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ABSRACT: Using first-principles calculations, the physical behavior of a-Cu,Se are thoroughly examined. The com-
puted structural parameters align closely with experimental data. Through computational analysis, the electronic prop-
erties for a-Cu,Se are determined. Additionally, mechanical characteristics-including bulk modulus B, shear modulus
G, Young’s modulus E, and B/G are evaluated under varying pressure conditions. Furthermore, the optical properties
are investigated. The study reveals that a-Cu,Se exhibits a direct bandgap of 0.782 eV, indicating its promising po-
tential for optoelectronic applications.
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1 Introduction

Within the evolving field of materials science, copper selenide (a-Cu,Se) has garnered considerable
scholarly attention due to its exceptional physical characteristics and diverse technological applications [ 1—
3]. As a binary chalcogenide, a-Cu,Se is capable of forming multiple polymorphic structures, each charac-
terized by a unique atomic arrangement that influences its distinct electrical, optical, and thermal behaviors.
Theoretical approaches have been instrumental in uncovering the fundamental principles that govern the
performance of this material. Some theoretical methods have been widely utilized to explore its band struc-
ture, highlighting a variable bandgap that enhances its effectiveness in thermoelectric and solar energy
conversion systems [4,5]. For example, Mikael et al. [6] employed DFT simulations to examine bandgap
variations among different a-Cu,Se polymorphs, offering key insights into its thermoelectric behavior. Ad-
ditionally, computational studies have contributed to the understanding of phase transformations in o-
CuzSe. Zhang et al. conducted high-pressure in XRD, supported by theoretical calculations, identifying four
distinct phases of CuxSe under pressures up to 42.1 GPa [7]. These computational models assist in deter-
mining the conditions that trigger phase transitions, thereby supporting the development of more effective
a-CuzSe-based technologies. Nevertheless, certain aspects of a-Cu,Se’s structural and electronic behavior
remain insufficiently explored. The intricate relationship between its crystal lattice, electronic features, and
optical responses necessitates further theoretical investigation. This work seeks to address these unresolved
issues through comprehensive computational analysis, with the goal of enhancing fundamental insights and
facilitating the development of advanced a-Cu,Se-based materials and devices for future technological ap-
plications.
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2 Simulation Methods

Throughout all the investigations carried out in this study, the projector augmented-wave (PAW) pseu-
dopotentials [8] were consistently applied, along with the Perdew-Burke-Ernzerhof (PBE) formulation [9]
under the generalized gradient approximation (GGA), as implemented in the VASP code [10]. Electronic
properties were carried out utilizing the CASTEP code [11,12]. The structural model employed the Van-
derbilt ultrasoft pseudopotential approach [13], with a energy cutoff of 400.0 eV applied. For the cubic a-
CusSe structure, a 5 x 5 x 5 k-point grid was generated using the Monkhorst-Pack sampling method.

3 Results and Discussion
3.1 Structural Optimization

In this study, the cubic phase of a-Cu,Se was selected. Table 1 presents a comparison between the
calculated lattice constants a of a-Cu,Se in this work and previously reported experimental values [6,14].
Since the PBE-GGA method yields results closest to experimental data with the smallest deviation, it
demonstrates higher accuracy and reliability. Therefore, this method is employed in all subsequent compu-
tational procedures. In Fig. 1, the lattice parameter a of a-Cu,Se steadily diminishes as pressure increases,
reflecting a proportional decrease in the overall unit cell volume. This trend can be attributed to the en-
hanced interatomic interactions under elevated external pressure, leading to lattice compression and a re-
duction in bond lengths.

Table 1: The obtained a (A), dense p (g/cm?) and Volume (A?) a-Cu,Se varying pressure conditions.

Pressure (GPa) a (A) p (g/em?) V (A%)
This work 5.7598 7.1625 191.083
. Theo. [6] 5.661
Theo. [6] 5.844
Exp. [14] 5.759
10 This work 5.6584 7.5545 181.168
20 This work 5.5338 8.0764 169.461
30 This work 5.4390 8.5061 160.900
40 This work 5.3618 8.8788 154.146
50 This work 5.2970 9.2087 148.624
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Figure 1: Optimized lattice parameter a of a-Cu,Se under varying pressure conditions.

3.2 Electronic Structure

The corresponding band structure was calculated using the GGA-PBE approach, as displayed in Fig. 2a.
The computed band gap is 0.372 eV, which significantly deviates from the reported value of 1.2 eV [6].
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This discrepancy is commonly attributed to the inherent limitation of DFT-based GGA methods, particu-
larly for semiconductors or insulators with strong electron correlations, such as a-Cu,Se. These methods
tend to underestimate the band gap because they fail to adequately account for excited-state effects. Nev-
ertheless, the DFT-GGA approach remains effective in describing the overall electronic structure of a-
Cu,Se. Consequently, the band structure illustrated in Fig. 2a.
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Figure 2: The band structure of a-CusSe. (a) Unmodified band strucure; (b) The modified band structure

To align the theoretical band gap with the reported value of 0.782 eV, a scissors operator (x = 1.171)
was employed to adjust the calculated band gap. As illustrated in Fig. 2b, after the correction, confirming
that a-Cu,Se possesses a direct band gap of 1.2 eV.

Fig. 3a displays both the & (w)and &,(w). The dominant peak in the imaginary part &,(w) ap-

pears at approximately 5.1 eV. Key features in the real part of the spectrum include a peak of magnitude
10.53 at around 3.09 eV, followed by a rapid decrease within the energy range of 2.43 eV to 7.82 eV, where
the values become negative. A minimum is observed near 9.91 eV, after which the real part gradually rises

toward zero. A critical parameter in this analysis is the zero-frequency limit. As a result, the & (0) is

approximately 29.95. Fig. 3b presents the n and k of a-Cu,Se. Materials exhibiting a high refractive index
typically demonstrate significant optical nonlinearity. The zero-frequency refractive index, n(0), is deter-
mined to be 5.49. Within the transparent region, it increases with photon energy, reaching a peak of 2.85
near 2.5 eV, after which it declines to a minimum at 14.9 eV. The extinction coefficient reaches its maxi-
mum at 6.05 eV, indicating that optical absorption is particularly strong at this energy level. This aligns
with the direct correlation between the extinction coefficient and the absorption coefficient, which is math-
ematically represented by the equation:

Ark

a=—-
A

As shown in Fig. 4a, in the low-energy region, the absorption coefficient a increases rapidly, a behavior

typical of semiconductors and insulators. Additionally, the computed optical reflectivity is illustrated in Fig. 4b.
The reflectivity reaches a peak of about 52% at an energy level of 9.89 eV for a-CusSe.
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Figure 3: The real part & (@) and imaginary part &,(@) of the dielectric function (a) and The refractive index
n(®) and the extinction coefficient k(@) (b) of a-CusSe.
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Figure 4: Reflectivity spectrum R(@) (a) and absorption spectrum a (b) of a-Cu,Se.

3.3 Elastic Properties

a-Cu,Se adopts a cubic crystal structure, leading to the determination of its elastic constants as Ciy,
C12, and Cu4. The stability condition for a cubic crystal under pressure can be determined based on the Born
stability criteria [15].
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Figure 5: The Influence of pressure on the C;; of a-Cu,Se under varying pressure conditions.

As evidenced by the data presented in Table 2, a-Cu,Se fulfills the mechanical stability criteria,
demonstrating that the material remains mechanically stable under these conditions (0—50 GPa). The com-
puted elastic constants of a-Cu,Se align with the established stability conditions, further confirming the
mechanical robustness of the crystal structure.

Table 2: Calculated Cjj (GPa) and B (GPa), G (GPa), E (GPa), v, B/G of a-Cu,Se under varying pressure conditions.

Pressure (GPa) Cu Cn Cuy B G E v B/IG
0 98.4 94.7 10.2 95.9 5.25 15.5 0.473 18.3
10 113.1 109.5 10.9 110.7 5.43 16.0 0.476 20.4
20 152.4 148.8 11.7 150.0 5.69 16.8 0.481 26.3
30 189.5 186.3 12.5 187.4 5.75 17.1 0.484 32.6
40 217.5 214.7 12.6 215.6 5.56 16.5 0.487 38.8
50 246.2 243.6 12.3 244.5 5.35 15.9 0.489 45.7

Subsequently, within the elastic stability range of the a-Cu,Se crystal (0-50 GPa), the Voigt-Reuss-
Hill (VRH) method [16—18] was employed to estimate and analyze the B, G, E, and v under varying pressure
conditions. In Table 3 and Fig. 6, the values of B, G, and E consistently rise as pressure increases. Since the
B is significantly higher than the G at all pressure levels, it indicates that the a-CusSe crystal demonstrates
considerably lower resistance to shear deformation compared to compressive deformation. Young’s mod-
ulus, which reflects a material’s resistance to elastic deformation, also rises with pressure, suggesting an
enhancement in the crystal’s stiffness under higher pressure conditions. According to Pugh’s criterion for
mechanical behavior, a B/G > 1.75 suggests ductile behavior, whereas B/G < 1.75 indicates brittleness [19].
In this study, the calculated B/G values across all pressure levels are notably higher than 1.75, leading to
the conclusion that a-Cu:Se exhibits ductile characteristics.

Table 3: The values of PBmax (TPa™"), Bmin (TPa™), Gumax (GPa), Gumin (GPa), Emax (GPa), Emin (GPa) of a-Cu,Se at
different pressures, respectively.

Pressure (GPa) ﬂmax ﬂmin Gmax Gmin Emax Emin
0 3.4746 3.4746 10.2 1.85 29.55 5.51
10 3.0111 3.0111 10.9 1.80 31.66 5.37
20 2.2222 2.2222 11.7 1.80 34.21 5.38
30 1.7790 1.7790 12.5 1.60 36.68 4.79
40 1.5458 1.5458 12.6 1.40 37.08 4.19

50 1.3635 1.3635 12.3 1.30 36.29 3.89
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Figure 6: The Influence of pressure on the B, G, and E of a-Cu,Se under varying pressure conditions.

Figs. 6-12 provide 2D views (projected onto the xy, xz, and yz planes) and 3D visualizations that
illustrate the directional dependence of F, linear compressibility f, and G for a-Cu,Se [20,21]. For both
crystal structures, linear compressibility appears nearly isotropic across all planes. The graphical outputs,
both in two and three dimensions, indicate that the level of anisotropy rises in the following order: f < E <
G. Additionally, Table 3 summarizes the maximum and minimum values of £, f, and G. The elastic anisot-
ropy under varying pressure conditions (0—50 GPa) is further quantified using the ratios Smax/fmin, Gmax/ Gmin,
and Emax/Emin. Higher values of these ratios correspond to greater anisotropy in the respective properties.
The Smax/Pmin ratios remain constant at 1 across all pressure levels (0 GPa to 50 GPa), indicating consistent
isotropy in linear compressibility. In contrast, the Gmax/Gmin ratios are 1.3188, 1.3160, 1.2656, 1.2565,
1.2411, and 1.2309 at pressures of 0 GPa, 10 GPa, 20 GPa, 30 GPa, 40 GPa, and 50 GPa, respectively.
Similarly, the Emax/Emin ratios are 1.2858, 1.2871, 1.2516, 1.2312, 1.1997, and 1.1815 at the same pressure
points. From this data, it is evident that the anisotropic behavior of G and E diminishes as pressure increases,
while f remains largely isotropic regardless of pressure changes.
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Figure 7: The B (TPa™!) surface contours representation of a-Cu,Se.
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Figure 8: The G(GPa) surface contour representation of a-Cu,Se.
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Figure 9: The E (GPa) surface contours representation of a-CusSe.
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Figure 10: The representation of G(GPa) on different surfaces of a-CusSe.
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Figure 12: The representation of E (GPa) on different surfaces of a-CusSe.

4 Conclusions

In conclusion, the physical characteristics of 0-Cu,Se have been systematically investigated using
DFT. The calculated lattice parameters of the crystal structure show remarkable consistency with experi-
mental measurements. The band structure and optical prpperties were also determined to provide insights
into the a-Cu,Se’s properties. Furthermore, various elastic moduli were calculated to evaluate the elastic
response of a-CuxSe under varying pressure conditions.
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