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Abstract 

Cu2ZnGeS4, Cu2CdGeSe4, and Cu2CdSnSe4 crystallizes in the tetragonal (I-42m) stannite 

structure. Their electronic properties have been studied using the pseudopotential method 

within the framework of the density functional theory. For exchange and correlation, the 

GGA+U was used in conjunction with the projector augmented wave. The calculations 

predicted the three materials as semiconductors with indirect band gap value of 1.22 eV, 1.65 

eV, and 1.92 eV for Cu2ZnGeS4, Cu2CdGeSe4, and Cu2CdSnSe4 respectively. The partial 

density of states calculations showed that for Cu2ZnGeS4 compound, Se-4p is the dominate 

state at the top of the valence band while Ge-4s is the principal state at the bottom of the 

conduction band. Similarly, the top of the valence band for Cu2CdGeSe4 is mainly of Ge-4s 

and Se-4p states while the bottom of the conduction band is populated mostly by Ge-3d and 

Ge-4p states. For Cu2CdSnSe4, VBM is composed mainly of Se-4p and CBM is composed of 

Se-5s and Cd-4d states. 

Keywords: Electronic structure, Semiconductor, GGA+U, Thermoelectric 

 

Introduction 

Photonic devices harvest the energy of the sun, they have wide range of applications in 

Thermoelectric, Photodetectors, Photovoltaic cells, and Photocatalysis etc. This has made it 

increasingly important that new improved materials be sought.  The quaternary chalcogenides 

are promising candidates for these applications. The series I-II-IV-VI compounds are earth 

abundant and are relatively cheap and non toxic. Cu2ZnGeS4, Cu2CdGeSe4, and Cu2CdSnSe4 

are members of this series of compound. They have different phases which include 

Orthorhombic, Kesterite and Stannite. It has been proven that these materials are useful in solar 

cells (Kauk-Kuusik et al., 2018; Cheng et al., 2023), Photocatalysis of water (Guc et al., 2017), 

Thermoelectricity (Shi and Yin, 2013; Chetty et al., 2016; Wang et al., 20215; Fan et al., 2011; 

Liu et al., 2014), and Coolers (Wang et al., 2015). 

Previous works reported in the literature include works by Moodie and Whitfield (1986). They 

studied two phases of Cu2ZnGeS4 using Convergent-Beam electron diffraction (CBED) and 

high-resolution Lattice imaging with 200 kv electrons. A stainnite structure with space group 

I-42m having lattice parameters a = 5.27 Å, and a Rhombohedial structure with lattice 
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parameters a = 36.6 Å, b= 655 Å and C = 7.52 Å were reported. Cu2ZnGeS4 has been prepared 

by the Bridgman technique. The samples were analyzed via variable angle spectroscopic 

ellipsometry, and finding on refractive index, absorption coefficient and reflectivity were 

reported (Leon et al, 2010). Levcenco et al, (2013), used Raman and Photoluminescence 

spectroscopy to study the optical and vibrational properties of Cu2ZnGeS4. Reactive magnetron 

co-sputtering technique has also been used to prepare samples of Cu2ZnGeS4, these samples 

were studied via Raman spectroscopy and x-ray diffraction, findings revealed that Cu2ZnGeS4 

is tetragonal Stannite structured (Chen et al; 2014). The kesterite phase has been reported in 

the literature. Huang et al., (2015) also used the sulphurization of radio frequency magnetron 

sputtered precursor to prepare samples of Cu2ZnGeS4, and Cu2ZnSnS4, the thin films were 

analyzed and reported to be of the kesterite phase. The band gap reported for Cu2ZnGeS4 and 

Cu2ZnSnS4 are 1.98 eV and 1.54 eV respectively.  Kohl et al., (2018), prepared samples of 

Cu2(Zn,Ge) (S,Se)4 using thermal annealing of evaporated metallic precursors, their findings 

revealed a band gap of 1.45 eV and 2.0 eV respectively. Also, Schnabel et al., (2017), prepared 

samples of Cu2ZnGeSxS4-x using thermal annealing . The  X-ray diffraction analysis revealed 

a kesterite phase. They studied the effect of varying the sulphur and selenium content on the 

band gap. A band gap range of 1.5 eV to 1.7 eV was reported. Another phase of Cu2ZnGeS4 

reported in the literature is the orthorhombic structure with a band gap of 2.01 eV (Morales-

Gallardo et al., 2021). A study on compositional variation was done by Chen et al., (2017), 

they varied the Tin (Sn) and Gemanium (Ge) content, and reported a band gap range of 1.04 

eV to 2.16 eV, indicating that the band gap increases with increment of the Ge content. 

Cu2ZnGeSe4 films were prepared via sequential deposition on Mo coated Soda lime glass. The 

effect of precursor stack order, composition, and annealing temperature on the properties of 

Cu2ZnGeSe4 were studied. The value of the reported band gap is 1.5 eV (Buffiere etal., (2015). 

Shi et al., (2013) employed the solvothermal method in preparing samples of Cu2ZnGeS4 and 

Cu2ZnGeSe4 single crystalline nanowire arrays. Analyses were done using x-ray powder 

diffraction, energy dispersive x-ray spectroscopy and UV-vis spectrophotometer. Their 

findings showed that these materials are viable for photonic applications. The thermal 

evaporation technique was applied by Courel et al., (2018) in the growth of thin films of 

Cu2ZnGeS4. They studied the effect of Ge concentration in GeS precursor on the properties of 

the grown samples, they obtained a band gap range of 2.0 eV to 2.23 eV  Bodner et al., (2022) 

also work on Cu2ZnGeS4 single crystals using chemical vapour transport reaction method, 

samples were prepared varying the temperature. A band gap range of 2.068 eV to 2.113 eV 

was reported. X-ray diffraction study carried out on sample grown by Agala et al., (2019) 

showed tetragonal structure with band gap of 1.8 eV. The effect of synthesizing temperature of 

Cu2CdGeSe4 crystals have been reported in the literature. Gulay at al., (2002) reported on the 

low and high temperature modifications of Cu2CdGeSe4, and these corresponds, to the stannite 

and orthorhombic phases respectively. Similarly, Krustok et al., (2019) reported a variation in 

band gap of Cu2CdGeSe4 crystals grown at different temperatures. Kauk –Kunsik et al., (2018), 

synthesized samples of Cu2CdGeSe4 by molten salt method. They used x-ray diffraction and 

Raman spectroscopy methods to analysis these samples, and reported two phases of 

Cu2CdGeSe4, the tetragonal and orthorhombic structure, the obtained band gaps are 1.14 eV 

and 1.27 eV respectively. The electronic properties of Cu2CdGeSe4 were reported by 

Ocheretova et al., (2015), they studied samples of Cu2CdGeSe4 via x-ray photoelectron 

spectroscopy (XPS) and x-ray emission spectroscopy. The effect of doping on the 

thermoelectric properties of Cu2CdGeSe4 have been reported. Wang et al., (2015) showed that 
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doping Cu2CdSnSe4 with Gallium (Ga) in moderate amount at the Tin (Sn) site improves 

thermoelectric performance. Also, Liu et al., (2014), doped Cu2CdSnSe4 with manganese (Mn) 

at the cadmium site to obtain samples of CuCd1-xMnxSnSe4 at moderate concentration of Mn, 

they reported an improvement in thermoelectric properties of the samples. Their DFT study 

showed a shift of the Fermi level into the valence band making the sample slightly metallic. 

Rincon et al., (2015) reported on the vibrational properties of Cu2CdSnSe4 via Raman study.  

Some theoretical investigations based on DFT has been carried out on these materials under 

investigation. Chen et al., (2013) used the pseudopotential method to study the electronic and 

optical properties of Cu2ZnGeX4 (X = S, Se, and Te). They investigated the kesterite and the 

stannite phases of these materials. The full potential linearised augmented plane wave method 

(FP-LAPW) was utilized by Kodan et al., (2016) to study the electronic and optical properties 

of Cu2ZnGeS4, using for exchange and correlation, the generalized gradient approximation 

(GGA) and the modified Becke-Johnson (MBJ) potential, they reported and gaps of 0.5 eV for 

GGA and 1.2 eV for mBJ. Mesbahi et al., (2018) used FP-LAPW with GGA + TB –MBJ +U 

in their calculations to predict the properties of Cu2ZnGeS4, and reported a band gap of 2.0 eV 

for the Kesterite Phase. The Kesterite phase of Cu2CdSnSe4 was also studied by Hamdaoui et 

al., (2022) using (MBJ+U) technique. VU et al., (2019) also used  MBJ+U to study the 

properties of Cu2CdSnSe4 and reported results comparable to experiment. 

In this work, the GGA+U technique will be deployed to investigate the electronic properties of 

Cu2ZnGeSe4, Cu2CdSnSe4, and Cu2CdSnSe4. 

Computational Details                                         

 Chalcogendes form a large series of structurally related materials. The tetragonal stannite 

structure is derived from Zinc-blende by doubling the lattice parameter in the c-direction and 

has the space group I-42m. There are two formula unit per unit cell and each anions (sulphur 

(S) and selenium (Se)) is surrounded by two group I (copper (Cu), one group II (zinc(Zn) and 

cadmium (Cd), and one group IV (Germanium (Ge) and Tin (Sn)). The Cu atom was assigned 

the 4d Wyckoff’s atomic coordinate, Zn and Cd occupied the 2b Site. A total of 16 atoms was 

used per unit cell. The calculations were based on the density functional theory (DFT). The 

pseudopotential method implemented in the Abinit suite of software (Gonze et al.,2002; Gonze 

at al., 2005). The GGA +U technique was applied in computing the electronic band structure, 

total density of states (TDOS), and the partial density of states. The lattice parameters shown 

in table I and the atomic positions used in the calculations were adopted from Parasyuk at al, 

(2001); Gulay et al, (2022), and Olekseyuk et al., (2002). A tolerance of 10-10 was applied to 

the ground state calculations. An energy cutoff of 15 Ha and a k-point mesh of 256 was utilized. 

The following states were used in the projector augmented wave: Cu:3s,3p, 3d,4s 

Zn:3s,3p,3d,4s; Cd: 4d 5s; Sn: 4d,5s,5p; Ge:3d,4s,4p se: 4s, 4p. 

Table1: Adopted input with references                                                                                         

 a(Å) b(Å) c(Å) 

Cu2ZnGeSe4 5.6104a 5.6104a 11.0457a 

http://www.iiardjournals.org/
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Cu2CdGeSe4 5.7482b 5.7482b 11.0533b 

Cu2CdSnSe4 5.6882c 5.6882c 11.3378c 

 aParasyuk at al, (2001); bGulay et al, (2022), cOlekseyuk et al., (2002) 

Results and discussion 

The electronic band structure of Cu2ZnGeSe4, Cu2CdGeSe4, and Cu2CdSnSe4 have been 

computed and the results are presented in Figures 1a to 1c respectively. The band structure is 

a plot of energy (eV) against high symmetry points in the irreducible brillouin Zone. The 

direction of plot is Γ-X-M-P-Γ-M. Figure 1a displays the electronic band structure of 

Cu2ZnGeSe4, and it predicts an indirect band gap value of 1.22 eV, which is in excellent 

agreement with experimental values (Chen et al, 2017; Buffiere et al; 2015) and previous 

theoretical work (Chen and Ravindra, 2013). The valence band maximum (VBM) occurred at 

the M-point of high symmetry while the conduction band minimum (CBM) is at the gamma 

point. The material is obviously a semiconductor as indicated by the existence of an energy 

band gap. The band structure is grouped into various subbands of varying energy width. The 

subband at the Fermi level in the valence band has a width of about 4.5 eV, while the subband 

in the conduction band minimum has a width of 0.8 eV. The bands at the vicinity of the Fermi 

energy are flat with narrow dispersion indicating several transition points in the band structure. 

Figure 1b displays the electronic band structure of Cu2CdSnSe4. The calculation predicted the 

material to be a semiconductor with an indirect band gap of 0.65 eV which is in fairly good 

agreement with reflectivity measurement of 1.22 eV (Krustok et al, 2019). The VBM is at the 

gamma point while CBM is between X and M point, like in Cu2ZnGeSe4 compound, the 

valence subband at the vicinity of the Fermi level has a width of 3.2 eV, which is 1.3 eV less 

than that of Cu2ZnGeSe4. The conduction subband at the conduction minimum has a width of 

0.6 eV, again, this is less than what was calculated for Cu2ZnGeSe4, but here, there are notable 

points along X-M direction and at the P point. Figure 1c is the band structure of Cu2CdSnSe4 

predicted as a semiconductor with an indirect band gap of 1.92 eV. The width of the valence  

subband at the Fermi level is comparable to that of Cu2ZnGeSe4 with a value of about 4.0 eV. 

There is an upward shift of the conduction subband. The VBM is found at the M-Point while 

CBM is at the gamma point (Γ–Point). 

(1a)         (1b) 

 

(1c) 
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Figure 1: Electronic band structure of (1a) Cu2ZnGeSe4 (1b) Cu2CdGeSe4 and (1c) Cu2CdSnSe4. 

 

The total density of states, (TDOS) for Cu2ZnGeSe4, Cu2CdGeSe4, and Cu2CdSnSe4 are 

presented in Figures 2a to 2c respectively. All features or subbands in the band structure are 

captured in the TDOS. The features or peaks represent the various orbital contribution to 

TDOS. In Figure 2a, the TDOS for Cu2ZnGeSe4 displayed. The Fermi level is at 0.1 Ha. The 

features from -0.1 Ha to 0.1 Ha is the valence subband while the feature about 0.2 Ha is the 

conduction band. For Cu2ZnGeSe4, whose TDOS is displayed in figure 2b, the Fermi level is 

equally at 0.1 Ha. The reduced band gap of Cu2CdGeSe4 is obvious when compared to TDOS 

of Cu2ZnGeSe4 displayed in Figure 2a. The TDOS for Cu2CdSnSe4  is shown in Figure 2c, the 

features between - 0.1 Ha and 0.1 Ha is the valence subband at the Fermi level while that about 

0.2 Ha represents conduction band. Like Figure 2a and 2b, the TDOS for Cu2CdSnSe4 captures 

all the subband in the band structure. The Fermi level is at 0.1 Ha and the band gap is seen 

between 0.2 Ha and 0.2 Ha. The feature between -0.1 to 1.Ha is the valence subband at the 

Fermi level while that about 0.2 Ha  represents conduction band. Like in figure 2a and 2b, the 

TDOS for Cu2ZnGeSe4 captures all the subbads in the band structure. The Fermi energy is at 

0.1 ha and the band gap is seen between 0.1 and about 0.2 Ha. 

(2c)         (2b) 

 

(2c) 
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Figure2: The total density of states TDOS (2a) Cu2ZnGeSe4 (2b) Cu2CdGeSe4 and (3c) Cu2CdSnSe4. 

The partial density of states (PDOS) for Cu2ZnGeSe4 is presented in Figures 3 to 6. PDOS is 

the orbital’s contribution to the density of state (DOS) from all the constituent elements in the 

compound. Figure 3 is the PDOS for copper (Cu) atom. The Cu-3s, Cu-3p, Cu-3d and Cu-4s 

states are represented by the features in figure 3. The PDOS, like the TDOS, is a plot of DOS 

in (States/Ha/Call) against energy in Hartree (Ha). Cu-3s and Cu-4s are represented by the 

features in green, Cu-3s is the very narrow peak at -3.4 Ha, Cu-4s is the feature between -0.05 

Ha  to 0.1 Ha. There is also a small contribution of Cu-4s to the conduction band as seen about 

0.2 Ha. The contribution of Cu-4s to the valence subband at the Fermi – level is quite small 

less than 20. The red peak at -1.9 Ha is the Cu-3p state. A small contribution from this state is 

also present at the valence band maximum. Cu-3d  contribution is the feature in black and are 

the peaks between -0.5 to -0.3 Ha. 

 

Figure 3: The PDOS of Cu orbitals in Cu2ZnGeSe4  

 Zinc’s orbitals, Zn-3p, Zn-3d and Zn-4s are presented in Figure 4 by the red, black, and green 

features of the plot. The peaks like straight lines represent orbitals with very narrow or no 

dispersion. The narrow peak at -2.5 Ha is Zn -3p state, Zn-3d is at -1.0 Ha, these are states 

lower energy in the valence band, they are included in the PAW as semi core states. The valence 
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state, that is Zn-4s is the peaks in green and have higher energy levels, and the top valence 

band and conduction band are mostly of Zn-4s states. 

 

 

Figure 4: The PDOS of Zn orbitals in Cu2ZnGeSe4  

 Figure 5 is the orbital contribution of Ge, the states represented are Ge-4s, Ge-4p, and Ge-3d. 

the Ge-4s is represented by the green peaks between -0.4 and -0.3 Ha, the peak between -0.2 

and -0.1 Ha and the peak at the conduction band minimum. The subband at the vicinity of the 

Fermi level is an overlap of Ge-4s, Ge-4p, and Ge -3d with Ge-3d dominating the top of the 

subband while the rear of the subband is majorly of Ge-4p. the states at the conduction band 

minimum is Ge-4s, though the three orbitals overlap in the conduction band. 

 

 

Figure 5: The PDOS of Ge orbitals in Cu2ZnGeSe4  

 Selenium’s contribution is shown in Figure 6, and comes from Se-4s and Se-4p states. These 

state are represented by red and black features respectively. Se-4s is concentrated about -0.4 

and -0.3 Ha. The subband preceding the band gap is dominantly Se-4p. In the electronic band 
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structure of Cu2ZnGeSe4, Se-4p dominates the subband at the VBM while Ge-4s is the 

principal state at the CBM. 

 

Figure 6: The PDOS of Se orbitals in Cu2ZnGeSe4  

The orbital decomposition for Cu2ZnGeSe4 are presented in Figures 7 to 10. Cu-3s Cu-4s, Cu-

3p, and Cu-3d state corresponds to the red, black, and green features of the PDOS in Figure 7. 

Cu’s contribution to the subband at VBM and CBM are quite small, this is also comparable to 

Cu’s contribuition to TDOS in Cu2ZnGeSe4.  

 

Figure 7: The PDOS of Cu orbitals in Cu2CdGeSe4  

Figure 8 shows the contribution from Cd, its contribution comes from Cd-4d and Cd -5s 

orbitals. Most  of Cd’s contribution are of Cd-4d as seen from the red peaks.   
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Figure 8: The PDOS of Cd orbitals in Cu2CdGeSe4  

Figure 9 presented Ge contribution, again, this comes from Ge-3d, Ge-4s, and Ge-4p. these are 

represented by green, red, and black features of the graph. There is an overlaps of Ge-3d and 

Ge-4p in the CBN. The Ge-4s state dominates the top of the valence band.  

 

Figure 9: The PDOS of Ge orbitals in Cu2CdGeSe4  

Selenium’s contribution is shown in Figure 10, and this comes from Se-4s and Se-4p. The peak 

at -0.5 Ha is Se-4s contribution while the features about -0.1 and 0.1 are mainly Se-4p. So for 

Cu2ZnGeSe4 compounds, its VBM is mainly of Ge-4s, Se-4p while CBM is mainly Ge-3d, 

Ge-4p. 
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Figure 10: The PDOS of Se orbitals in Cu2CdGeSe4  

PDOS for Cu2CdSnSe4 are presented in Figures 11 to 14. The black, green, and red features of 

Figure 11 are the states contribution from Cu-s, Cu-3p, and Cu-3d respectively. Cu-3s is the 

feature at -3.4 Ha, Cu-3p is represented by the peak at -1.9 Ha, Cu-3d about -0.42 and -0.2 .3 

Ha. The Cu-4s contribution to VBM and CBM is small. 

 

 

Figure 11: The PDOS of Cu orbitals in Cu2CdSnSe4  

 Figure 12 shows contribution from cadmium orbitals. Cd-4d and Cd-5s are shown in red and 

black respectively. Cd-4d dominates CBM and VBM Cd-5s dominate the rear of VBM 

subband.  

 

 

Figure 12: The PDOS of Cd orbitals in Cu2CdSnSe4  

Tin’s contribution is shown in Figure 13, and its orbitals Sn-4d, Sn-5p, and Sn-5s are depicted 

in red, green and black respectively. Sn-4d occupy  the lowest energy level and is at -1.8 Ha. 

Sn-5s dominates CBM while Sn-5p dominates VBM.  
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Figure 13: The PDOS of Sn orbitals in Cu2CdSnSe4  

Selenium’s contribution is shown in Figure 14. Se-4s and Se-4p features are in black and red 

respectively. Se-4s is the peak between -0.3 Ha and -0.4 Ha, while Se-4s is the state at the 

VBM subband. Se contribution to conduction band is from Se-4p States. For Cu2CdSnSe4 

compound, VBM is composed mainly of Se-4p, and conduction band is mainly of Sn-5s and 

Cd-4d.   

 

 

Figure 14: The PDOS ofSeu orbitals in Cu2CdSnSe4  

Conclusion 

Solar energy is clean and cheap, this is the driving force for the search for materials with high 

efficiency in conversion. A lot of experimental and theoretical studies have been done on the 

Quaternary compounds. It has been shown that these series of semiconductors are excellent 

solar absorbers. In this work, the electronic properties of Cu2ZnGeS4, Cu2CdGeSe4, and 

Cu2CdSnSe4 have been investigated via density functional theory. The results of the 

calculations showed that these materials are semiconductors wit indirect band gap. 
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