interaction 
method described in Zieliński et al.18. We perform many-body calculations using a basis set involving eight (with 
spin) lowest electron and eight (with spin) highest hole configurations (a total of 64 excitonic configurations). 
However, we found, by comparison, that these results did not significantly vary from the minimal basis set 
involving two (with spin) lowest electron states and two (with spin) highest hole states. The incorporation of 
the electron-hole interaction, even at the simplest level, was crucial, as the single-particle (HOMO-LUMO) 
gap would have strongly overestimated the effective (optical) gap observed experimentally, e.g., by 140 meV for 
5.7 nm ZnSe nanocrystals.

Fig. 8.  a-c Single particle electron and hole ground state energies and d-f degrees of their localization in the 
nanocrystal core as a function of ZnS shell thickness for three nanocrystals of different ZnSe core diameters. 
Results obtained with the strain included in the calculations were compared with those with the strain 
artificially neglected. Note the different vertical scales on each of the plots.
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Conclusions
In this work, we studied, using an atomistic tight-binding approach coupled with the configuration interaction 
method, the single-particle and excitonic ground states of multiple ZnSe/ZnS core–shell nanocrystals as a 
function of size and different stoichiometric choices. Modeling such systems can be challenging due to the 
substantial number of atoms in the simulations and the peculiarities of anion-cation balance. In experiments, no 
two quantum dots can be identical. Not only can they differ in size or shape, which leads to an inhomogeneous 
broadening of their spectra, but they can also have different numbers of anions/cations at nominally identical 
sizes and/or differently terminated surfaces. However, in theory, one has the freedom to choose a nanocrystal 
center with respect to the crystal lattice. This choice is arbitrary, and multiple options must be accounted for 
to avoid the arbitrariness of the simulation. Furthermore, ZnSe nanocrystals can have Zn- or Se-terminated 
surfaces, which may noticeably affect their spectra, and such cases should also be considered in realistic modeling. 
The latter may lead to a substantial dispersion of results, which, in turn, can pose challenges when comparing 
theoretical results with experimental ones. In this regard, our results are in agreement with experimental data, 
and we further discuss the role of the room-temperature band gap for comparison. We also performed analogous 
calculations for CdSe and ZnS nanocrystals (see the Supporting Information). Furthermore, we performed a 
series of challenging computations for core–shell ZnSe/ZnS nanocrystals as a function of core diameter and shell 
thickness, with strain effects artificially neglected. We concluded that strain plays a vital role in these systems. 
We found that the addition of a shell redshifts the emission energy in small dots, while in large dots, the strain 
imposed by the shell increased the excitonic emission energy. This blueshift is not necessarily attributable to the 
strain-induced interfacial defects resulting from fast shell growth, as suggested by other authors3, or alloying, as 
neither of these effects was included in our model. Instead, this is a ‘volume’ effect that persists even with perfect 
interfaces without alloying or defects. Finally, we note that atomistic modeling, with the predictive capability of 
emission energies, is essential when designing novel quantum dots, including large, heavy-metal-free ZnSe/ZnS 
nanocrystals.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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