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Based on the first-principles method, the electronic structure, mechanical and optical
properties of a-CusS are studied. The results show that the optimized structural parameters
are in good agreement with the experimental value. The energy band structure and density
of states of a-Cu,S is obtained by calculation and analysis. The mechanical properties such
as bulk modulus, shear modulus, Young's modulus and Poisson's ratio are calculated at
different pressures. At last, the dielectric function, refractive index, absorption coefficient
and reflectivity of a-CusS is analyzed. It was found that a-Cu,S is a direct bandgap with a

band gap of 1.2 eV and has good potential for optoelectronic applications.
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1. Introduction

Copper-based compounds Cu,Ch (Ch = O, S, Se, Te), CuMChy(M = Sb, Bi; Ch = S, Se,
Te), Cu2ZnSnChys(Ch= S, Se) are potential solar energy conversion materials[1-7]. Their are a new
type of inorganic solar cell materials that have attracted much attention in recent years. The band
gaps of these list of semiconductor materials are very well matched with the sunlight, and they are
all direct band gaps, light absorption performance is good, the most important is that its
components are non-toxic. Thus, the copper-based chemicals Cu,Ch (CH = O, S, Se, Te),
CuMChy(M = Sb, Bi; Ch = S, Se, Te), CuuZnSnCh4 (Ch= S, Se) are ideal photovoltaics list of
semiconductor materials. Among copper-based compounds, Cu,S semiconductor is a good solar
energy absorbing material because of its safety, low cost and ideal band gap of 1.2-2.5 eV. Because
it is a P-type semiconductor and can absorb part of the visible light, it is considered as a very
promising material in the field of solar energy conversion. At the same time, Cu,S is of great
importance in photovoltaic, thermoelectric and solar panel display devices. Below 103 °C, Cu,S
exists as monoclinal low chalcocite (y-Cu,S). In the temperature range of 103-435 °C, the most
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stable phase is hexagonal pyroxene (5-Cu,S), which transforms into cubic (a-Cu,S) above 435 °C.
0-CuzS has a regular anti-calcium fluoride crystal structure, and the S atom occupies the 4a
Wyckoff's (0, 0, 0) position, which ensures that the electronic carriers move unperturbed through
the lattice nodes, the highly mobile copper ions forming the cationic sublattice can“Jump” between
the equivalent positions in the lattice at short time intervals. However, there are many properties,
such as electronic structure, elasticity, optical, etc., which are not well known in previous studies.
For example, although we have done extensive research on the electronic properties of a-Cu,S, the
range of available data is also extensive. But for elastic properties, we only have limited
information. Moreover, the two parameters of pressure and temperature play an important role in
adjusting the physical properties of materials. Therefore, the main purpose of this study is to use
density functional theory to calculate the structure, electronic properties, elastic and optical
properties of a-Cu,S.

2. Calculation methods

In this work, all the calculations are performed using the CASTEP code, based on the
density functional theory(DFT) [8]. The Vanderbilt ultrasoft pseudopotential [9] is used with the
cutoff energy of 450.0 eV for the considered structure. The £ point meshes of 4x4x4 for cubic
structure a-CupS is generated wusing the Monkhorst-Pack scheme. The electronic
exchange-correlation potentials are described within within the generalized gradient approximation
(GGA) proposed by Perdew et al.[10].

3. Results and discussion
3.1. Structural optimization

The structure chosen in this work is cubic a-Cu,S (Fig. 1), the space group is
Fm3m(No.225), and Cu atomic coordinates: (0.25, 0.25, 0.25), S atomic coordinates: (0, 0 , 0) .
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Fig. 1. Structural feature of a-Cu,S.
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Table 1. The present calculated lattice constants of a-CuS determined by LDA, GGA-PBE, GGA-RPBE,

GGA-PW91, GGA-PWY1 and WC-GGA compared with experimental value.

LDA PBE-GGA RPBE-GGA | PWI91-GGA WC-GGA Experimental [11]
a=b=c(A) 5.410 5.579 5.654 5.585 5.484 5.570
Relative error 2.87% 0.16% 1.51% 0.27% 1.54%

It can be concluded from the Table 1 that the minimum relative error of the calculated
lattice constant a is 0.16% when the generalized gradient approximation (GGA) exchange
correlation potential is PBE. The largest relative error was calculated using Local-density
approximation (LDA), at 2.87%. Because the relative error between the results calculated by
PBE-GGA method and the experimental values is the least, it is more close to the experimental
value, which shows that the reliability of the results calculated by this method is higher, therefore,
we use this method in the following research calculation process. Then, we use PBE-GGA method
to optimize the cell when it is 0 GPa, 2GPa, 4 GPa, 6 GPa, 8 GPa, 10 GPa respectively. As can be
seen from Fig. 2, the lattice constant a of a-Cu,S decreases with increasing pressure, so the total
cell volume decreases with increasing pressure. The reason for this result is that the interaction
force between a-Cu,S atoms increases under increasing external pressure, which causes the crystal
to be compressed and the bond length to be shortened.
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Fig. 2. Lattice constant a of a-Cu;S at different pressures.

3.2. Electronic structure

The lattice constant of a-Cu,S was optimized at zero pressure, and the band structure was
obtained by GGA-PBE method (as shown in Fig. 3). It can be seen that the band gap is 0.029 eV,
but it is quite different from 1.2 eV [12]. It is well known that the reason for this difference is that
GGA-based Density functional theory (DFT), when calculating semiconductors or insulators,
especially in systems with more severe electron interactions (such as a-CusS), if the excited state
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can not be described accurately, the band gap value will be seriously underestimated. However, the
DFT-GGA method can well describe the electronic structure and many physical properties of
materials. Therefore, the band structure described in Fig. 4 is in good agreement with the
experimental results.
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Fig. 3. The electronic band structure of of o-CusS.

In this work, in order to adjust the band gap value, we introduce a scissors operator to
modify the band gap (correction factor x = 1.171 eV), and the corrected band gap value is
consistent with the experimental value of 1.2 eV.
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Fig. 4. Band structure of a-Cu.S after modification by scissors operator.

As can be seen from Fig. 4, both the top and the bottom of the modified valence band are
at the G-point, resulting in a direct bandgap band gap of 1.2 eV for a-Cu,S.
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Fig. 5. The partial density of states and total density of states of a-Cu:S.

The partial density of states of a-Cu,S and total density of state are obtained, as shown in
Fig. 5. The valence electron structure of Cu is 3d'°4S' and that of S is 3S*3P*. The uppermost
valence band width of a-Cu,S is about -3.96 eV ~ -0.02 eV, and there are three peaks at -3.24 ¢V,
-2.24 eV and -1.43 eV. The first two peaks are mainly derived from the d-orbitals of Cu atoms. The
last peak mainly comes from the d orbitals of the Cu atoms and hybridizes the p orbitals of the S
atoms, the valence band width of the middle part is about -7.88 eV ~ -4.92 ¢V, and there are two
peaks at -7.13 eV and -5.39 eV, the former is derived from the p orbitals of S, while the latter is the
p orbitals of the hybrid s of Cu d orbitals, the width of valence band at the bottom is about -15.41
eV~ -13.75 eV, and there is a peak at -14.28 eV, the contribution is made by the p orbitals of S.

3.3. Elastic properties

a-Cu,S belongs to cubic system, so it has three independent components, which are Ci,
C12, Cu4 respectively. Using these elastic constants, we can determine the mechanical stability of
the crystal. According to the Born stability criterion, the criterion for the elastic stability of a cubic
system under pressure is [13]

(C11 2C1+ P) >0; (C44 - P) >0, (C11—C12—2P) >0 (1)
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Fig. 6. Effect of pressure on the C; of a-CusS as a function of pressure.
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Fig. 6 shows that C; increases in the range of 0-6 GPa, but decreases in the range of 6-10
GPa in the three elastic constants (Ci1, Ci2, Ca4) with increasing pressure, and C), increases with
increasing pressure, but in the range of 6-10 GPa, the increase amplitude of Cus is steeply
increased, and the change ratio of Cis with pressure is not obvious, the overall increase trend is
still present, which shows that the sensitivity of Cis to pressure is far less than the other two
independent elastic constants. From the data shown in Table 2, it can be seen that a-CusS is
mechanical stability at 0-6 GPa, and the elastic constant Cjj increases with the increase of pressure,
the results show that the compressibility of the crystals decreases with the increase of pressure, but
when the pressure is over 6 GPa, the calculated results no longer satisfy the elastic stability
criterion, the results show that the crystal structure of a-Cus,S is not stable when the pressure of
a-Cu,S is higher than 6 GPa, and there is possibility of phase transition. Because there is no
comparison between the theoretical and experimental values, we can only infer from the calculated
results that the limiting pressure of a-Cu,S during phase transition is between 6 GPa and 8 GPa.

Table 2. Calculated elastic constants Cy (GPa) and Sy(10°3GPa’) of a-CusS at 0, 2, 4, 6, 8 and 10 GPa,
respectively.

Pressure(GPa) Cn Cus Ciz Sn Sas Si2
0 99.70 24.57 84.39 44.78 40.69 84.39
2 120.34 24.21 102.84 39.11 41.29 102.84
4 129.30 28.4 107.88 32.08 35.21 107.88
6 136.02 26.06 110.11 42.87 47.47 110.11
8 85.94 30.42 149.48 -9.62 32.85 149.48
10 90.95 31.22 166.65 -8.02 32.02 166.65

Then, when the a-Cus,S crystal is in the elastic stable state range (0-6 GPa), according to
the elastic constants at different pressures, Voigt-Reuss-Hill [14-16] method was used to calculate
and analyze the bulk modulus B, shear modulus G, Young's modulus E and Poisson's ratio v of the
crystal, which are presented in Table 3. According to Voigt-Reuss-Hill approximation, the bulk
modulus B, and shear modulus G are calculated as follows:
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As shown in Table 3 and Fig. 7, B, G, and E increase monotonically with increasing
pressure. Because the bulk modulus B is much larger than the shear modulus G at each pressure,
the shear resistance of a-Cu,S crystal is much weaker than that of compression. Young's modulus
E is used to describe the deformation resistance of a solid material. From Fig. 7, Young's modulus
E increases with increasing pressure. This means that the stiffness of the crystal increases with

increasing pressure.

Table 3. B (GPa), G (GPa), E(GPa), Poisson ratio v, B/G of a-Cu,S at different pressures.

Pressure (GPa) B G E v B/G
0 89.49 15.42 43.76 0.418 5.802
2 108.68 16.11 46.05 0.429 6.746
4 115.02 19.21 54.60 0.431 5.986
6 118.75 19.69 55.96 0.441 6.032

It is well known that the brittleness or ductile of materials is very important for its
practical application. According to Pugh standards of mechanical behavior of crystals, the ratio of
bulk modulus B to shear modulus G can be used to predict whether a solid material is brittle or
ductile, when the ratio B/G is more than 1.75, it is ductile material, and when the ratio is less than
1.75, it is brittle material[17]. The B/G values at different pressures are much larger than 1.75.
Therefore, it can be concluded that a-Cu,S crystal is a ductile material.
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Fig. 7. Effect of pressure on B, G, and E of a-CusS as a function of pressure.
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3.4. Optical properties

Fig. 8 shows the relation between the real and imaginary parts of the dielectric function of
a-Cu,S with respect to the photon energy, where the Re curve represents the change of the real part
with respect to the photon energy and the Im curve represents the change of the imaginary part
with respect to the photon energy. From the graph, we can know that the static permittivity of
a-Cu,S is 24.21, and the real part gets the maximum value at the photon energy of 0.69 eV, then
the real part decreases gradually in a fluctuating manner, and the real part gets the minimum value
when the photon energy is 9.32 eV, then the real part tends to zero as the photon energy increases,
and the photon energy at zero is about 24 eV. The absorption edge of the imaginary part of the
dielectric function of a-Cu,S is obtained at the photon energy of 1.46 eV, which corresponds to the
direct optical transition between the bottom of the conduction band and the top of the valence band,
the imaginary part has five peaks, which are labeled Eo, Ei, Ez, E3, E4, corresponding to the photon
energies: 1.46 eV, 4.92 eV, 6.09 eV, 8.52 eV, 10.96 eV, which represent five different interband

transitions, respectively.

25 —— Re(Epsilon)
—— Im(Epsilon)

Dielectric Function

T T T T
0 3 6 9 12 15 18 21 24
Frequency(eV)

Fig. 8. The real part ¢/(w) and imaginary part e>(w) of the dielectric function of o-CusS.
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Fig. 9. The refractive index n(w) and the extinction coefficient k(w) of the o-CusS.
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The complex refractive index is composed of the real part n(w) and the imaginary part
k(®), which is used to describe the propagation velocity of light waves in an absorbing medium, i.
e. the refractive index of an absorbing medium. The imaginary part k(w) is the extinction
coefficient, which is used to describe the energy loss when the photon propagates in the medium.
Fig. 9 shows the change of photon energy in the real and imaginary parts of the complex refractive
index of a-Cu,S. From Fig. 9, we can see that the refractive index of a-Cu,S is no= 4.86, the
maximum value of # is obtained at the photon energy of 0.78 eV, and then the value of n decreases
with the increase of photon energy, at the photon energy of 21.91 eV, the minimum value is
obtained, and finally it increases monotonously to 1. The peak value of extinction coefficient £ of
a-Cu,S mainly appears in the photon energy range of 1.75 eV ~ 11.25 ¢V, and the value of £ is
equal to zero when the photon energy is 25.02 eV.
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Fig. 10. The absorption coefficient of the a-Cu,S.

Fig. 10 shows the absorption coefficient of a-Cu,S as a function of photon energy. It can
be seen from Fig. 10 that the absorption coefficient is not zero in the range of photon energy from
0.37 eV to 25.63 eV, the maximum value of 3.46x10° cm™ is obtained at the photon energy of 9.16
eV, then the absorption coefficient decreases gradually with the increase of photon energy, and
finally the value of 0 cm™ is obtained at the energy of 25.63 eV.
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Fig. 11. The reflectivity spectrum R(w) of the o-CusS.

Fig. 11 shows the reflectivity of a-CusS as a function of photon energy. From this figure, it
can be concluded that the static reflectivity R(0) of Cu,S is 0.438, and the reflectivity curve
fluctuates basically up or down 0.4 in the range of photon energy from 0 to 20 eV, only when the
photon energy is 21.70 eV, the maximum value of reflectivity is 0.719, and then with the photon
energy increasing, the refractive index decreases monotonically to zero.

4. Conclusions

In summary, the electronic structure, mechanical properties and optical properties of
a-Cu,S is studied by density functional theory. The obtained lattice constant of the studied crystal
shows that the values are very close to the experimental value. The band and the density of states
of the studied crystal is calculated. A series of elastic modulus such as bulk modulus, Young's
modulus, shear modulus and poisson's ratio are calculated to study the elastic properties of a-Cu,S
under different pressures. The optical properties of a-Cu,S crystal, such as dielectric function,
refractive index, absorption coefficient and reflectivity were calculated and analyzed.
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