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Abstract. In this paper, we analyze and discuss DFT calculations for zinc blende and wurtzite CdSe quantum 
dots (QDs). We found QDs with a size of 1.6 Å to be stable and relaxed using the PBE exchange-correlation 
functional. The behavior of frontier orbitals (HOMO, LUMO) was examined for an unrelaxed structure 
to include symmetry and degeneracy. The results of the Purcell factor of the zinc blende and wurtzite QDs 
with a size of 1.6 Å were found to be stable under axial compression. The designed quantum dots demonstrate 
mechanical and optical stability, their properties retained under uniaxial compression.

Keywords: DFT, FDTD, quantum dots, cadmium selenide, wurtzite, zinc blende, electronic properties, 
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Introduction

CdSe quantum dots are semiconductor nanocrystals that exhibit unique optical and electronic proper-
ties due to their small size and quantum confinement effects (Alnemrat et al. 2014; Huang et al. 2024; 
Kolobkova et al. 2024; Zhang et al. 2024a; 2024b). These quantum dots possess a wide range of proper-
ties, including size-dependent optical ones such as a size-dependent band gap (Alsalme et al. 2025; 
Askirka et al. 2025; Memon et al. 2025). As their size goes down, the band gap increases, which induces 
a shift in the absorption and emission spectra (Alnemrat et al. 2014). This results in the emission of light 
at different wavelengths (colors) based on the quantum dot size. The electronic and optical properties 
of CdSe quantum dots are governed by the quantum confinement effect, where the motion of electrons 
and holes is restricted in all three spatial dimensions, leading to discrete energy levels (Shabaev et al. 
2012). This gives rise to unique optical phenomena like fluorescence and tunable emission, which can 
be adjusted by altering the size of the dots.

CdSe quantum dots often have a high quantum yield and photoluminescence efficiency, which makes 
them excellent for light-emitting applications such as displays and sensors (Magaryan et al. 2016; Silva 
2014; Zhang et al. 2024a). CdSe quantum dots exhibit tunable absorption and emission spectra, which can 
be fine-tuned by adjusting their size during synthesis. This makes them versatile for various applications.

Tuning the optical properties of CdSe QDs through uniaxial compression is a fascinating approach 
that leverages mechanical stress to induce changes in the electronic and optical behavior of these nano-
materials (Gong et al. 2016; Pisheh et al. 2017; Rodríguez-Magdaleno et al. 2022). Size-dependent band 
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gap behavior means that applying strain can effectively tune the frontier states of the quantum dots, 
leading to changes in their absorption and emission spectra. Strain can alter the electronic band structure, 
i. e. degeneracy, polarization, and band gap value by affecting the overlap of electron and hole wavefunc-
tions in the QDs. This modification changes the exciton binding energy, which is the energy required 
to separate the electron–hole pair.

Compressive strain can also induce changes in the valence band and conduction band alignment and 
localization, modifying the optical absorption spectrum (Rodríguez-Magdaleno et al. 2022). The ap-
plication of uniaxial strain can shift the absorption edge (onset of absorption) to different energies based 
on strain direction, magnitude, and quantum dot shape. This will result in a change in the wavelengths 
at which QDs absorb light. The fluorescence emission spectrum may be red-shifted or blue-shifted de-
pending on the specific strain applied. Compressing QDs along a certain axis, for example, might reduce 
the band gap, causing a red shift in the emission.

Computational section

The electronic structure calculations of low-dimensional crystalline lattices were performed using 
Vienna Ab-initio Simulation Package (VASP) (Kresse, Furthmüller 1996; Kresse, Hafner 1993; 1994; 
Kresse, Joubert 1999) within Density Functional Theory (DFT) (Kohn, Sham 1965). A plane-wave ba-
sis set coupled with the projector augmented wave (PAW) method (Blöchl 1994; Kresse et al. 1999), 
GGA-PBE (Perdew et al. 1996) functional, and Grimme D3 correction (Grimme 2006) for van-der-Waals 
interaction were used in the study. Optimization and single point calculations were made only at Г point 
due to an absence of periodicity. For all elements involved in the electronic structure calculations, PAW 
potentials were used. Twelve and six outer electrons were treated as valence electrons for cadmium 
and selenium respectively. A vacuum interval of 20 Å was set along 3 axes to avoid artificial interactions 
between adjacent unit cell images. In all calculations, the cut-off energy was equal to 500 eV. During 
optimization, the maximum force acting on atoms less than 0.001 eV/Å was used as a stopping crite-
rion for structural minimization.

The Purcell factor calculations were performed using the Finite Difference Time Domain (FDTD) 
method. Three independent orthogonally-oriented dipole sources were placed at the center of the nanopar-
ticle. For each dipole, the Purcell factor was calculated as the ratio between the power radiated in the en-
vironment with a nanoparticle and the power radiated in free space. After three independent calculations 
for orthogonal sources, the final Purcell factor was averaged.

Results

The optimization procedure involved refining the atomic positions to minimize residual forces. Bulk 
CdSe crystals in both the wurtzite and zinc blende phases were obtained from the Crystallography Open 
Database and optimized using periodic boundary conditions (PBC) within Density Functional Theory 
(DFT). Subsequently, spherical regions with a radius of 8 Å were extracted from the bulk (see Fig. 1). 
These regions were then further optimized to adjust the atomic coordinates and correct for any dangling 
bonds at the surface.

Fig. 1. Structure of wurtzite and zinc-blende CdSe quantum dots. Cd and Se atoms are shown  
in purple and green respectively
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The optimized structure of the wurtzite CdSe quantum dot is illustrated in Fig. 2. The outer shell, 
which consisted of both Cd and Se atoms, was subjected to relaxation during the optimization procedure. 
Thus, reduction of symmetry to the C1 point group is an expected result due to the formation of dangling 
bonds with the following outer shell relaxation; nevertheless, the quantum dot retains its spherical shape, 
thereby confirming its structural stability.

Fig. 2. Structure of the optimized wurtzite CdSe quantum dots. Cd and Se atoms are shown  
in purple and green respectively

The electronic properties of spherical wurtzite CdSe were investigated using both pure and hybrid 
functionals, specifically PBE and HSE06 (Fig. 3). Both computational approaches indicated the semicon-
ducting nature of the material; however, the HSE06 calculations predicted a band gap approximately 
twice as large (2.17 eV) as the value obtained from the PBE functional (1.15 eV). While pure functionals 
are known to generally underestimate band gap values, the shapes of the density of states (DOS) peaks 
were found to be accurately reproduced, making them suitable for tracking general patterns in the system.

Fig. 3. Density of the states of wurtzite CdSe quantum dots calculated by PBE (black lines)  
and HSE06 (red lines) functionals. Fermi level assigned to 0 eV
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Axial compression and extension were then examined. Two additional structures, each with a 10% 
deformation, were created and optimized, as shown in Fig. 4. The extended CdSe quantum dot was 
generated by extension along the xy-plane, while the compressed CdSe quantum dot was formed by com-
pression in the xy-plane. Despite these deformations, the symmetry of the quantum dots remained C1 
and was preserved throughout the optimization process.

Fig. 4. Optimized, extended and compressed wurtzite CdSe quantum dots. Cd and Se atoms  
are shown in purple and green respectively

The impact of axial deformations of DOS was examined further. DOS calculations (Fig. 5) demon-
strated the shift of the occupied states closer to the Fermi level and no change in the band gap value. 
The QD extension would lead to a shift of vacant states lower to the Fermi level contrary to the compression 
case. The distorted structure can be characterized by diffuse localization of states around –2 and 2 eV 
in comparison with the pristine model. 

Fig. 5. Total density of states (TDOS) of pristine, compressed, and extended CdSe QDs.  
TDOS of the pristine lattice is shown with black curves, with TDOS of compressed  

and extended CdSe QDs marked with red and green curves respectively

To proceed further, we evaluate the Purcell effect spectra under the deformation parameter. In the Fi-
nite Difference Time Domain, we simulate an ellipsoid particle with a major axis radius Rmajor = 8 Å and 
a different minor axis Rminor changing from 0.9Rmajor to Rmajor . We placed at the center three orthogonal 
dipole sources and the average final factor and calculated the average final factor.

Fig. 6 shows the average Purcell effect for zinc-blende (left) and wurtzite (right) phases of the CdSe. 
For the wurtzite phase, we observe a monotonically increased Purcell factor with an increased wavelength. 
A similar pattern can be also observed in the zinc-blende phase. Besides, the cubic phase shows a narrow 
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peak at a wavelength of 580 nm. The impact of axial deformation was examined. The Purcell factor for 
both phases showed stability of the properties under a 10% deformation.

Fig. 6. Purcell factor of CdSe QDs with compression dependence

Conclusions

This paper analyzed and discussed the impact of extension and compression of the CdSe quantum 
dot of zinc blende and wurtzite phases. We found that for small-sized CdSe QDs, the strain and com-
pression effect do not lead to conductivity properties and a band gap decrease. Theoretical modelling 
predicts the stability of the 1.6 Angstrom QD and its semiconductor properties with a band gap of about 
2eV. Designed quantum dots demonstrate mechanical and optical stability, their properties retained 
under uniaxial compression. 
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