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A B S T R A C T   

Understanding of materials at atomic scale is mandatory for improving their physical properties in the desired 
way. Here, first-principles calculations with the most accurate hybrid functional are performed to investigate one 
of the most attractive photocatalyst ZnIn2S4. The electronic structures of perfect and defective cubic-ZnIn2S4 are 
examined as a representative of other ZnIn2S4 polymorphs. The influence of growth conditions on the photo
catalytic activity of ZnIn2S4 is elucidated by considering the formation energy of native point defects under 
different growth conditions. Our results reveal that undoped ZnIn2S4 is a native n-type material owning to the 
high pinned Fermi-level under all growth conditions. The source of electron carriers in undoped ZnIn2S4 is the 
InZn antisite defect and its photocatalytic performance is declined by the formation of dominant compensating Zn 
vacancy defect. The S-poor growth condition of undoped ZnIn2S4 is unveiled to provide the best photocatalytic 
performance due to the highest pinned Fermi-level.   

1. Introduction 

Synthetic dyes are extensively used in various modern industry, 
including plastic, leather, and textile [1]. However, the wastewater 
released from these industries has serious effect on the water contami
nation causing severe environment concern because many of synthetic 
dyes are toxic to human as well as animal. In addition to water 
contamination, the increase of greenhouse gas CO2 caused by the utili
zation of fossil fuels has also raised environmental concern. Several 
technological systems have been developed to treat the wastewater from 
industry as well as to reduce CO2 to fuels or value-added chemicals. 
Among them, photocatalyst is a promising green-approach for envi
ronmental remediation as well as energy conversion [2–5]. Owning to 
its high efficiency, low-cost, chemical stability and photo-corrosion 
resistance, the photocatalyst is widely used to decompose synthetic 
dyes as well as organic pollutants by utilizing a solar energy, which is 
free and inexhaustible [6–9]. This leads to a sustainable option for 
environmental remediation. The commonly used photocatalyst Tita
nium dioxide has a large bandgap of ~3.3 eV, which limits its utilization 
to ultraviolet light region being a small fraction of sun light. The crucial 

parameter for selecting photocatalyst materials is not only the band gap, 
but also the band edges positions. Consequently, numerous efforts have 
been devoted to the exploration and development of new visible-light 
responsive photocatalysts to improve the photocatalytic activity 
[10–13]. 

The photocatalyst ZnIn2S4 has attracted much attention due to its 
excellent photocatalytic activity for water splitting and decomposition 
of organic contaminants under visible light [14–17]. ZnIn2S4, which is a 
ternary chalcogenide, can crystalize in two different polymorphs based 
on cubic and hexagonal lattices [18]. Numerous synthesis methods have 
been reported to synthesize ZnIn2S4 with difference morphologies as 
well as difference polymorphs [17,19–21]. Both hexagonal and cubic 
ZnIn2S4 phases were successfully synthesized, and their photocatalytic 
performances were investigated. It has been revealed that different 
polymorphs gave different effect on the photocatalytic performance for 
the degradation of organic dyes and the reduction of CO2 [17,21]. 
However, the photocatalytic activity of undoped ZnIn2S4 is still low due 
to the poor light absorption and the recombination of photoinduced 
charge carriers. Several attempts have been carried out to enhance the 
photocatalytic performance of ZnIn2S4. To enhance the light absorption, 
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some metal-doped ZnIn2S4 were synthesized to improve the visible-light 
absorption [22–25]. To inhibit the recombination of photoinduced 
charge carriers, ZnIn2S4 based composite photocatalysts have been 
developed such as CuO/ZnIn2S4 [19], CdS/ZnIn2S4 [26], In2S3/ZnIn2S4 
[27], and cubic quantum dot/hexagonal ZnIn2S4 [28]. Recently, Xing
chen J. et al. reported that the hexagonal-ZnIn2S4 grown under Zn poor 
condition can greatly enhance the photocatalytic activity due to the 
generated trap states related to Zn vacancies [29]. Further, Shuqu Z. 
et al. revealed that S vacancies in ZnIn2S4 acts as an electron traps 
prevented vertical transmission of electrons and enhanced electrons 
onto the Zn facet [30]. To the best of our knowledge, the theoretical 
study of native point defects in both cubic and hexagonal ZnIn2S4 phases 
has never been reported. Due to the higher symmetry of cubic-ZnIn2S4 
over hexagonal-ZnIn2S4, we first selected to investigate the native point 
defects in cubic phase, which requires less computational demands, and 
we believed that the behaviors of the native point defects in cubic 
polymorph should resemble those in hexagonal polymorph as previously 
reported in anatase-TiO2 and rutile-TiO2 [31,32]. It is clearly seen that 
the crystal structures of anatase-TiO2 (wurtzite) and rutile-TiO2 (cubic) 
are difference; however, the dominant native point defects in both 
structures are still analogous. 

In this paper, first-principles calculations with the most accurate 
hybrid functional were carried out to investigate the electronic prop
erties of perfect and defective cubic-ZnIn2S4. The formation energies of 
all native point defects under several growth conditions were calculated 
to understand the effect of native point defects on its photocatalytic 
activity under different growth conditions. The calculated results were 
discussed along with the relevant experiments. 

2. Computational details 

We employed first-principles density functional theory calculations 
with hybrid functional and a plane wave basis set as implemented in 
Vienna ab-initio simulation package (VASP version 5.4.4) [33–35]. The 
projector augmented wave method (PAW) was carried out to explain the 
interaction between ions and electrons [36]. The most accurate hybrid 
functional proposed by Heyd, Scuseria, and Ernzerhof (HSE06) was 
performed for describing the exchange-correlation energy [37,38]. The 
cutoff energy for expanding the plane-wave basis set was set at 400 eV. 
For bulk cubic-ZnIn2S4 calculations, Monkhorst-Pack scheme with a 
sampling mesh points of 6 × 6 × 6 were used for k-space integration 
[39]. All atoms in the cell were fully allow to relax until the 
Hellmann-Feynman forces [40] became less than 0.01 eV/Å. The 
amount of nonlocal Fock-exchange of 25% was set according to HSE06 
scheme, which provides the calculated band gap of 2.39 eV. This is in 
good agreement with the experimental band gap of 2.34 eV [21]. 
Further, the calculated lattice parameter of 10.681 Å is in good agree
ment with the experimental values of 10.590 Å [41]. It is clearly seen 
that the calculations with HSE06 functional provide excellent details of 
crystal and electronic structures of cubic-ZnIn2S4; indicating the high 
reliability of our calculated approach. 

To investigate the native point defects in cubic-ZnIn2S4, we used a 
supercell approach [42,43] with a supercell size of 112 atoms, which is 
constructed by repeating the 14-atom cubic-ZnIn2S4 unit cell in a, b, and 
c directions by 2 × 2 × 2 as illustrated in Fig. 1. The spurious interactions 
causing by the defects in the periodic neighboring cells should be sup
pressed due to this large supercell size. For defect calculations, the 
sampling k-point mesh was reduced to 1 × 1 × 1 shifted from Γ point and 
all atoms in the supercell were allowed to move until the residual forces 
acting on each atom became less than 0.02 eV/Å; resulting in the lowest 

Fig. 1. Cubic-ZnIn2S4 structure with 14-atom primitive cell, 112-atom supercell and their local structures. The bond length is showed in angstrom unit. The grey, 
purple, and yellow ball represent Zn, In, and S, respectively. The octahedral and split interstitial sites are depicted in the lowest part by a red ball. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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energy configuration for each defect. The spin-polarized calculations 
were included for all defect calculations. 

2.1. Defect formation energy 

In principle, the concentration of defect at any temperature can be 
written in the form of Boltzmann distribution by 

C(Dq)= exp
(

−
Ef (Dq)

kBT

)

, (1)  

where kB and T is the Boltzmann constant and temperature, respectively, 
and Ef (Dq) is the formation energy of defect D at charge state q. This 
equation implies that the lower formation energy of defect, the higher 
concentration of defect we obtain. The formation energy of defect is 
defined by 

Ef (Dq)=Etot(Dq) − Etot(bulk)+
∑

i
niμi + q(EF +EVBM) + Δq (2)  

where Etot(Dq) and Etot(bulk) are the total ground state energy of 
supercell with the defect D in charge state q and without any defect, 
respectively. ni is the number of atom being added or removed to create 
the defect D in the supercell, μi is the atomic chemical potential asso
ciated with the added or removed atoms as described below, EF is the 
Fermi energy referenced to the valence band maximum (EVBM), and the 
last term Δq is the finite-size correction term, which is proposed by 
Freysoldt, Neugebauer, and Van de Walle, which is known as FNV 
method [37,38]. 

For some defect, it would exist in more than one stable charge state 
creating the energy level inside the band gap. We can then determine 
this energy level, called defect transition level ε(q1 /q2), associated with 
each defect from the following equation 

ε(q1 / q2) =
Ef (Dq2 ) − Ef (Dq1 )

q1 − q2
(3)  

where Ef (Dq1 ) and Ef (Dq2 ) are the formation energy of defect D in charge 
state q1 and q2, respectively. The shallow or deep state can be inter
preted from this level. 

2.2. Chemical potential 

From equation (2), it is obviously seen that the formation energy of 
defects directly depends on their chemical potentials as well as Fermi- 
level of the system. In principle, Fermi-level can be any values varying 
between VBM and conduction band minimum (CBM). Regarding the 
chemical potentials, we must consider the phase stability diagram to 
determine all possible values of chemical potentials. To grow a single 
crystal cubic-ZnIn2S4, the following condition must be satisfied 

μZnIn2S4
= μZn + 2μIn + 4μS, (4)  

where μZnIn2S4 
is the heat of formation per formula unit of cubic-ZnIn2S4, 

μZn μIn, and μS are the chemical potentials for Zn, In and S atoms, 
respectively. In addition, more constraints need to be applied to Eq. (4) 
to prevent the formation of undesired phases, including metallic Zn 
(HCP), metallic In (FCC), metallic S (orthorhombic), InS, In2S3, ZnS, and 
ZnS2 as summarized below; 

μZn < Etot(metallic − Zn), μIn < Etot(metallic − In), μS < Etot(metallic − S),
μIn + μS < Etot(InS), 2μIn + 3μS < Etot(In2S3),

μZn + μS < Etot(ZnS), μZn + 2μS < Etot(ZnS2),

(5)  

where Etot(X) represents the heat of formation per formula unit of X 
phase (X can be metallic-Zn/In/S or InS or In2S3 or ZnS or ZnS2). To 
illustrate all possible values of chemical potentials satisfied by Eq. (4) 
and Eq. (5), we simplify the three-dimension plot to two-dimension (2D) 

plot by projecting the chemical potential of S onto Zn-In plane as 
demonstrated in Fig. 2. The chemical potentials for Zn, In, and S can be 
any values lying on the shaded area. We note that all values shown in 
Fig. 2 are referenced to their natural phases, i.e., metallic-Zn, metallic- 
In, and metallic-S. As mentioned before, the defect formation energy 
directly depends on their chemical potentials. To illustrate the depen
dence of defect formation energy under different growth conditions, we 
roughly selected three points marked by a, b, and c in Fig. 2 as a 
representative for S-poor, S-mid, and S-rich growth conditions. Note that 
S-mid represents an averaged condition between S-poor and S-rich 
growth conditions. 

3. Results and discussion 

3.1. Crystal and electronic properties of bulk cubic-ZnIn2S4 

The relaxed crystal structure of 14-atom cubic-ZnIn2S4 primitive cell 
are depicted in Fig. 1. We note that the primitive cell shown in Fig. 1 is 
exactly equivalent to the cubic structure with space group Fd3m. Their 
local environments around Zn, In, and S are also illustrated at the lower 
part of Fig. 1. It is found that Zn is four-fold coordinated to S atoms, 
while In is six-fold coordinated to S atoms. All the four Zn-S and six In-S 
bond lengths in cubic-ZnIn2S4 are equal with the bond lengths of 2.396 
and 2.623 Å, respectively. Regarding S atom, it is four-fold coordinated 
to three In atoms and one Zn atom as depicted in Fig. 1. It can be seen 
that Zn-S bonds are shorter than In-S bonds indicating stronger in
teractions between Zn and S atoms. It is clearly seen that the cubic- 
ZnIn2S4 has higher symmetry structure than hexagonal-ZnIn2S4. 
Therefore, the calculations of defects in cubic structure would take less 
computational time than those in hexagonal structure. Further, it has 
been reported that the investigation of defects in anatase-TiO2, which is 
hexagonal-based structure, provides analogous results as those obtained 
in rutile-TiO2 [31,32]. Consideration of cubic-based structure would 
help reducing the computational demands, especially for HSE06 func
tional calculations. 

The electronic band structures and projected density of states of 
cubic-ZnIn2S4 are illustrated in Fig. 3, in which VBM is set to zero. It is 
revealed that cubic-ZnIn2S4 is an indirect band gap with the calculated 
energy gap of ~2.39 eV in good agreement with the experimental 
bandgap of 2.34 eV [21] and the CBM and VBM are located at Γ and K 
points, respectively. Recently, it has been reported that the calculated 
energy gaps of cubic-ZnIn2S4 with GGA and GGA + U functionals are 
1.08 and 1.18 eV, respectively, while those with mBJ-GGA and 
mBJ-GGA + U functionals provided the larger band gaps of 2.52 and 
2.59 eV, respectively [44]. It is obviously seen that the calculated band 
gaps of cubic-ZnIn2S4 strongly depend on the functional used in the 
calculations. However, it is obviously seen that HSE06 functional, which 

Fig. 2. Two dimensional plot of chemical potentials of Zn and In. The shade 
area represents all possible values of chemical potentials associated with Eqs. 
(4) and (5), which are referenced to their natural phases. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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does not require any band gap tuning parameter, provides a good 
agreement with the experimental values; indicating a good accuracy of 
our calculated approach. Fig. 3 reveals that the hole effective mass of 
ZnIn2S4 is significantly large due to a small curvature of the valence 
band edge. In opposite, the electron effective mass is light due to a high 
curvature of the conduction band edge. The calculated effective masses 
for hole and electron are 1.90 and 0.295 me, respectively. In the right 
panel of Fig. 3, the red, green, and blue lines represent s, p, and d density 
of states projected on each atom, respectively. It is clearly seen that VBM 
is mainly composed of S-p states, while CBM is a hybridization of Zn-s, 
In-s, and S-p states. Once electrons in valence band are photo-excited, 
these photo-generated electrons can then easily move to the surface 
due to this hybridization and the mobility of the photo-generated elec
trons is significantly high due to its low electron effective mass. 

4. Native point defects in cubic-ZnIn2S4 

As illustrated in Eq. (2), the formation energy of defects directly 
depends on their chemical potentials as described in section 2.2. The 
illustration of chemical potentials in 2D-plot is depicted in Fig. 2, on 
which S-poor, S-mid, and S-rich growth conditions are labeled by a, b, 
and c, respectively. Then, we considered the defect formation energies 
under three selected conditions to determine the dependence of for
mation energies under different growth conditions. Fig. 4 illustrates the 
defect formation energies as a function of Fermi energy under S-poor, S- 
mid, and S-rich growth conditions. The slope and kink of each line 
correspond to the charge state and transition level of each defect, 
respectively. In the plot, the possible range of Fermi energy is equal to 
the calculated energy gap of cubic-ZnIn2S4, which is 2.39 eV. Next, all 
native point defects including vacancies, interstitial defects, and sub
stitution (antisite) defects are discussed. 

4.1. Vacancy defects 

It is well-known that vacancies are the dominant defects in several 
photocatalytic materials [45–48] and these defects could significantly 
affect their electrical properties resulting in enhancing/degrading the 
photocatalytic performance of materials. We then investigated the 
likelihood of zinc vacancy (VZn), indium vacancy (VIn) and sulfur va
cancy (VS) formations under different growth conditions by considering 
their formation energies as illustrated in Fig. 4. It is found that VZn defect 
is a deep acceptor with two defect transition levels: ε(0 / − 1) = 0.30 eV 
and ε( − 1 / − 2) = 0.41 eV. Under n-type condition, (i.e., Fermi level is 
close to CBM), the existence of VZn defect is likely due to its low for
mation energy, whereas the formation of VZn defect under p-type con
ditions (i.e., Fermi level is close to VBM) is unlikely owning to its high 
formation energy. Regarding VS defect, it is a deep donor with one defect 
transition level at ε(+2 /0) = 2.03 eV and it shows a negative-U 
behavior due to a large local lattice relaxation between neutral and 2+
charge state. In addition, the formation energy of VS defect is quite low 
under p-type condition; indicating that VS defect is likely to exist only 
under p-type condition. The deep trap states in the band gap associated 
with VZn and VS defects could result in shorten electrons/holes lifetime 
as well as enhance radiative recombination. Due to various possible 
oxidation states of indium, we found that VIn is an amphoteric defect, i. 

Fig. 3. Band structures of cubic-ZnIn2S4 (left panel) and the projected density 
of states on Zn, In, and S atoms (right panel). In the plot, Fermi-level is set to 
zero. On the right panel, the red, green, and blue lines represent s, p, and 
d states projected on each atom and the grey line shows the total density of 
states. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 4. Illustration of defect formation energy as a function of Fermi energy under (a) S-poor, (b) S-mid, and (c) S-rich growth conditions. The slope of each line 
indicates the charge state of each defect. The VBM is set to zero and the Fermi energy is extended to the calculated band gap of 2.39 eV. 
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e., it can be donor or acceptor depending on the Fermi level position as 
depicted in Fig. 4. The defect transition levels associated with VIn are 
ε(+1 /0) = 0.17 eV, ε(0 / − 1) = 0.91 eV, ε( − 1 / − 2) = 1.07 eV, and 
ε( − 2 / − 3) = 1.16 eV. It is clearly seen that the formation energy of VIn 
is relatively high throughout Fermi level under all growth conditions 
considered. This indicates that the existence of VIn defects in cubic-Z
nIn2S4 is unlikely. 

As mentioned above, under n-type condition, the formation energy of 
VS defect is very high under all growth conditions; indicating that the 
existence of VS defect in cubic-ZnIn2S4 is unlikely or it would exist in a 
low concentration. This agrees well with the recent work by J. Wang 
[28] reported that the electron spin resonance (ESR) signal associated 
with VS defect in cubic-ZnIn2S4 sample could not be detected. In oppo
site, the formation energy of VZn defect under all growth conditions 
turns to be lower when the Fermi level is close to CBM as depicted in 
Fig. 4. Consequently, the formation of VZn defect is likely under n-type 
growth condition and it becomes a dominant compensating defect or 
electron acceptor. Recently, X. Jiao synthesized ZnIn2S4 samples under 
two specific growth conditions to create a high and low concentration of 
VZn defects in samples [29]. They claimed that the formation of VZn 
defects could act as an electron acceptor, and it helped to boost the 
electron-hole separation efficiency. This agrees well with the low for
mation energy of VZn defect under n-type condition. However, the 
enhancement of photocatalytic activity by the formation of compen
sating defect VZn is still ambiguous and more discussion will be provided 
in the last section. Further, we will show later that the pinned 
Fermi-level of cubic-ZnIn2S4 under all considered growth conditions is 
relatively high; indicating that cubic-ZnIn2S4 is a native n-type material. 

4.2. Interstitial defects 

In this section, we investigated the likelihood of interstitial defects, 
including Zni, Ini and Si atoms at octahedral site as depicted in the lower 
part of Fig. 1. Further, we also considered S split-interstitial defect 
(Ssplit

i ), in which two S atoms share the same lattice site as shown in 
Fig. 1. It is found that Zni defect is a shallow donor with two defect 
transition level at ε(+2 /+1) = 2.08 eV and ε(+1 /0) = 2.25 eV. Ini 
defect is also a donor with two defect transition levels at ε(+3 /+2) =
1.58 eV and ε(+2 /+1) = 1.62 eV. As illustrated in Fig. 4, both Zni and 
Ini defects have significantly high formation energy under n-type con
dition, which is like the case of VS defect. Therefore, Zni and Ini defects 
cannot be a source of n-type conductivity in cubic-ZnIn2S4. Regarding 
sulfur interstitial, Ssplit

i defect is a deep donor with defect transition levels 
at ε(+2 /+1) = 0.63 eV and ε(+1 /0) = 0.65 eV, while Si at octahedral 
site is an amphoteric with defect transition level at ε(+2 /+1) = 0.60 
eV, ε(+1 /0) = 1.15 eV, ε(0 / − 1) = 1.88 eV and ε(− 1 / − 2) = 2.28 eV. 
Both Si and Ssplit

i defects have relatively high formation energy compared 
to other defects. Due to the high formation energies of interstitial de
fects, the existence of interstitial defects in cubic-ZnIn2S4 is unlikely or 
they would exist in a very low concentration. Therefore, the influence of 
interstitial defects on the photocatalytic activity of ZnIn2S4 can be 
neglected. 

4.3. Substitutional defects 

We investigated the likelihood of substitutional (antisite) defects, 
including Zn substitution for In atom (ZnIn), In substitution for Zn atom 
(InZn), S substitution for Zn atom (SZn) and S substitution for In atom 
(SIn). The formation energies of substitutional defects are also depicted 
in Fig. 4. As we expected, the formation energies of both SZn and SIn are 
relatively high under all considered growth conditions. This is due to the 
large differences in the ionic radius and electronegativity between the 
host and substituted atoms. We then concluded that the anion substi
tution for cation and vice versa is unlikely to exist in cubic-ZnIn2S4 as 
well as other materials. Interestingly, this ternary sulfide material has 

two cation species with difference oxidation states, i.e., Zn2+ and In3+

and we suspected whether these two cations can swap their positions. 
We then investigated the likelihood of antisite between Zn and In atoms. 
It is found that InZn defect is a shallow donor without creating any 
defect-level in the bandgap, whereas ZnIn defect is a deep acceptor with 
one defect level at ε(0 / − 1) = 0.33 eV. Interestingly, the formation 
energy of InZn defect is significantly low under all growth conditions, 
whereas that of ZnIn defect is relatively high under p-type condition and 
turns to be lower under n-type condition. 

As mentioned above, InZn defect, which is a donor, has the lowest 
formation energy under all growth conditions compared with other 
donor defects. This indicates that InZn defect can be a source of n-type 
conductivity in cubic-ZnIn2S4. As shown in Fig. 4, InZn and VZn defect are 
the dominant donor and acceptor, respectively, and these two defects 
determine the efficiency of materials. For example, under some certain 
growth condition, such as Fig. 4a, InZn defect has the lowest formation 
energy until Fermi-level is above 2.15 eV, at which the compensating 
defect VZn turns to have the lowest energy. The crossing line between 
InZn and VZn defects is close to CBM resulting in a good n-type conduc
tivity of material. Therefore, the synthesis of cubic-ZnIn2S4 under this 
condition should provide a good electrical conductivity, and then the 
photo-generated electrons should easily transfer to the surface and 
participate in the redox reactions. This provides a good photocatalytic 
activity of ZnIn2S4 sample. In next section, the position of Fermi-level 
will be again discussed by considering charge neutrality condition. 

4.4. Charge neutrality condition 

As mentioned before, the electrical conductivity of materials can be 
determined from their pinned Fermi-level, which can be calculated from 
charge neutrality condition: p − n+

∑
q C(Dq) = 0, where p and n are 

the concentration of intrinsic hole and electron, respectively, and C(Dq)

is the concentration of defect D at charge state q. The calculated pinned 
Fermi-level of good p-type materials should be close to VBM, whereas 
that of good n-type materials should approach CBM. Regarding cubic- 
ZnIn2S4, we found that the calculated pinned Fermi-levels are ~2.13, 
1.94 eV, and 1.75 eV for S-poor, S-mid, and S-rich growth conditions, 
respectively. We noted that only the defects with low formation energy 
were taken into consideration, i.e., InZn and VZn defects. The calculated 
pinned Fermi-levels under all growth conditions seem to be adjacent to 
CBM; indicating that cubic-ZnIn2S4 materials is a native n-type material 
and the synthesis of this material under S-poor growth condition should 
provide the best electrical conductivity compared to other growth 
conditions. 

As mentioned before, X. Jiao reported that VZn defects act as electron 
acceptors and it helps to boost the electron-hole separation and photo
catalytic efficiencies [29]. However, the increase of VZn defect, which is 
electron killer, should instead reduce the number of photo-generated 
electron and deteriorate the photocatalytic efficiency of ZnIn2S4 sam
ple. In this case, we suggested that the boost of VZn defect under some 
growth conditions could help increasing the formation of InZn defect, 
which is a shallow donor. This results in the enhancement of 
photo-generated carriers as well as the photocatalytic activity of ZnIn2S4 
sample under some growth conditions. 

Previously, the native point defects in anatase-TiO2 and rutile-TiO2 
have been reported, and the main conclusions of the dominant native 
point defects in both structures are analogous [31,32]. This can be un
derstood by considering the total ground state energy of both structures 
and their chemical potentials used in defect calculations. The crystal 
structures of anatase and rutile TiO2 are hexagonal and cubic, respec
tively, and the total ground state energies of both structures are close to 
each other. Therefore, the set of chemical potentials used in defect cal
culations for both structures is almost similar. In addition, the local 
environments around Ti and O in both structures, such as bond distance 
and angle, are not much difference. This is a reason why the calculations 
of defects in rutile-TiO2 and anatase-TiO2 provide analogous results. 
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Turning to our case, ZnIn2S4 can crystalize in cubic and hexagonal 
polymorphs and the total ground state energies of different polymorphs 
are not much difference. Consequently, the set of chemical potentials 
used in defect calculations for cubic and hexagonal phases is mostly 
similar. The local environments of Zn are 4-fold coordinated to S atoms 
in both structures. However, in hexagonal phase, In are 4-fold and 6-fold 
coordinated to S atoms, in opposite to cubic phase, which is only 6-fold 
coordination. This suggested the lower formation energy of VIn (4-fold) 
in hexagonal phase compared to that in cubic phase. In addition, it 
implies that In prefers to bond with not only six S atoms, but also with 
four S atoms. This is a reason why the formation of InZn defect in cubic 
phase, which is 4-fold coordination, is likely. Consequently, it is 
reasonable to suggest that the existence of InZn defect in hexagonal 
phase is also likely. In addition, there are more inequivalent sites in 
hexagonal phase needed to be considered, which requires more 
computational time. However, we believed that the main conclusions 
obtained from cubic-ZnIn2S4 could be applied for the case of hexagonal 
phase. We then conclude that the photocatalytic activity of undoped 
ZnIn2S4 sample is determined by the dominant donor InZn and 
compensating VZn defects. Further, owning to the high pinned 
Fermi-level of ZnIn2S4 under all growth conditions, other n-type doping 
elements in ZnIn2S4 are suggested to enhance its photocatalytic 
performance. 

5. Conclusion 

First-principles calculations with accurate HSE06 functional were 
used to investigate the crystal and electronic structures of bulk and 
defective cubic-ZnIn2S4. We found that cubic-ZnIn2S4 is an indirect 
bandgap with the calculated energy gap of 2.39 eV. The VBM and CBM 
are located at K and Γ points, respectively. The effect of growth condi
tions on photocatalytic performance was examined by calculating the 
defect formation energy under different growth conditions varying from 
S-rich to S-poor. Our results revealed that the InZn antisite defect is a 
dominant donor defect, which is a main source of photo-induced carriers 
in undoped ZnIn2S4. However, the photocatalytic activity of ZnIn2S4 is 
deteriorated by the formation of compensating defect VZn, which could 
trap the photo-induced carriers. The calculated pinned Fermi-level of 
ZnIn2S4 is relatively high under all growth conditions considered; 
indicating that ZnIn2S4 is a native n-type material. We further proposed 
that the InZn antisite and VZn defects would be the dominant donor and 
compensating defects in hexagonal-ZnIn2S4. In addition, n-type doping 
elements are also suggested to improve its photocatalytic performance. 
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