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ABSTRACT: We propose trigonal Cu2-II-Sn-VI4 (II=Ba, Sr and VI =S, Se) quaternary 

compounds for earth-abundant solar cell applications. Through density-functional theory 

calculations we show that these compounds exhibit similar electronic and optical properties of 

kesterite Cu2ZnSnS4 (CZTS): high optical absorption with band gaps suitable for efficient single-

junction solar cell applications. However, the trigonal Cu2-II-Sn-VI4 compounds exhibit defect 

properties more suitable for photovoltaic applications than CZTS. In CZTS, the dominant defects 

are the deep acceptors, Cu substitutions on Zn sites, which cause non-radiative recombination 

and limit the open-circuit voltages of CZTS solar cells. On the contrary, the dominant defects are 
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the shallow acceptors, Cu vacancies, in trigonal Cu2-II-Sn-VI4, similar to that in CuInSe2. Our 

results suggest that the trigonal Cu2-II-Sn-VI4 quaternary compounds could be promising 

candidates for efficient earth-abundant thin-film solar cell and photoeletrochemical water 

splitting applications. 

INTRODUCTION 

Solar photovoltaic (PV) is highly desirable for clean, renewable electricity generation.  Thin-

film PV materials such as Cu(In,Ga)Se2 (CIGS) and CdTe have demonstrated the viability for 

clean renewable energy generation.1-10 Although these technologies are being commercialized, 

they face some uncertainties with respect to large-scale production due to supply limitations for 

In, Ga, and Te. Kesterite (KS) Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe),11-20 and their 

alloys do not contain scarce elements and have been considered potential replacements for the 

chalcopyrite CIGS absorber, because kesterites and chalcopyrites have similar crystal structures. 

The kesterite structure is obtained by replacing every two group-III atoms in the chalcopyrite 

with a group-II and a group-IV atom. However, while CIGS solar cells have achieved a record 

efficiency of 21.7%,9 the record efficiency of kesterite solar cell has been only about 12%,13 

significantly lower than the theoretical efficiency limit for kesterite solar cell. The low efficiency 

for kesterite solar cells is mainly due to the large open-circuit voltage (VOC) deficit, defined as 

Eg/q – VOC, where Eg is the band gap of the absorber and q is the electron charge. For CZTS 

cells, the VOC deficit can be as large as more than 650 mV,14-16 comparing to a typical value of 

500 mV for CIGS cells.6 Theoretical studies have revealed the origins for the low VOC deficient 

for CIGS solar cells.21 It is know that the VOC is mainly limited by the non-radiation 

recombination caused by defects in the absorbers and interfaces. CIGS consists of Cu d
10 
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element, which introduces antibonding coupling with Se p orbital, raising the valence band 

maximum (VBM), which consequently makes Cu vacancy (VCu) a very shallow acceptor. 

Furthermore, the Cu d-Se p anti-bonding nature favors the formation of Cu vacancy, making it 

the dominant defect in CIGS. CZTS also consists of Cu d10 element and the VCu is also a shallow 

acceptor. However, Cu substitution on Zn (CuZn) is a deep acceptor and it exhibits a lower 

formation energy than VCu, due to the small size mismatch between Cu1+ (0.91Å) and Zn2+ (0.88 

Å) ions and similar structural environment for Cu and Zn.22 Zn2+ and Sn4+ (0.83 Å) also have 

very small size mismatch, leading to easy formation of cation anti-site defects, Zn on Sn (ZnSn) 

or Sn on Zn (SnZn). Therefore, CZTS is expected to exhibit more non-radiative recombination 

than CIGS. Furthermore, kesterite CZTS contains three cation elements with the same 

coordination, resulting in the formation of a large number of defects and defect clusters, leading 

to high density of tail states and potential fluctuation. As a result, CZTS solar cells have been 

experiencing large VOC deficits. A legitimate approach to solve this issue is to replace Zn with 

another group-II element that has large size mismatch with Cu, such as Be, Ca, Sr, and Ba. A 

recent paper has studied the stability of all possible substitution design23,24 for kesterite 

compounds.25 A series of quaternary I2-II-IV-VI4 compounds have been proposed, with I = Cu, 

Ag, II = Mg, Ca, Sr, Ba, Zn, Cd, IV = Si, Ge, Sn, Pb, Ti, Zr, Hf, and VI = O, S, Se, Te.25-35 It was 

found that the cation substitution using elements with large size mismatch leads to large lattice 

distortion and make the kesterite structure unstable. For example, Cu2BaSnS4, Ag2BaSnS4, and 

Cu2SrSnS4 have been synthesized.28-30 Instead of kesterite, these quaternary compounds exhibit a 

trigonal crystal structure with space group P31. Though Ba2+ (1.49 Å) and Sr2+ (1.32 Å) have 

large size mismatch with Cu1+ (0.91 Å) and Sn4+ (0.83 Å), these compounds have not attracted 

any attention possibly simply because they are not kesterites. 
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In this paper, we investigate the stability and electronic, optical, and defect properties of Cu2-

II-Sn-VI4 quaternary compounds with a trigonal crystal structure by density-functional theory 

(DFT) calculations. Our results show that trigonal Cu2-II-Sn-VI4 compounds have similar 

electronic and optical properties with CZTS. However, these trigonal quaternary compounds 

exhibit defect properties that are more suitable for photovoltaic applications than CZTS: the 

dominant defects are the shallow acceptors in trigonal Cu2-II-Sn-VI4, similar to that seen in 

CuInSe2. Our results suggest that the trigonal Cu2-II-Sn-VI4 quaternary compounds could be 

promising candidates for efficient earth-abundant thin-film solar cell and photoelectrochemical 

water splitting (PEC) applications. 

CALCULATION METHODS 

The DFT calculations were performed using the projector-augmented wave (PAW) 

method36,37 implemented in Vienna ab initio simulation package (VASP).38 The cutoff energy for 

the plane-wave basis set was 400 eV. The generalized gradient approximation (GGA) of Perdew-

Burke-Ernzerhof (PBE),39 and the screened hybrid Heyd-Scuseria-Ernzerhof (HSE)40,41 

functionals were used for exchange-correlation. The HSE functional consists of 25% exact 

Hartree-Fock exchange mixed with 75% PBE exchange. All atoms were relaxed until the 

Hellmann-Feynman forces on them were smaller than 0.01 eV/Å. A 8 × 8 × 2 k-point mesh was 

used for structure optimization and electronic properties calculations, and a 16 × 16 × 4  k-point 

mesh was employed in optical absorption calculations. Г-point-only calculation with a (3 × 3 × 

2) host supercell (432 atoms) was adopted to study the defect properties. For defect calculations, 

we have performed GGA+U calculations by considering on-site Coulomb interaction (U) on Cu 

3d (8.5 eV) and Sn 4d (5.5 eV) orbitals. HSE was not used for defect calculation due to high 

computational demanding.  
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RESULTS AND DISCUSSION 

Structural properties: The experimentally synthesized quaternary compounds Cu2BaSnS4 

and Cu2SrSnS4, exhibit a trigonal crystal structure with space group P31 (see Figure 1),28-30 in 

which each Cu and Sn is tetrahedrally surrounded by sulfur ions. Two Cu-derived and one Sn-

derived tetrahedrons share a corner and thus each sulfur atom is three-fold coordinated with two 

Cu and one Sn. Group-II atoms (Ba, Sr) are located at the interstitial sites in the tetrahedral 

framework, forming rows along the [100] and [010] directions.  

 

Figure 1. The atomic structure of Cu2-II-SnS4 (II = Ba, Sr) with the P31 phase. 

The optimized lattice parameters and band gaps calculated using GGA and HSE functionals 

are listed in Table 1. For comparison, the calculated results for kesterite structure were also 

given, though it was predicted thermodynamically unstable by previous and our own theoretical 

calculations. It can be seen from Table 1 that GGA and HSE calculations slightly overestimate 

the lattice constants, whereas GGA+U calculation well reproduces the lattice constants of the 

experimental values.28,30 It should be pointed out that Cu2BaSnS4 and Cu2SrSnS4 with the 

trigonal P31 phase are more stable than the kesterite structure. In Ref. 25, the authors supposed 
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 6

that the instability of kesterite structure of these compounds is due to the formation of binary 

(BaS, SrS) and ternary (BaSnS3 and SrSnS3) compounds. If these secondary phases have non-

tetrahedral configurations as in kesterite structure, the quaternary compounds tend to separation. 

Following this rule, either Ba or Sr atoms prefer non-tetrahedral coordinates for Cu2Ba(Sr)SnS4 

with P31 structure, therefore the trigonal phase is more stable than the kesterite structure. 

Table 1. Calculated lattice parameters (a, c), band gaps (Eg) and formation enthalpy (∆H) for the 

Cu2BaSnS4 and Cu2SrSnS4 with P31 and kesterite structure. U = 8.5 eV for Cu 3d and 5.5 eV for 

Sn 4d orbital are used for GGA+U calculations. 

 

Thermodynamic stability: To investigate whether or not secondary phases may form, we 

have investigated the thermodynamic stability of Cu2BaSnS4 with the trigonal P31 structure using 

GGA+U calculations. Under thermodynamic equilibrium growth conditions, to form Cu2BaSnS4, 

the chemical potentials of host elements should satisfy42,43 

 Phase 

Lattice constant (Å) Eg (eV) ∆H (eV) 

PBE GGA+U HSE Exp.28,30 PBE GGA+U HSE PBE GGA+U 

Cu2BaSnS4 

P31 

a=6.450, 

c=15.867 

a=6.393, 

c=15.852 

a=6.410, 

c=15.862 

a=6.367, 

c=15.833 0.38 1.62 1.79 -6.50 -7.70 

KS 

a=5.880, 

c=11.580 

a=5.856, 

c=11.604 - - 0.19 1.12 - -5.24 -6.33 

Cu2SrSnS4 

P31 

a=6.360 

c=15.624 

a=6.297, 

c=15.586 

a=6.318, 

c=15.617 

a=6.290, 

c=15.578 0.39 1.60 1.78 -6.28 -7.50 

KS 

a=5.723, 

c=11.712 

a=5.686, 

c=11.721 - - 0.31 1.39 - -5.51 -6.61 

Page 6 of 21Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 7

2µCu + µBa + µSn + 4µS = ∆H(Cu2BaSnS4) = -7.70 eV                                 (1) 

         where µi is the chemical potential of the constitute element referred to its most stable phase 

and ∆H(Cu2BaSnS4) is the formation enthalpy of Cu2BaSnS4. To avoid the formation of possible 

secondary phases such as binary CuS, Cu2S, BaS, SnS, and SnS2, and ternary such as Cu2SnS3 

and BaSnS3 compounds, the following constraints must also be satisfied: 

µCu + µS < ∆H(CuS) = -0.58 eV                                                       (2) 

2µCu + µS < ∆H(Cu2S) = -1.01 eV                                                       (3) 

µBa + µS < ∆H(BaS) = -4.17 eV                                                        (4) 

µSn + µS < ∆H(SnS) = -1.02 eV                                                       (5) 

µSn + 2µS < ∆H(SnS2) = -1.78 eV                                                    (6) 

  2µCu + µSn + 3µS = ∆H(Cu2SnS3) = -3.08 eV                                          (7) 

µBa + µSn + 3µS = ∆H(BaSnS3) = -6.07 eV                                          (8) 

Under these constraints, a chemical region in three dimensional µCu, µBa, and µSn chemical space 

was found, suggesting that the trigonal P31 phase is thermodynamically stable without the 

formation of secondary phases in this chemical region. We have done similar calculations for 

Cu2BaSnS4 with the kesterite structure, but no chemical region was found for stable Cu2BaSnS4 

without the formation of secondary phases, in agreement with previous calculations.25 The stable 

region for trigonal P31 Cu2BaSnS4 in different µCu planes (µCu=0, -0.2, -0.58 and -0.815 eV) were 

shown in Figures 2. Under Cu-rich growth condition (such as µCu=-0.2 eV, see Figure 2(b)), the 

chemical range of Sn is mainly determined by the formation of SnS and Cu2S. It should be 

pointed out that GGA calculation also predicted the thermodynamic stability of P31 structure, in 
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 8

which the µSn range is mainly confined by the formation of SnS and CuS under Cu-rich 

condition, which is similar to the case of CZTS.22,44,45 

 

Figure 2. Chemical range for thermodynamically stable Cu2BaSnS4 P31 structure spanned by Ba 

and Sn chemical potentials in different µCu planes. 

The difference is attributed to the significant underestimation of the formation enthalpy for 

Cu2S by GGA calculation. Our GGA calculation shows a difference of 0.01 eV for the formation 

enthalpy between Cu2S and CuS, in accordance with previous calculations (0.03 eV45 and 0 

eV46), whereas it is considerably smaller than that calculated using GGA+U (-0.43 eV, present 

work) and HSE (-0.35 eV46), as well as experimental value (-0.27 eV47). Therefore, GGA+U 

calculations give more reliable results than GGA calculations. Hence, only GGA+U results are 

discussed in this paper. 
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 9

A stable chemical range was also found for Cu2SrSnS4 with the P31 structure (see Figure 

S1(b)). However, the chemical potential window is much smaller than that for Cu2BaSnS4 due to 

the lower formation enthalpy of Cu2SrSnS4 (-7.50 eV) and higher formation enthalpy of SrS (-

4.30 eV). Therefore stable range confined by the formation of Cu2SnS3 and SrS is narrower. 

Nonetheless, our calculations indicate that Cu2BaSnS4 and Cu2SrSnS4 with the trigonal P31 

phase are thermodynamically stable, in agreement with experimental results.28-30 

Electronic properties: The HSE calculated band structures and partial density of states 

(PDOS) for Cu2BaSnS4 (Cu2SrSnS4) with P31 structure are shown in Figures 3 (a)-(d). It is seen 

that Cu2BaSnS4 (Cu2SrSnS4) exhibits an indirect band gap of 1.77 (1.77) eV. The conduction 

band minimum (CBM) is at Г-point, whereas the VBM is near Г point along the Г-A line. 

Importantly, however, the difference between the direct band gap at Г-point, 1.79 (1.78) eV, and 

the indirect band gap is only 0.02 (0.01) eV. This slight difference does not affect the optical 

absorption. Similar to CZTS, the VBM of Cu2BaSnS4 (Cu2SrSnS4) is composed of antibonding 

states from Cu 3d and S 3p, while the CBM is mainly derived from Sn 5s with a small 

component of S 3p and 3s states. Ba (Sr) does not make significant contribution to the VBM 

edge (see Figure 3(b) and (d)), partially due to the strong ionic characteristics. Both conduction 

and valence bands are as dispersive as that of CZTS (Figure S2), suggesting that the electron and 

hole masses of these quaternary phases are expected to be similar to that of CZTS. The electron 

and hole masses are expected to be similar to that of CZTS. Cu and Sn maintain the tetrahedral 

environment in Cu2BaSnS4 (Cu2SrSnS4) as they do in CZTS. Therefore, Cu2BaSnS4 and 

Cu2SrSnS4 should exhibit similar optical properties of CZTS. 
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 10

 

Figure 3. The HSE calculated (a) and (c) band structures, and (b) and (d) PDOS for Cu2BaSnS4 

and Cu2SrSnS4 with P31 structure, respectively. 

Optical properties: The band gaps of 1.77 eV of Cu2BaSnS4 and Cu2SrSnS4 is slightly 

larger than the optimal band gap (1.1-1.5 eV) for efficient single junction solar cell application 

from the Schockly-Queisser limit.48 However, the band gap can be tuned down by alloying with 

Se, an isovalent element to S. This is because the Se 4p is higher in energy than S 3p, so the 

alloying with Se will push up the VBM. Meanwhile, Se 4p-Sn 5s hybridization is weaker than S 

4p-Sn 5s due to the larger Se-Sn bond length. Therefore, the alloying with Se will shift down the 

CBM slightly. This alloying approach has been successfully used to lower the band gap of 

CZTS.  
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 11

We have calculated the band gaps of Cu2BaSnS4-xSex with various x using HSE, and found 

that the band gap decreases monotonically with the increase of x value, as shown in Figure 4(a). 

The calculated band gap is 1.28 eV for Cu2BaSnSe4. The alloying with Se is not expected to 

reduce the optical absorption. The calculated GGA+U optical absorption coefficients of 

Cu2BaSnS4-xSex alloys (x = 0, 1, 2, 3, and 4) and CZTS are shown in Figure 4(b). The method 

used for the calculation can be found elsewhere.49-51 As the VASP code with HSE give 

unrealistic tails in the calculated optical absorption coefficient, we used GGA+U calculation. The 

U parameters were carefully determined so that the GGA+U calculated band gap for each 

composition matches with the band gap predicted by HSE calculation.  

It is seen that Cu2BaSnS4-xSex alloys exhibit similar absorption feature as CZTS, except for 

different onset energies (band gaps). We have also calculated the maximum efficiencies49-51 of 

these alloys as function of thickness using the calculated absorption coefficients, shown in Figure 

4(c). As expected, the conversion efficiency of Cu2BaSnS4 is lower than that of CZTS at all 

thicknesses, due to its larger band gap. The Cu2BaSnS2Se2 shows efficiencies comparable with 

CZTS, due to the reduced band gap. For clarity, the HSE calculated band structures for 

Cu2BaSnSe4 and Cu2SrSnSe4 are also plotted in Figure S3. From literature survey, there have 

been no reports on experimental synthesis of Cu2BaSnSe4 and Cu2SrSnSe4. To see whether or 

not Cu2BaSnSe4 is stable to be synthesized, we have also studied the thermodynamic stability for 

Cu2BaSnSe4. The results are shown in Figure S1(c). It is seen that a chemical potential window 

for stabilizing this compound dose exist, indicating that this compound is also 

thermodynamically stable. Since no chemical window was found for stable Cu2SrSnSe4 without 

the formation of secondary phases (see Figure S1(d), the concentration of Se should be carefully 

controlled when synthesize Cu2SrSn4-xSex. 
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Figure 4. (a) HSE calculated band gap of Cu2BaSnS4-xSex, (b) calculated optical absorption 

coefficients, (c) maximum efficiencies as a function of thickness for Cu2BaSnS4-xSex and CZTS. 

Defect properties: The photovoltaic properties of a solar cell depend on the defect 

properties of the absorber such as transition energy levels and formation energies of point 

defects. We have calculated the transition energy levels and formation energies of point defects 

in Cu2BaSnS4 using the standard method.42,43,52 Because GGA calculations significantly 

underestimate the bandgap of Cu2BaSnS4, we used GGA+U (8.5 eV for Cu 3d and 5.5 eV for Sn 

4d orbital) to avoid large errors.  

All possible point defects were considered in our calculations, including four vacancies 

(VCu, VBa, VSn, VS), four interstitials (Cui, Bai, Sni, Si), six cation substitutions (CuBa, CuSn, BaCu, 

BaSn, SnCu, SnBa, ), and six cation on anion and anion on cation antisite substitutions (CuS, BaS, 

SnS, SCu, SBa, SSn). We have tested four sites for each interstitial and considered the most stable 

configuration. It was found that Cui favors a site tetrahedrally surrounded by four S atoms, 

whereas Bai, Sni, Si prefer the bridge site in the Ba row.  

The calculated transition energy levels for acceptor-like and donor-like defects are shown in 

Figures 5(a) and (b), respectively. It is seen that VCu and CuBa are shallow acceptors, whereas Cui 
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and BaCu are shallow donors. All other defects produce deeper levels in the band gap. VCu is a 

shallow acceptor in both Cu2BaSnS4 and CZTS. This is because their valence bands have the 

same nature, comprising of Cu d-S p antibonding states.22,44,45,53 Due to the strong ionic 

characteristic, Cu2BaSnS4 have more shallow defects than CZTS. For example, while CuZn is a 

deeper acceptor (~0.1 eV) than VCu in CZTS,44 the CuBa is still shallow (~0.01 eV higher than 

VCu) in Cu2BaSnS4. Furthermore, Ba is rather ionic, making Ba related defects such as vacancies 

and interstitials also shallow, resembling the situation of CH3NH3 related defects in CH3NH3PbI3 

perovskite.54-56 

 

Figure 5. Calculated transition energy levels of (a) acceptor-like and (b) donor-like intrinsic 

defects in Cu2BaSnS4. 

It should be pointed out that these U values (8.5 eV for Cu 3d and 5.5 eV for Sn 4d orbital) 

predict a band gap of 1.62 eV, which is still smaller than the band gap of 1.78 eV predicted by 

HSE. We find that it is not necessary to use unrealistically large U values to calculate defect 

properties. We have calculated defect levels using different U parameters, such as U = 6 eV for 

Cu 3d orbital, and found that the shallow levels such as, VCu, Cui, CuBa and BaCu, do not change 

significantly (see Figure S4). 
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The deeper level of CuZn in CZTS can be understood by considering that the Cu on Zn 

antisite enhances the p–d hybridization, so the corresponding energy level of CuZn is pushed up, 

and thus exhibits a deeper level than that of VCu.
22,45 In Cu2BaSnS4, the p-d hybridization 

induced by CuBa is weak due to its long Cu-S bond length. Thus, the acceptor level of CuBa is not 

much deeper than that of VCu. The shallow nature of donors Cui and BaCu can be understood by 

the fact that Cu 4s and Ba 5s states have higher energy levels than Sn 5s, and thus have little 

influence on the bottom of conduction bands. Furthermore, VBa levels in Cu2BaSnS4 are not as 

deep as VZn levels in CZTS. 

As the photovoltaic properties are determined by the dominant defects present in the 

absorber, we have calculated the formation energies of all considered point defects. As the 

formation energies depend on the chemical potentials (growth conditions) of the constituent 

elements,45,57 we have chosen the following seven chemical potentials points, A-D (Cu-rich/S-

poor), and E-G (Cu-poor/S-rich) (see Figure 2), to calculate the formation energies of neutral 

defects.  

Figure 6 shows the calculated formation energies as a function of chemical potentials. For 

clarity, the defects that have formation energy higher than 2.5 eV at all chemical potentials 

points are not shown. The four defects that create shallow levels are indicated by the solid lines, 

whereas the rest are indicated by dotted lines. It is seen that VCu and Cui have lower formation 

energies than CuBa and BaCu. In contrast, CuZn is always the dominant defect in CZTS. This is 

largely due to the fact that Cu1+ and Ba2+ have large size mismatch, but Cu1+ and Zn2+ have small 

size mismatch. At chemical potential range A-D (Cu-rich/S-poor), the dominant defects are VCu, 

Cui, and VS, among which only VCu and Cui are shallow defect. VS is a deep donor, and therefore 

is detrimental to solar cell performance. At chemical potential range E-F (Cu-poor/S-rich), the 
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dominant defect is always the shallow acceptor, VCu, similar to the situation in CuInSe2, 

indicating that Cu2BaSnS4 films grown under these conditions should exhibit good photovoltaic 

properties.  The formation energies are also dependent on the Fermi levels for charged defects. 

We have therefore calculated the formation energies of all-above considered defects with various 

charge states as a function of Fermi level position at two representative points A (Cu-rich/S-

poor) and F (Cu-poor/S-rich), as shown in Figure 7. It is seen that the conductivity of Cu2BaSnS4 

depends on the growth conditions. At chemical potential point A (see Figure 7(a)), the Fermi 

level is pinned at 0.84 eV above VMB by VCu and Cui. Therefore Cu2BaSnS4 synthesized at this 

growth condition should be either intrinsic or slightly n-type. At chemical potential point F (see 

Figure 7(b)), the Fermi level is determined by  VCu and Cui, which is only 0.22 eV above the 

VBM, indicating that Cu2BaSnS4 grown under this condition should exhibit excellent p-type 

conductivity, which resembles the widely observed intrinsic p-type conductivity in CZTS.11,58-60 

 

Figure 6. Calculated formation energies of intrinsic charge neutral defects as a function of 

chemical potentials. 
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Figure 7. Calculated formation energies of intrinsic point defects as a function of the Fermi level 

at point A (a) and point F (b). The vertical dotted line indicates the Fermi level pinning

CONCLUSION 

In conclusion, we show by density-functional theory calculations that the trigonal c Cu2-II-

Sn-VI4 (II=Ba, Sr and VI =S, Se) quaternary compounds are attractive candidate for earth-

abundant solar cell and PEC water splitting applications. Like CZTS, these compounds exhibit 

high optical absorption with band gaps suitable for efficient single-junction solar cell 

applications. Importantly, we find that these trigonal quaternary compounds exhibit defect 

properties that are more suitable for photovoltaic applications than CZTS. In CZTS, the 

dominant defect is deep acceptor, CuZn, due to small size mismatch between Cu+ and Zn2+
。

However, Ba2+ and Sr2+ have large size mismatch with and different coordination than Cu1+ and 

Sn4+ in trigonal Cu2-II-Sn-VI4 (II=Ba, Sr and VI =S, Se) quaternary compounds, making the 

shallow acceptor VCu the dominant defect, which is similar to the situation in CIGS. Other deep 

level cation on cation anti-site defects such as Ba or Sr on Cu or Sn (BaCu, BaSn, SrCu, SrSn) do 

not form easily due to the trigonal structure. Our results strongly suggest that the trigonal Cu2-II-
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Sn-VI4 (II=Ba, Sr and VI =S, Se) quaternary compounds are promising candidates as 

replacements of CZTS for efficient earth-abundant thin-film solar cell and PEC applications.  
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