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Abstract

:

By using the pseudopotential plane-wave method of first principles based on density functional theory, the band structure, density of states and optical properties of Cu2ZnSnS4 under isotropic stress are calculated and analyzed. The results show that Cu2ZnSnS4 is a direct band gap semiconductor under isotropic stress, the lattice is tetragonal, and the band gap of Cu2ZnSnS4 is 0.16 eV at 0 GPa. Stretching the lattice causes the bottom of the conduction band of Cu2ZnSnS4 to move toward lower energies, while the top of the valence band remains unchanged and the band gap gradually narrows. Squeezing the lattice causes the bottom of the conduction band to move toward the high-energy direction, while the top of the valence band moves downward toward the low-energy direction, and the Cu2ZnSnS4 band gap becomes larger. The static permittivity, absorption coefficient, reflectivity, refractive index, electrical conductivity, and energy loss function all decrease when the lattice is stretched, and the above optical parameters increase when the lattice is compressed. When the lattice is stretched, the optical characteristic peaks such as the dielectric function shift to the lower-energy direction, while the optical characteristic peak position shifts to the higher-energy direction when the lattice is compressed.
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1. Introduction


With the increasing scarcity of non-renewable energy sources such as fossils, the energy crisis and environmental pollution problems are becoming more and more prominent. The development of new energy sources, such as solar energy and wind energy, is an effective means to solve the energy crisis and environmental pollution problems [1]. Among many new energy sources, solar energy has received great attention due to its advantages of greenness, environmental protection, and high efficiency [2,3,4,5,6]. Solar cells are the main means of utilizing solar energy. Solar cells include silicon-based solar cells, perovskite solar cells, organic solar cells, dye-sensitized cells, compound thin-film solar cells, etc. [7,8,9,10,11]. Compound thin-film solar cells are effective devices for utilizing solar energy due to their small size, light weight, and flexibility. Compound thin-film solar cells mainly include [12,13,14] CdTe cells, GaAs cells, Cu(In-Ga)(Se,S)2 cells, and so on. Among them, Cu(In-Ga)(Se,S)2 cellshavehigh battery conversion efficiency due to their spike-like conduction band valence and they do not damage the short-circuit current [15] and are widely used. Cu(In-Ga)(Se,S)2 cells contain rare metals In and Ga, which are limited in large-scale commercial applications. Therefore, seeking environmentally friendly solar cell materials is one of the strategies to solve the difficulty of the large-scale application of Cu(In-Ga)(Se,S)2 cells. The band gap of the semiconductor material Cu2ZnSnS4 (CZTS) is 1.4~1.6 eV, which is strongly matched with the required band gap of the solar cell absorber material [16]. The physical and chemical properties of CZTS are very close to those of Cu(In-Ga)(Se,S)2. The theoretical conversion efficiency of CZTS as an absorber layer of solar cells is 32.2% [17], and CZTS is rich in various elements in the crust, as well as being non-toxic and non-polluting. Therefore, CZTS is considered as a high-efficiency, low-cost, and environmentally friendly solar cell material.



At present, the experimentally reported value of the conversion efficiency of CZTS solar cells reaches 12.6% [18], but there is still a large gap between this and the theoretical calculation value, and the conversion efficiency of the cell has large room for improvement. The main factors affecting the conversion efficiency of CZTS solar cells are the low open-circuit voltage Voc and low filling factor of the cell [19,20]. Since the ionic radii of Cu and Zn are very close, substitution defects of Cu and Zn are easily formed in the CZTS system. Anti-occupancy defects with Cu and Sn and Zn anti-occupancy defects [21] will introduce energy level defects to different degrees and inhibit the open-circuit voltage Voc of the battery. It was found [22] that the introduction of metal ions in CZTS can play a role in the passivation of defects; for example, the introduction of a small amount of Ge can suppress intrinsic deep-level SnZn defects. We note that the doping of monovalent metals such as silver can change the defects of Cu2ZnSnS4, thus adjusting the band gap. Due to the high formation energy of AgZn defects, when the Ag doping concentration is high, the defect concentration of the CZTS system is low, which is conducive to increasing the carrier concentration. Affected by the electronic configuration of elements, the atomic radii of Ag atoms and Cu atoms differ greatly, which causes the bending coefficient of the energy band to change. Low-concentration doping causes the energy band to change slowly, while high-concentration doping causes the energy band to change obviously [23].



In addition, the introduction of stress into the material can play the role of changing the lattice constant, regulating the energy band structure, and changing the optical properties. The 4-metal alloy of Cu2ZnSnS4 is derived from the binary alloy of ZnS [24]; due to its good band gap matching and strong light absorption, it is an ideal solar cell absorption layer material. However, CuZn and SnZn defect energy levels exist when Cu2ZnSnS4 alloy films are actually prepared, which affects the photoelectric properties of the materials. Therefore, we control the band gap and photoelectric properties of Cu2ZnSnS4 alloy films by applying stress. Stressing is an effective means to regulate the heterojunction carrier dynamics [25]. As a solar cell absorbing layer material, CZTS needs to form a solar cell system together with other materials, so it is necessary to consider the transport of electrons and holes at the heterojunction interface. Adjusting the stress can change the K point energy level of the material. When the K point energy level is coupled with other energy levels, it can provide an intermediate-state energy level for electron and hole transfer, making the transfer of electrons and holes between layers easier, and improving the utilization of photogenerated carriers. In addition, adjusting the stress can change the orbital occupancy of electrons, thereby changing the photoelectric characteristics of the film. At the same time, adjusting the stress can also change the phase transition temperature of the film [26]. Therefore, it can be predicted that the introduction of stress is an effective means to adjust the photoelectric properties and phase transition temperature of CZTS. Based on the above considerations, we study the effect of stress on the electronic structure and optical properties of CZTS.



There have been extensive reports on the photoelectric properties of materials by introducing stress [27,28,29,30]. However, there are few reports on the effect of stress on the electronic structure and optical properties of CZTS. In this paper, by using the pseudopotential plane-wave method of first principles based on density functional theory, the band structure, density of states, and optical properties of Cu2ZnSnS4 under isotropic stress are calculated and analyzed.




2. Methods and Calculations


The calculation model selected in this paper is Cu2ZnSnS4 with a kesterite structure, the space group is   I  4 ¯  ( N o .82 )  , the lattice constants are a = b = 0.54628 nm, c = 1.0864 nm, and the crystal plane angle is α = β = γ = 90° [31]. The unit cell structure of Cu2ZnSnS4 is shown in Figure 1.



The first-principles-based pseudopotential method was used for the calculations; all calculations were performed using the Cambridge Serial Total Energy Package (CASTEP) [32] in Materials Studio software, and processed using the Perdew–Burke–Eurke–Ernzerh(PBE) [33] functional of the generalized gradient approximation (GGA) for the exchange correlation energy between electrons. An ultrasoft pseudopotential [34] was used to deal with the interaction between ionic solids and electrons. The truncation energy was set to 400 eV, the self-consistent convergence accuracy was 1.0 × 10−7 eV/atom, and the integral of the Brillouin zone was divided by 5 × 5 × 2 of Monkhorst–Pack.




3. Results and Discussion


3.1. Geometry Optimization


Table 1 shows the lattice constants of Cu2ZnSnS4 with a kesterite structure obtained after applying isotropic tensile stress and compressive stress optimization, where “−” represents tensile stress. It can be seen from Table 1 that with the increase inisotropic tensile stress, the lattice constant of CZTS increases, the volume of the unit cell increases, and the lattice of CZTS is tetragonal. With the increase inisotropic compressive stress, the lattice constant of CZTS decreases, the unit cell volume decreases, and the lattice still maintains the tetragonal system. The results calculated by us are in good agreement with those of Liu [35], which shows that the applied stress has a significant effect on the lattice constant and cell volume of Cu2ZnSnS4.



For comparison, the theoretical calculations [36] and experimental values [37] of lattice constant and cell volume are added in Table 1. It can be seen from Table 1 that when no stress is applied, the difference between the a and b values and theoretical calculation is 0.0%, and the difference between them and the laboratory values is 0.7%. The difference between the c value and theoretical calculation is 0.2%, and the difference between the c value and experimental value is 0.8%. The unit cell volume is 0.2% different from the theoretical calculation and 2.4% different from the experimental value. The results in Table 1 show that our calculation results are in good agreement with the calculation and experimental values of other research groups.




3.2. Electronic Structure


3.2.1. Band Structure


Figure 2 shows the Cu2ZnSnS4 band structure obtained by applying tensile stress. It can be seen from the figure that CZTS is a typical direct band gap semiconductor, and the minimum band gap value is obtained at the highly symmetrical G point position. The band gap of CZTS is 0.16 eV when no stress is applied (0 GPa), which is consistent with the research results of Zhao [38].



With the increase intensile stress, the bottom of the conduction band moves to the lower-energy direction, while the top of the valence band remains unchanged; the band gap decreases with the increase intensile stress, and the band gap reaches a minimum value of 0.02 eV when the tensile stress is −4 GPa. After this, the band gap widens with the increase intensile stress. This is because the bottom of the conduction band of CZTS moves toward the high-energy direction after the tensile stress continues to increase, while the top of the valence band moves down toward the low-energy direction, and the band gap widens.



Figure 3 shows the band structure of Cu2ZnSnS4 obtained by applying compressive stress. It can be seen from Figure 3 that the CZTS is still suitable as a direct bandgap semiconductor; the minimum bandgap value is still obtained at the highly symmetrical G point position.



With the increase incompressive stress, the bottom of the conduction band of CZTS moves towards high energy and the top of the valence band remains unchanged. The band gap of CZTS widens with the increase incompressive stress. When the applied compressive stress is 20 GPa, the band gap of CZTS reaches 0.71 eV.




3.2.2. Density of Electronic States


The total density of states and the density of states of each atomic partial wave under the action of tensile stress are shown in Figure 4. The main contributions to the CZTS density of states are the Cu 3d configuration, Zn 3d configuration, Sn 5s and 5p configuration, and S 3s and 3p configuration, and the 3p configuration of Cu and Zn also has a small contribution.



It can be seen from Figure 4 that the lower valence band region of −14.5~−12.3 eV is mainly contributed by the 3s state of S and a small amount of 5p state electrons of Sn. The mid-valence band region of −8.4~−5.5 eV is mainly contributed by the 3d state of Zn, the 5s state of Sn, and a small amount of the 3p state of S and 4s state of Zn. The upper valence band region of −5.5~0 eV is mainly contributed by the 3d state of Cu, a small amount of the Sn 5p state, and the 3p state of S. The conduction band part is mainly contributed by the 5s and 5p states of Sn and a small amount of the 3p state of S.



With the increase intensile stress, the peak position of the density of states in the valence band of CZTS shifts to the higher-energy direction. The −13 eV peak is shifted to the high-energy band by 0.45 eV, the −6.88 eV peak is shifted to the high-energy band by 0.27 eV, the −3.69 eV peak is shifted to the high-energy band by 0.8 eV, and the −1.73 eV peak is shifted to the high-energy band by 0.42 eV. The peak position of the conduction band is shifted to the lower-energy direction, and the shift amount is essentially the same at around 0.13 eV.



The Cu2ZnSnS4 density of states and the partial wave density of states under the action of compressive stress are shown in Figure 5.



It can be seen from Figure 5 that the electronic configurations contributing to the valence and conduction bands of CZTS are essentially the same as those under tensile stress. The peak positions of the density of states in the valence band of CZTS shifted to the lower-energy direction with the increase in compressive stress, with an average offset of 0.64 eV, and the peak positions of the density of states in the conduction band shifted to the high-energy direction with an average offset of 0.17 eV.



We believe that when the lattice is subjected to tensile stress, the interatomic distance increases, the coupling degree of valence electrons decreases, the electrostatic repulsion decreases, the attractive force between valence electrons near the Fermi level and electrons in the conduction band increases, and some valence electrons break free. The tendency for nuclear confinement to occupy higher energy levels becomes more pronounced with increasing tensile stress.



Since valence electrons occupy higher energy levels, the energy required for their transition to the conduction band decreases and the band gap narrows. On the contrary, when the lattice is subjected to compressive stress, the atomic spacing decreases, the coupling degree of valence electrons increases, and the electrostatic repulsion increases, which hinders valence electrons from occupying high-energy states and pushes valence electrons to move to lower-energy orbitals. Therefore, the energy required for the transition of valence electrons to the conduction band increases, and the band gap becomes wider.



On the other hand, when the material is stressed, the Coulomb force changes due to the change in atomic spacing. These changes lead to an increase or decrease in exciton binding energy [39], which affects the dielectric shielding effect and ultimately affects the electron transport, making the band gap wider or narrower.





3.3. Optical Properties


3.3.1. Complex Dielectric Function


The dielectric function   ε ( ω ) =  ε 1  ( ω ) + i  ε 2  ( ω )   is a complex number. The imaginary part    ε 2    indicates that the polarization of the molecules inside the material cannot keep up with the change in the external electric field; it represents the loss. The real part    ε 1    indicates the ability of the material to bind charges. The dielectric function reflects the band structure of the solid and its spectral information [40], and the dielectric peak of the dielectric function is mainly determined by the band structure and density of states. Figure 6 is a graph showing the change in the CZTS real part    ε 1    and imaginary part    ε 2    with photon energy under stress.



It can be seen from Figure 6a that when the tensile stress is 0, −2, −4, and −6 GPa, the corresponding static dielectric constants are 13.74, 14.98, 16.48, and 18.88. When the compressive stress is 6, 12, and 20 GPa, the corresponding static dielectric constants are 13.09, 11.09, and 10.04. It can be seen from the figure that the static permittivity of CZTS increases when the lattice is subjected to tensile stress, while the static permittivity of CZTS decreases when it is subjected to compressive stress. At 0 GPa, the imaginary part of the complex dielectric function of CZTS has four distinct characteristic peaks at 1.44, 4.23, 6.26, and 8.58 eV. Combining the density of states in Figure 4a, it can be seen that the dielectric peak at 1.44 eV has mainly transitioned from Cu 3d orbital electrons to Sn 5s orbital electrons, and the dielectric peak at 4.23 eV has mainly transitioned from Cu 3d orbital electrons to Sn 5p orbital electrons, at 6.26 eV. The dielectric peak at 8.58 eV mainly transitions from Cu 3d orbital electrons to Sn 5p orbital electrons, and the dielectric peak at 8.58 eV mainly transitions from Zn 3d orbital electrons to Sn 5s orbital electrons. When the energy is lower than 3.78 eV, the dielectric peak shifts to the high-energy direction with the increase instress, and the peak decreases with the increase instress. When the energy is greater than 3.78 eV, the dielectric peak also shifts to the high-energy direction with the increase instress, but, at this time, the peak increases with the increase instress. As the stress increases, the CZTS band gap increases, so the dielectric peak shifts toward higher energies. The above conclusions are consistent with the results of the literature [41]; this is in agreement with the relation between the band gap energy and the dielectric response, which implies that the larger band gap energy results in a small dielectric constant.




3.3.2. Absorption and Reflection Spectra


The absorption spectrum of Cu2ZnSnS4 is shown in Figure 7a. It can be seen from the figure that the absorption spectrum of CZTS is mainly divided into three parts: the visible light region of 0.5~4.8 eV, the ultraviolet light absorption region of 4.8~14.2 eV, and the absorption range of more than 14.2 eV in the high-energy absorption area. In the range of 0.5~9.9 eV, the absorption coefficient gradually increased with the increase in incident light energy, and the light absorption decreased sharply when the energy was greater than 9.9 eV, while CZTS almost no longer absorbed the spectrum when the energy was greater than 16.19 eV. It can be seen from the figure that the absorption coefficient of CZTS in the visible light band is greater than 104 cm−1 [42], and the light absorption is good.



With the increase incompressive stress, the absorption peak of CZTS shifted to the high-energy direction, and the peak value gradually increased. With the increase intensile stress, the absorption peak of CZTS shifted to the lower-energy direction, and the peak value gradually decreased. The results obtained in this paper are very consistent with the research results of Kahlaoui [43], and the phenomena could be attributed to the decrease in the electronic transition energy with the strain, which results in more photons being absorbed.



In this work, it is believed that when the lattice is subjected to tensile stress, the atomic spacing becomes larger, and the light wave of the same energy is "short-wave" relative to the lattice, the lattice scattering effect is enhanced, and the light absorption is weakened. In contrast, when the lattice is subjected to compressive stress, the atomic spacing decreases, and the light wave with the same energy is "long-wave" relative to the lattice, the lattice scattering effect is weakened, and the light absorption is enhanced.



Figure 7b shows the reflectance spectrum of CZTS. The reflectance in the visible light region of 0.5~4.8 eV is lower than 30%, indicating that CZTS has good light absorption in the visible light region. With the increase in incident light energy, the reflectivity gradually increased and reached a peak value of 90% near 15.30 eV, and high reflectivity appeared in the ultraviolet and high-energy regions. As the compressive stress increases, the reflection peak shifts towards higher energy. However, as the tensile stress increases, the reflection peak shifts toward the lower-energy direction.




3.3.3. Complex Refractive Index


Figure 8 shows the Cu2ZnSnS4 complex refractive index; (a) is the refractive index, and (b) is the extinction coefficient.



It can be seen from Figure 8 that when the energy is greater than 16 eV, the refractive index is essentially constant, and the extinction coefficient is around 0, indicating that the absorption of CZTS is weak at high frequencies, which is consistent with the conclusion of the absorption spectrum. It can also be seen from the figure that the refractive index decreases with increasing tensile stress and increases with increasing compressive stress. This is mainly because the unit cell volume becomes larger when tensile stress is applied, the density becomes worse, and the refractive index decreases. When compressive stress is applied, the volume of the unit cell decreases, the density of CZTS becomes better, and therefore the refractive index increases.




3.3.4. Complex Conductivity


It can be seen from Figure 9a that when the energy is less than 0.5 eV and greater than 12.6 eV, the real part of the complex conductivity is around 0—that is, there is almost no dissipation. It can be seen from the figure that the peak of the real part of the conductivity appears in the energy range of 1.5~8.8 eV, and the peak of the imaginary part appears in the energy range of 1.5~11.35 eV, which corresponds to the absorption spectrum. The real part of the conductivity reaches the maximum value near 6.4 eV. Combined with the analysis of the density of states map, it can be seen that these interband transition sources are related to the transition of Cu 3d orbital electrons to Sn 5p orbital electrons. With the increase intensile stress, the peak value of the real part of conductivity shifts to the direction of low energy, and with the increase incompressive stress, the peak value of the real part of conductivity shifts to the direction of high energy.




3.3.5. The Energy Loss Function


The energy loss function describes the energy loss of electrons when passing through a homogeneous medium. It can be seen from Figure 10 that the energy loss of Cu2ZnSnS4 reaches a maximum value of 57.22 near 15.89 eV at 0 GPa. When the stress is −6 GPa, the maximum energy loss is 149.23, and the minimum energy loss is 47.37 when the stress is 20 GPa.



With the increase intensile stress, the peak position of the energy loss function shifts to the lower-energy direction, and the peak value increases significantly with the increase intensile stress. With the increase incompressive stress, the peak position of the energy loss function shifts to the high-energy direction, and the peak value decreases slowly with the increase incompressive stress. This is mainly because the CZTS band gap changes significantly when the lattice is stretched, while the CZTS band gap changes slowly when the lattice is compressed. Therefore, applying stress can tune the peak position and peak value of the CZTS energy loss function.






4. Conclusions


By using the pseudopotential plane-wave method of first principles based on density functional theory, the band structure, density of states, and optical properties of Cu2ZnSnS4 under isotropic stress are calculated and analyzed. The CZTS band gap is reduced by stretching the lattice under isotropic stress, and increased by compressing the lattice. The band gap is 0.16 eV when no stress is applied. When the material is stressed, the atomic spacing becomes larger or smaller, which changes the Coulomb force. These changes lead to anincrease or decrease inexciton binding energy, which ultimately affects the electron transport and makes the band gap wider or narrower. The valence band of CZTS is mainly contributed by the 3d electrons of Cu, and the conduction band is mainly contributed by the 5s electrons of Sn. When the stress changes from −6 GPa to 20 GPa, CZTS always presents a direct band gap semiconductor at the high-symmetry point and maintains a tetragonal crystal system. At −6 GPa, the maximum static dielectric constant is 18.88, and the dielectric peak shifts to the high-energy direction with the increase instress. The absorption coefficient of CZTS in the visible light band is greater than 104 cm−1, and the reflectivity is lower than 30% in the energy range of 0.5~4.8 eV, showing good light absorption characteristics and low reflectivity. With the increase incompressive stress, the absorption peak of CZTS shifts towards the direction of high energy, and the peak value gradually increases. When the energy is greater than 16 eV, the refractive index is essentially constant, and the extinction coefficient is approximately 0. The maximum value of energy loss function is 57.22 near 15.89 eV, and the peak position of the energy loss function shifts to the direction of high energy with the increase incompressive stress, while the peak value decreases slowly with the increase incompressive stress. In summary, the band gap, optical absorption, dielectric constant, and other properties of CZTS can be adjusted by applying stress; this work provides a strong reference for the experimental preparation of high-quality CZTS films and can help in the development of efficient CZTS solar cells.
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Figure 1. Cu2ZnSnS4 unit cell structure. 
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Figure 2. Band structure of Cu2ZnSnS4 under tensile stress for (a) 0 GPa band structure; (b) −2 GPa band structure; (c) −4 GPa band structure; (d) −6 GPa band structure. 
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Figure 3. Band structure of Cu2ZnSnS4 under compressive stress for (a) 0 GPa band structure; (b) 6 GPa band structure; (c) 12 GPa band structure; and (d) 20 GPa band structure. 
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Figure 4. Cu2ZnSnS4 density of states under tensile stress for (a) 0 GPa density of states and fractional density of states; (b) −2 GPa density of states and fractional density of states; (c) −4 GPa density of states and fractional density of states; (d) −6 GPa density of states and partial wave density of states. 
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Figure 5. Cu2ZnSnS4 density of states under compressive stressfor (a) 0 GPa density of states and fractional density of states; (b) 6 GPa density of states and fractional density of states; (c) 12 GPa density of states and fractional density of states; (d) 20 GPa density of states and partial wave density of states. 
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Figure 6. The complex dielectric function ofCu2ZnSnS4 under stress for (a) the real part of the complex dielectric function; (b) the imaginary part of the complex dielectric function. 
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Figure 7. Absorption and reflection spectra for (a) the absorption spectrum and (b) the reflection spectrum. 
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Figure 8. Complex refractive index for (a) the refractive index and (b) the extinction coefficient. 
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Figure 9. Complex conductivity for (a) real part and (b) imaginary part. 
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Figure 10. The energy loss function. 
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Table 1. Cu2ZnSnS4 lattice constants of applied tensile and compressive stresses.
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	Stress/GPa
	a/Å
	b/Å
	c/Å
	V/Å3





	−6
	5.688
	5.688
	11.377
	368.043



	−4
	5.602
	5.602
	11.202
	351.220



	−2
	5.528
	5.528
	11.061
	338.034



	0
	5.469
	5.469
	10.944
	327.377



	Theoretical [36]
	5.469
	5.469
	10.921
	326.647



	Experimental [37]
	5.427
	5.427
	10.854
	319.676



	6
	5.338
	5.338
	10.673
	304.123



	12
	5.240
	5.240
	10.480
	287.732



	20
	5.149
	5.149
	10.242
	271.568
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