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Abstract: Hybrid density functional theory has been employed to study the influence of interfa-
cial oxygen (O), sulfur (S) and zinc (Zn) vacancies on the optoelectronic properties of ZnO/ZnS
heterostructure. The results show that the O, S, and Zn vacancies can decrease cell volume of the
ZnO/ZnS heterostructure, leading to slight deformation from the perfect heterostructure. The quasi-
band gap of ZnO/ZnS heterostructure is remarkably reduced compared to the ZnO surface. Hence,
the visible light response is enhanced in ZnO/ZnS heterostructure, which can be further improved
by creating an interfacial S or O vacancy. Moreover, the removal of S or O atoms can generate lone
electrons in the system, which can enhance n-type conductivity of the heterostructure. The O and S
vacancies improve the contribution of the atomic orbitals of Znz,o (Zn atom in ZnO), Znz,g (Zn atom
in ZnS), S and O to the valence band maximum (VB) of the heterostructure; while the Zn-vacancy
remarkably improves the contribution of S states to the conduction band minimum (CB). The resultant
type-II band alignment and large difference between the migration speed of electrons and holes can
efficiently separate the photogenerated electron-hole pairs. The CB edge positions are more negative
than the redox potentials of CO, /CO and H,O/Hy, and the VB edge positions are more positive than
the redox potential of O, /H,O. Hence, all the systems under investigation can be potentially used as
efficient photocatalysts for various applications like CO; reduction and water splitting.

Keywords: ZnO/ZnS heterostructure; interfacial vacancy; band alignment; interfacial charge
behavior; optoelectronic property; hybrid DFT calculations

1. Introduction

The environmental concerns and growing demand for energy are the motivations
for sustained research in the field of CO; reduction and water splitting. It is important to
explore semiconductor photocatalysts for efficient utilization of solar energy, as semicon-
ductor photocatalysis is a green technology [1]. So far, many semiconductor photocatalysts
have been studied extensively, such as TiOy, ZnO and SrTiOj3 [2], while the photocatalytic
performance still cannot meet the needs of real application due to many reasons including
inactive response to visible light. The modification of these materials with noble metals
can enhance the activity and reduce charge carrier recombination [3-6]. ZnO is considered
a promising candidate for the utilization of solar energy like photocatalysis and photo-
voltaics due to its good physicochemical properties, such as large excitation binding energy
(about 60 meV), deep-level defects, and tunable band alignments, high aspect ratio and
morphology [7-10]. In addition, ZnO and ZnS are also common in magnetic applications,
especially as diluted magnetic semiconductors, for which the role of defects is essential to
understand [11]. However, its wide bandgap, narrow photoresponse range and high recom-
bination rate of photogenerated electron-hole pairs limit its photocatalytic performance.
Various approaches have been developed to improve light absorption and to suppress
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the recombination of photogenerated charge carriers, including manipulating exposed
facet [12-14], loading co-catalysts [14-17] and fabricating heterojunction structures [1,18,19].
The heterojunction fabrication is a feasible strategy to adjust the electronic and optical
properties and to suppress the recombination of photoinduced charge carriers in the semi-
conductors, resulting in wide applications not just in the photocatalysis, but also in high
electron mobility transistors, light-emitting diodes, lasers and solar cell technologies [20,21].
Considering visible light accounts for nearly half of solar energy, the current investigations
are thus focused on the heterostructure photocatalysts with visible-light response for CO,
reduction and water splitting.

Zinc chalcogenides belong to the II-VI semiconductors and have received extensive
interest in the applications of photocatalysis and photovoltaics [22-24]. ZnS is a direct
semiconductor with a wide bandgap, which shows great potential to construct ZnO/ZnS
core-shell systems in order tprove the light absorption [4]. ZnS/ZnO core-shell nanostruc-
ture can be fabricated by in-situ growth of ZnO on ZnS via simple thermal treatment [2].
It is claimed that the Z-scheme charge transfer mechanism can take place in ZnS/ZnO
heterostructure, where the photogenerated electrons in the CB of ZnO can recombine
with the holes produced in the VB of ZnS. It has also been reported that the transfer
of photogenerated charge carriers follows the type-II charge transfer mechanism for the
wurtzite-ZnS/ZnO heterostructure, i.e., the electrons transfer from wurtzite-ZnS to ZnO
and holes migrate from ZnO to ZnS [3]. The computational study using density functional
theory (DFT) is a powerful tool to predict the charge transfer and band alignments of the
heterostructures. For instance, ZnO/ZnX (X =S, Se, Te) heterostructures containing two
layers of ZnX and six layers of ZnO have been theoretically calculated for applications in
solar cells [25]. The designed ZnO/ZnX heterostructures have type-II band alignments,
with a respective bandgap of 2.2, 1.71 and 0.95 eV for ZnO/ZnS, ZnO/ZnSe and ZnO/ZnTe.
It is also claimed that the calculated bandgap is 2.31 eV for bulk ZnO/ZnS heterostructure
and 2.07 eV for core/shell ZnO/ZnS heterostructure nanowires [26]. It is noted that various
defects can be readily formed in ZnO, which can have a huge impact on the properties of a
heterostructure material containing ZnO.

It has been observed experimentally that the ZnO/ZnS core/shell nanostructure
with a thick core of ZnO and a thin ZnS shell shows enhanced photocatalytic proper-
ties [27,28]. Hence, ZnO/ZnS heterostructures are constructed by placing two layers of
ZnS(001) (ZnS2L, where “L” represents layer) on six layers of ZnO(1120) (ZnO6L) to better
understand the ZnO/ZnS heterostructure, with the vacancy of oxygen (Vp), sulfur (Vs) and
zinc (Vzy) generated at the interface of heterostructure. Hybrid DFT calculations have been
performed to study the properties of the obtained heterostructures. The results indicate that
the ZnO6L/ZnS2L is a type II heterostructure, which can effectively facilitate the separation
of photogenerated charge carriers at the interface and thereby enhance the photocatalytic
performance. The optical absorption of ZnO/ZnS heterostructure is remarkably enhanced
compared to the isolated ZnO6L and ZnS2L. Moreover, the influence of interfacial va-
cancies of Vg, Vg and Vz, on the geometric and electronic structure, interfacial charge
behavior, band edge position, and optical properties of ZnO/ZnS heterostructure has been
thoroughly calculated in this work. The applications of the obtained heterostructures in the
photocatalysis are briefly discussed too.

2. Results and Discussion
2.1. Geometric Structure of ZnO/ZnS Heterostructures with and without Interfacial Vacancy

Before the investigation on the ZnO/ZnS heterostructures, the lattice structure of bulk
wurtzite ZnO, bulk cubic ZnS, ZnO6L and ZnS2L surfaces are explored first. The calculated
optimized lattice parameters are a = b = ¢ = 5.44 A for zinc blend ZnS and area =b =3.29 A,
¢ =5.29 A for wurtzite ZnO (Figure S1), which are well consistent with previous theoreti-
cal [25,29] and experimental results [30,31], representing that the theoretical approach is
reasonable and reliable. Six layers of ZnO(1120) and two layers of ZnS(001) facets have
been constructed from the bulk-relaxed ZnO and ZnS unit cells (Figure S2). The optimized
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lattice parameters are a = 5.71 A and b = 5.34 A for ZnO6L surface and a = 5.45 A and
b = 5.45 A for ZnS2L, respectively. The calculated lattice mismatch between ZnO(1120)
and ZnS(001) facets is 2.6%, indicating small mismatch and good stability (i.e., minute
strain) of the designed ZnO/ZnS heterostructure. The ZnO/ZnS slab is optimized after the
construction of heterostructure (Figure 1a). The optimized lattice parameters are listed in
Table 1. In addition, the thermal stability of the ZnO/ZnS heterostructure is evaluated by
calculating the binding energy with equation of Ey, = Ez,0/zns — EznosL. — Eznsor., where
Ez00/zns, EznosL and Eznspp, are the total energies of relaxed ZnO/ZnS heterostructure,
ZnO6L and ZnS2L, respectively. The calculated interface binding energy of ZnO/ZnS is
-0.92 eV, implying that the obtained heterostructure interface is stable [32].

(b)
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Figure 1. The optimized structure of ZnO/ZnS heterostructures (a) without and with interface defect
of (b) Vo, (¢) Vs and (d) Vz,, where red, yellow, silver, green, blue and black balls represent oxygen
atom, sulfur atom, zinc atom, Vg, Vg and Vz,, respectively. The atoms are numbered to identify the
interfacial atoms.

Table 1. Optimized lattice constants, lattice angles, cell volume, and its variation of ZnO/ZnS
heterostructure with and without Vg, Vg and Vg, at interface.

. . . Volume Volume
a(A) b (A) c(A) Alpha Beta Gamma (A3) Variation
(%)
Perfect 5.74 5.37 24.21 90.00° 90.00° 90.00° 746.73 -
Vo at interface 5.73 5.33 2411 90.04° 90.22° 90.40° 736.36 1.4%
Vs at interface 5.74 5.35 23.52 89.85° 90.31° 89.94° 723.07 3.1%
Vz, at interface 5.74 5.35 23.91 89.78° 89.94° 87.85° 733.18 1.8%

For the ZnO/ZnS heterostructures with vacancy defects, the Vo, Vs and Vz, vacancies
are generated at the interface. The optimized structures of the obtained heterostructures
are shown in Figure 1b-d, with indexed serial numbers for the atoms under investigation,
and the optimized lattice parameters are listed in Table 1. It is clear that the V, Vs and
Vzn vacancies decrease the cell volume of ZnO/ZnS heterostructures owing to changes in
the positions of atoms around the vacancy, leading to slight deformation in the pertinent
structure. A maximum decrease in volume is observed when the Zn9-511 bridge bond
in ZnS region is broken due to the formation of Vs and Vz, vacancies at the interface of
ZnO/ZnS (Figure 1c,d). In such cases, the atoms of ZnS arrange themselves in accordance
with the substrate due to the synergistic effect.

In addition, the bond length of those around the vacancy is calculated to further
probe the influence of vacancy on the system geometry (Table 2). In the case of Vg at
the interface, the bond length ranges from 2.0 to 2.41 A for the bonds of 02-Zn8, Zn8-06,
Zn4-06, Zn8-510, Zn11-55 and Zn12-5S11, which is slightly longer than the same bond in
perfect heterostructure; while the bond length of S10-Zn16 and Zn9-511 is slightly shorter
than the respective counterpart in a perfect structure. In the case of Vg at the interface,
the bond length of O3-Zn5, Zn4-O6 and Zn1-07 is slightly longer than the same bonds in
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perfect ZnO/ZnS heterostructure; while it is shorter for Zn8-510, S10-Zn16 and Zn12-Zn14,
ranging from 2.01 to 2.42 A. In the case of V7, at the interface, the respective bond length
of Zn8-510, $10-Zn16, S11-Zn13 and S11-Zn12 is 2.65, 2.60, 2.54 and 2.41 A, which is longer
than the same bonds in perfect structure. Hence, the creation of vacancies at the interface
has an impact on the geometrical structure of the ZnO/ZnS heterostructure. The bond
strength becomes relatively weaker compared to that in the perfect heterostructure in the
case of the elongated bond length and becomes comparatively stronger in the case of the
shortened bond length.

Table 2. The calculated bond lengths at the interface of perfect ZnO/ZnS heterostructure and defective
ZnO/ZnS heterostructures with Vo, Vg and Vg, vacancies.

Bond Length (A)
(i) O2-Zn8, (ii) Zn8-06, (iii)
03-Zn5, (iv) Zn4-06, (v) 06-Zn12,
(vi) Zn1-07, (vii) O7-Zn9, (viii) (i) 2.00, (ii) 2.01, (iii) 1.99, (iv) 1.95,

Zn5-07, (ix) Zn8-S10, (x) (v) 2.03, (vi) 1.97, (vii) 2.04, (viii)
Perfect 510-Zn16, (xi) Zn16-515, (xii) 2.04, (ix) 2.33, (x) 2.50, (xi) 2.32, (xii)
S15-Zn9, (xiii) Zn9-S11, (xiv) 2.38, (xiii) 2.40, (xiv) 2.34, (xv) 2.37,
Zn11-S5, (xv) S11-Zn13, (xvi) (xvi) 2.50, (xvii) 2.31, (xviii) 2.32
Zn12-S14, (xvii) S14-Zn16, (xviii)
Zn12-S11

(i) O2-Zn8, (ii) Zn8-06, (iii)
03-Zn5, (iv) Zn4-06, (v) 06-Zn12,
(ix) Zn8-510, (x) S10-Zn16, (xi)
Vo at Interface 7Zn16-515, (xii) S15-Zn9, (xiii)
Zn9-5S11, (xiv) Zn11-S5, (xv)
511-Zn13, (xvi) Zn12-S14, (xvii)
S14-Zn16, (xviii) Zn12-S11
(i) O2-Zn8, (ii) Zn8-06, (iii)
03-Zn5, (iv) Zn4-06, (v) 06-Zn12,
(vi) Zn1-07, (vii) O7-Zn9, (viii)
Vg at Interface Zn5-07, (ix) Zn8-S10, (x)
510-Zn16, (xi) Zn16-515, (xvi)
Zn12-7Znl4, (xvii) S14-Zn16, (a)
515-Zn13
(i) O2-Zn8, (ii) Zn8-06, (iv)
Zn4-06, (v) O6-Zn12, (vi) Zn1-O7, (i) 1.97, (ii) 1.99, (iv) 2.04, (v) 1.98,
Vyz, at interface (ix) Zn8-510, (x) S10-Zn16, (xi) (vi) 1.95, (ix) 2.65, (x) 2.60, (xi) 2.30,
Zn16-S15, (xiv) S11-Zn5, (xv) (xiv) 2.39, (xv) 2.54, (xviii) 2.41
S11-Zn13, (xviii) S11-Zn12

(i) 2.03, (ii) 2.05, (iii) 1.99, (iv) 2.0, (v)

2.01, (ix) 2.41, (x) 2.45, (xi) 2.33, (xii)

2.38, (xiii) 2.37, (xiv) 2.40, (xv) 2.39,
(xvi) 2.48, (xvii) 2.32, (xviii) 2.36

(i) 1.99, (ii) 1.98, (iii) 2.07, (iv) 2.01,
(v) 2.03, (vi) 2.01, (vii) 2.05, (viii)
2.05, (ix) 2.01, (x) 2.29, (xi) 2.33, (xvi)
2.42, (xvii) 2.32, (a) 2.33

2.2. Electronic Properties of Perfect and Defective ZnO/ZnS Heterostructures

The electronic properties of ZnO/ZnS heterostructures with and without interfacial
Vo, Vs and Vz, vacancies are calculated to study the energy bands and interfacial electronic
structure. The electronic properties of ZnO6L and ZnS2L are first studied for comparison.
The calculated projected density of states (PDOS) and band structures of ZnO6L and ZnS2L
are shown in Figure 2. The calculated band structures indicate that the ZnO6L and ZnS2L
are direct bandgap semiconductors with respective numerical values of 3.32 and 3.80 eV.
The valence band (VB) (-4 to 0 eV) of the ZnO6L surface is mainly contributed by O 2p, Zn
3d, Zn 3p and Zn 4s, and its conduction band (CB) is composed of Zn 4s, O 25 and O 2p
states. The total density of states (TDOS) in VB is dominated by S 3p, Zn 3d, Zn 3p and Zn
4s for the ZnS2L, and Zn 4s, S 3s, S 3p and Zn 3p contribute its CB.
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Figure 2. The calculated PDOS of (a) ZnO6L surface and (b) ZnS2L surface, and band structure of
(c) ZnO6L surface and (d) ZnS2L surface by using HSE06 functional.

The calculated PDOS of whole slabs for the perfect ZnO/ZnS, ZnO/ZnS with in-
terfacial Vo (ZnO/ZnS-Vp), ZnO/ZnS with interfacial Vg (ZnO/ZnS-Vg) and ZnO/ZnS
with interfacial Vz, (ZnO/ZnS-Vz,) are shown in Figure 3. In perfect ZnO6L/ZnS2L
heterostructure, the upper VB (4 to 0 eV) is mainly contributed by O 2p, Zn 3d, S 3p, Zn 3p
and Zn 4s orbitals, and the CB is mainly contributed by Zn 4s, O 25, O 2p, Zn 3p, S 3p and S
3s orbitals (Figure 3a). The quasi-bandgap of the ZnO/ZnS heterostructure is 2.24 eV, which
is decreased by 1.06 eV compared to the individual ZnO surface due to S 3p states. This
is consistent with the theoretical result in the literature for ZnO/ZnS heterostructure [25],
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as well as with the experimental report for the sample of ZnS monolayer attached to the
ZnO [33].

32 32
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Figure 3. PDOS of the whole slabs for (a) perfect ZnO/ZnS, (b) ZnO/ZnS-V, (¢) ZnO/ZnS-Vg, and
(d) ZnO/ZnS-Vz, heterostructures. The vertical red-dashed line denotes the Fermi energy.

In the case of Vp and Vg at the interface, the VB is mainly composed of O 2p, Zn 34,
S 3p, Zn 3p and Zn 4s orbitals, and the CB is mainly contributed by Zn 4s, O 2s, O 2p, Zn
3p and S 3p orbitals (Figure 3b,c). The upper VB region (-0.8~0.5 eV) is split as compared
with the perfect heterostructure. Such states are more clearly visible in the plots of the local
density of states (LDOS), which will be discussed later. Moreover, owing to the downshift
of the CB edge, the quasi-band gap is further reduced respectively to 1.78 and 1.87 eV for
ZnO/ZnS-Vg and ZnO/ZnS-Vg. As for the ZnO/ZnS-Vz,, the VB is mainly contributed
by O 2p, Zn 3d, S 3p, Zn 3p and Zn 4s orbitals, and the CB is mainly composed of Zn 4s, S
3p, S 3s, O 2p, Zn 3p and O 2s orbitals (Figure 3d).

In perfect heterostructure, the p orbital of O and S atoms forms bonds with the
neighboring Zn atoms, and the Zn11 atom at the interface is bonded with the neighboring
O7 and S15 atoms. Thus, the removal of S or O atom at the interface can create lone
electrons in the system that will be thermally excited to the CB, resulting in enhanced
n-type conductivity due to the shift of Fermi level toward CB as compared with the perfect
heterostructure. The Fermi energy is 1.24 eV in perfect ZnO/ZnS heterostructure, which is
increased respectively to 1.58 and 1.71 eV once the Vg and Vg are generated at the interface
(Figure 3b,c). Similarly, the removal of Zn9 atom can create a deficiency of electrons in the
system, resulting in the shift of Fermi energy from 1.24 eV for the perfect system to 1.06 eV
for the ZnO/ZnS-Vz, (Figure 3d).

In addition, Figure 4 shows the calculated LDOS of different parts in all the het-
erostructures, i.e., the ZnO layer away from the interface (ZnO-away), interface, and top
ZnS layer (Figure S3). Clearly, the bandgap of the ZnO-away layer remains the same for
all the heterostructures (3.03 eV), i.e., the Vg, Vg and Vz, vacancies have no impact on
the electronic structure of ZnO layers away from the interface (Figure 4e). However, the
upper VB of interface region (1.5 to -0.6 eV) is mainly occupied by the TDOS of S atom for
the perfect heterostructure (Figure 4a) and is populated by the contribution of Zn atom in
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ZnO (Zn-ZnO), S atom, Zn atom in ZnS (Zn-ZnS) and O atom for the ZnO6L/ZnS2L.-Vo
and ZnO6L/ZnS2L-Vg heterostructures (Figure 4b,c). The TDOS of Zn-ZnO is below the
TDOS of the S atom in the upper VB region of the perfect heterostructure, indicating that
the orbitals of Zn-ZnO are filled; whereas the orbitals of Zn-ZnS and Zn-ZnO atoms in
ZnO6L/ZnS2L-Vg and ZnO6L/ZnS2L-Vg are partially empty and sit at relatively high
energy since a portion of charges in Zn-ZnS and Zn-ZnO atoms transfer to the CB. As in
the case of Vz,, the CB bottom (1.8 to 3.0 eV) of interface region is mainly composed of
TDOS of the S atom (Figure 4d), but with a small contribution from the TDOS of Zn-ZnO,
Zn-7ZnS and O atoms. Considering the CB for the perfect heterostructure has a very small
contribution from the TDOS of S, Zn and O atoms, Vz, at the interface remarkably enhances
the contribution of S states to the CB.
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Figure 4. Cont.
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Figure 4. LDOS of the heterostructures for (a) perfect ZnO/ZnS, (b) ZnO/ZnS-Vp, (¢) ZnO/ZnS-Vg,
and (d) ZnO/ZnS-Vz,, and (e) LDOS of ZnO layer away from the interface, which is the same in all
cases and the one for perfect heterostructure is used as an example here.

As for the top ZnS layer, it is found from the LDOS that the respective bandgap of
ZnSis 2.32,2.14,2.10 and 2.38 eV for the perfect heterostructure, the one with Vg, Vs and
Vz, (Figure 4). Moreover, due to presence of Vo and Vg at the interface, the upper VB of
ZnO6L/ZnS2L-Vgo and ZnO6L /ZnS2L-Vs is split as compared to the perfect heterostruc-
ture. Hence, Vo and Vg can influence the electronic structure of the top heterostructure layer.
Similarly, V7, also affects the electronic structure of the top ZnS layer in the heterostructure.

2.3. Interfacial Charge Transfer and Bader Charge Analysis

It is noted that the charges will redistribute in the materials once the heterojunction
is formed between ZnO6L and ZnS2L. The work function (actually Fermi level) is an
important factor for a semiconductor material to be used in photocatalysis [34], which
determines the charge transfer at the interface upon the formation of a heterojunction. The
work function is defined by the equation of WF = Ey,. — Ep, where Ey,. and Ef is the
electrostatic potential of an electron at vacuum and Fermi energy, respectively. The planar
average electronic potentials with respect to the Z-axis for ZnO6L and ZnS2L surfaces
have been calculated by applying dipole correction (Figure 5). The work function is thus
calculated to be 5.70 and 5.12 eV for ZnO6L and ZnS2L surfaces, respectively. Therefore,
the electrons can transfer from ZnS2L to ZnO6L when they come into contact with each
other to form a heterostructure, as the work function of ZnS2L is less than that of ZnO6L.
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Figure 5. Calculated electrostatic potentials for (a) ZnO6L and (b) ZnS2L surfaces, where green and
black dashed lines denote the Fermi level and vacuum energy level, respectively.

Moreover, Bader charge calculations [35] have been completed to quantitatively ac-
quire net charge on the atoms at the interface upon the formation of heterostructure (Table 3).
The Bader net charges of the interfacial atoms in perfect ZnO/ZnS heterostructure are ob-
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tained by taking the difference between total charges on the atoms in a heterostructure
and the total charge on atoms in the constituent surfaces. In Figure 6, the atoms above
zero (with a positive value) show the accumulation of electrons, and the atoms below zero
(with a negative value) mean the loss of electrons. Clearly, the Zn13 and Zn16 atoms at
the heterojunction interface gain electrons, and the Znl1, Zn4, Zn5, Zn8, Zn9 and Zn12
atoms lose electrons. The net gain charges are 0.12 e and 0.12 e for Zn13 and Zn16 atoms,
respectively. The net loss charges are 0.004 e, 0.02 ¢, 0.08 e, 0.10 e, 0.17 e and 0.17 e for
Znl, Zn4, Zn5, Zn8, Zn9 and Zn12 atoms, respectively. Meanwhile, the respective charge
decreases from 1.22 e,1.22 eand 1.21 eto 1.21 ¢, 1.19 e and 1.19 e for O2, O3 and O7 atoms.
Thus, the net decrease of charge is 0.01 e, 0.03 e and 0.02 e for O2, O3 and O7, respectively.
Similarly, the respective charge increases from 0.87 e, 0.87 e, 0.87 e and 0.87 e to 0.91 e,
0.93 e, 0.91 e and 0.92 e upon the formation of heterojunction for 510, 511, S14 and S15
atoms. Accordingly, the net gain charge is 0.04 e, 0.06 e, 0.04 e and 0.05 e for S10, S11, S14
and S15 atoms, respectively. All these give rise to a total charge transfer of 0.41 el from
the ZnS layer to the ZnO layer.

Table 3. Calculated total Bader charge of atoms around various vacancies along with perfect het-
erostructure, where the serial number of atoms is indexed in Figure 1.

Total Bader Charge on the

Atoms Serial No Atom (e)
~1.22, -1.20, —1.13, —1.11,
Pert Zn 1,4,5,8,9,12,13,16 ~0.99, —0.99, —0.99, —0.99
erfect S 10,11, 14, 15 0.90,0.92,0.91, 0.92
0 2,3,6,7 1.21,1.20,1.21,1.19
—0.88, —1.19, —0.80, —0.74,
Ve at interface Zn 1,4,5,8,9,12,13,16 ~0.78, —0.99, —0.99, —0.99
S S 10,11, 14, 15 0.88,0.91,0.91,0.93
0 2,3,6 1.20,1.18,1.19
~1.19, —=1.20, —0.93, —1.11,
Ve at interface Zn 1,4,5,8,9,12,13,16 —0.72, —0.57, —0.87, —0.97
s S 10,14, 15 0.87,0.88, 0.89
0 2,3,6,7 1.19,1.195,1.187, 1.19
121, -1.19,1.14, 1.11,
V., at interface “n b o825 —097,-098, —0.97
Zn S 10,11, 14, 15 0.42, 0.49, 0.90, 0.87
0 2,3,6,7 1.20,1.19,1.20,1.14
0.20
- O
0.154 s
I~ Z
2 0.10- "
(D]
%" 0.05-
2 il Omll
Q o _
"% -0.054
as)]
-0.104
-0.151
-0.20

01234567 80910111213141516
Figure 6. The calculated net charge transfer of atoms near the interface region after the formation of
bulk ZnO/ZnS heterostructure by Bader charge analysis.
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The Bader charge analysis is further performed to study the change in the total charge
of atoms around the vacancy. As in a perfect heterostructure, the S11 atom can make
bonds with Zn5, Zn9, Zn12 and Zn13 atoms. Hence, the removal of the S11 atom from the
interface can affect the charge of surrounding atoms. The respective total charge reduces
from —1.13 e, —0.99 ¢, —0.99 e and —0.99 e to —0.93 ¢, —0.72 ¢, —0.57 e and —0.87 e for Zn5,
Zn9, Zn12 and Zn13 atoms in the Vg region. Accordingly, the charge of S atoms attached to
the Zn and O atoms decreases too. Similarly, the interfacial Vo (by removing the O7 atom)
also affects the total charge on the Zn atoms around it. The charge decreases from —1.22 e,
—1.13e, —1.11eand —0.99 e to —0.88, —0.80 ¢, —0.74 e and —0.78 e for Zn1, Zn5, Zn8 and
Zn9, respectively. Moreover, a small decrease is observed in the charge of S atoms attached
to the Zn atoms around Vg.

In the case of the interfacial Vz,, the total charge decreases for the S atoms around Vz,.
Removal of the Zn atom (Zn9) from the interface reduces the total charge of neighboring
510, S11, S15 and O7 atoms. However, a remarkable change in the total charge of 510 and
511 is observed, i.e., decreasing from 0.90 e and 0.92 e to 0.42 e and 0.49 e, respectively. The
decrease in the total charge of S and O atoms around Vz, is due to the lack of electrons
donated by Zn atoms.

2.4. Band Alignment and Charge Separation of the Heterostructures for Photocatalysis

The photocatalytic performance highly depends on the position of the VB and CB
edges of the semiconductors. Using photocatalytic reduction in CO; as an example, the
basic criteria are that the CO, reduction potential for the specific products must lie between
the VB and CB of the heterostructures. The positions of CB and VB edges with respect to
the normal hydrogen electrode (NHE) potential can be calculated by using the equations
of Eyp = x — Ee + 0.5 Eg and Ecp = Eyp — Eg [32], where E., Eg and Y is the energy of
the free electron (4.5 eV), bandgap, and absolute electronegativity of the semiconductor,
respectively. In the perfect heterostructure, the bandgap of the ZnO layer away from the
interface is 3.03 eV, which does not change even with the introduction of interfacial Vo, Vg
and Vz, to the ZnO/ZnS. The bandgap of the top ZnS layer in the perfect heterostructure
is 2.32 eV, and the x is 5.40 and 5.83 eV for ZnS2L and ZnO6L, respectively. In the case of
Vo, Vs and Vz, at the interface, the bandgap of the top ZnS layer becomes 2.32, 2.14, 2.10,
and 2.38 eV, respectively. The x value for ZnS2L changes to 5.30 and 5.5 eV in the case of
Vs and Vzj,, respectively.

It is noted from Figure 7 that the heterostructures of perfect ZnO/ZnS, ZnO/ZnS-Vo,
Zn0O/ZnS-Vg and ZnO/ZnS-Vz, have type-Il band alignments. The band edges of ZnO6L
and ZnS2L before the contact are illustrated in Figure S4. The band edge positions of ZnO
away from the interface are the same in all heterostructures. The positions of VB and CB
edges for ZnO-away in perfect ZnO/ZnS, ZnO/ZnS-Vo, ZnO/ZnS-Vs, and ZnO/ZnS-Vz,
heterostructures are calculated to be —0.13 and 2.92 V, respectively. Thus, the CB edge
position is more negative than the redox potential of CO/CO, (—0.07V vs. NHE at pH = 0).
Thus, the reduction in CO; to CO is thermodynamically feasible. The same is true for
the water splitting to generate H,. Moreover, the respective VB position of the ZnS layer
changes to 2.06, 1.97, 1.85 and 2.21 V for the perfect ZnO/ZnS, ZnO/ZnS-Vo, ZnO/ZnS-Vg
and ZnO/ZnS-Vz,, which are all more positive than the O,/H,O (1.23 V). Hence, all the
heterostructures reported here are capable of photo-catalytically reducing CO, and splitting
water.
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The optical absorption and separation and utilization of photogenerated charge car-
riers are important parameters for an efficient photocatalyst [36,37]. The visible light
absorption of the heterostructures is remarkably enhanced compared to the isolated ZnO
and ZnS surfaces since the value of quasi-bandgap decreases to a value below 3 eV, which
is further verified by the calculation results presented in Section 2.5. The separation of
photogenerated electrons and holes is further investigated by calculating the effective mass
at the CB (m.) and VB (my,) of the perfect and defective heterostructures (Table 4). The
effective mass of charge carriers is first calculated by using Equation (1), where m*, and T
are the effective mass and reduced Planck’s constant respectively, while E(K) is the energy
of an electron at wavevector K [38]. The difference in mobility of hole and electron is the
key to determining the separation of photogenerated charge carriers. Such difference can be
evaluated by taking the relative ratio of the effective mass of electrons to holes (r) [39]. The
greater the value of r, the larger the difference in the mobility of photogenerated electrons
and holes, resulting in lower recombination of electron/hole pairs. It is found from Table 4
that the value of  is larger than 1 for all the studied systems, meaning that the migration
speed of holes is much slower than the electrons due to its large value of effective mass.
Thus, the type-II band alignment and large difference between the migration speed of
electrons and holes can efficiently separate the photogenerated electron/hole pairs.
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Table 4. Calculated effective mass of photogenerated holes and electrons along with the ratio of
effective mass of electron to hole.

my, Me r = melmy
Perfect 0.470 0.143 3.30
Vo at interface 0.886 0.277 3.20
Vs at interface 0.367 0.273 1.34
Vyz, at interface 1.04 0.192 5.42

To confirm the above quantitative results, the band decomposed charge density of
VB maximum (VBM) and CB minimum (CBM) are calculated for the perfect ZnO/ZnS
heterostructure and those with vacancy defects (Figure 8). It is found that the VBM is
localized to the ZnS layer for the perfect ZnO/ZnS heterostructure and CBM is localized
to the ZnO layer (Figure 8a). Hence, it is expected that the photogenerated electrons
and holes can be efficiently separated in the heterostructure, reducing the rate of charge
recombination. In the presence of Vg, the VBM is slightly delocalized compared to the
perfect heterostructure owing to its smaller r value (Figure 8b), which is further delocalized
in case of Vg due to the smallest r value (Figure 8c); while it is more localized to the
ZnS layer for ZnO6L/ZnS-Vz, due to the largest r value (Figure 8d), implying efficient
separation of charge carriers. The same conclusion can be drawn too by analyzing the
(de-)localization of CBM for the perfect and defective heterostructures.

Figure 8. Band decomposed charge density for VBM and CBM of (a) ZnO/ZnS, (b) ZnO/ZnS—V,
(¢) ZnO/ZnS—Vg, and (d) ZnO/ZnS—Vz, heterostructures, where red, yellow, silver, green, blue
and black balls represent O atom, S atom, Zn atom, Vg, Vg and Vz,, respectively.

The electrons jump from VB to CB when the heterostructures absorb photons with
energy above the quasi-bandgap value, with holes left in VB. The photogenerated electrons
in the CB of ZnS transfer to the CB of ZnO through the interface due to type-II band align-
ment, and the holes in the VB of ZnO move to the VB of ZnS, leading to the accumulation
of electrons at the CB of ZnO and holes at the VB of ZnS (Figure 7e). Hence, the electrons in
CB of ZnO are available for the photocatalytic reduction reactions, while the holes in VB of
ZnS take part in the oxidation reactions.
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2.5. Optical Properties

The performance of semiconductor photocatalysts is significantly influenced by the op-
tical absorption behavior of the catalyst, which depends on its electronic structure. Hence,
the optical absorption spectra of perfect and defective ZnO/ZnS heterostructures are calcu-
lated to investigate the effect of interfacial Vo, Vg, and V7, defects. The frequency depen-
dence on the dielectric function is calculated, which is expressed as € = € (w) + iex(w) [40].
The real component of the dielectric function is calculated by the Kramers-Kronig transfor-
mation, and the imaginary part is calculated by summing the large empty states. Further-
more, the absorption coefficient a(w) is calculated by using Equation (2) [41]. The optical
absorption spectra are thus calculated as a function of photon energy for ZnO6L, ZnS2L,
perfect ZnO/ZnS, ZnO/ZnS-Vo, ZnO/ZnS-Vg and ZnO/ZnS-Vz,, as shown in Figure 9.
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Figure 9. Optical absorption spectra of (a) isolated ZnO6L and ZnS2L, and (b) perfect ZnO/ZnS,
Zn0/ZnS—Vo, ZnO/ZnS—Vg and ZnO/ZnS—Vz, heterostructures.

It is noted from the optical spectra that the isolated ZnS2L and ZnO6L surfaces have
very weak absorption in the visible-light region (400~760 nm) due to the wide bandgap
(Figure 9a). After the formation of the ZnO/ZnS heterostructure, the absorption edge shifts
toward lower photon energy (longer wavelength), which enables the heterostructure to
utilize visible light. The absorption of perfect ZnO/ZnS heterostructure is improved, as
the optical absorption edge (2.18 eV, synchronizing its bandgap) significantly shifts down
by about 0.97 eV compared to the isolated ZnO6L surface (3.15 eV). Hence, the optical
absorption of heterostructure is enhanced because of the interlayer coupling between the
ZnO and ZnS surfaces. Compared to the perfect heterostructure, the quasi-band gap for
those with interfacial Vg, Vg and Vg, further narrows down to 1.88, 1.95 and 2.03 eV,
respectively. Thus, the absorption edge of ZnO6L/ZnS2L heterostructures with Vg, Vg
and Vz, shifts down by 0.30, 0.23 and 0.15 eV compared to the perfect ZnO6L/ZnS2L
heterostructure, implying that all the Vo, Vg and V7, defects can improve the visible-light
absorption of the heterostructures (Figure 9b), which is critical for the photocatalysis.

3. Calculation Methods

Vienna Ab initio Simulation Package (VASP) [42,43] was used to perform the calcula-
tion within the framework of DFT with the projected augment wave (PAW) method. The
generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) [44,45]
was used to approximate the exchange and correlation potential. A 520-eV cut-off energy
was set for the expansion of the plane wave. The forces and energies on each ion were
reduced respectively below 0.02 eV/and 107 eV to optimize the structures, and then
the resultant optimized structures are used to investigate the electronic structures. The
interactions between adjacent slabs are eliminated by using a thick layer vacuum. For the
optimization, k-points of 3 x 3 x 1 were used, while the electronic structure calculation was
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performed by using 5 x 5 x 1 k-points. In addition, Gaussian smearing was used for the
electronic structure calculations. Heyd Scuseria-Ernzerhof (HSE06) [46] hybrid functional
was used to calculate the non-spin-polarized optoelectronic properties of isolated ZnO6L
and ZnS2L, as well as the ZnO/ZnS heterostructures. HSE06-based calculated results
are very accurate and close to the experimental results. In addition to the optoelectronic
properties, the hybrid functional also accurately describes the system geometry [47]. The
exchange correlation energy in HSE(06 functional is given by Equation (3), where E )L(R’P BE (w)
represents the long-range (LR) part and E3X (), EiR’P BE () are the short-range (SR) part
of electron-electron interaction. Similarly,  and « represent the mixing coefficient and
screening parameter, respectively. The mixing exchange parameter of 0.375 and screening
parameter of 0.20 A~! have been tested for the bandgap of ZnO and ZnS, which is 3.30 and
3.87 eV (Figure S5), respectively, consistent well with the experimentally results (3.32 eV
for ZnO [48] and 3.82 eV for [49]). Therefore, the mixing exchange parameter of 0.375 and
screening parameter of 0.20 A~! were adopted in all calculations.

EUEE = BESR(a) + (1 - B () + ERPPE (a) + ELPF )

4. Conclusions

In summary, the hybrid DFT method is used to investigate the influence of interfacial
O, S, and Zn vacancies on the geometric and optoelectronic properties of ZnO/ZnS het-
erostructure. The quasi-bandgap of perfect ZnO/ZnS heterostructure (2.24 eV) reduces by
about 1.06 eV in comparison with isolated ZnO surface, which is further reduced upon the
creation of interfacial Vo, Vs and Vz,, improving visible-light absorption of the materials.
The removal of interfacial S or O atom can generate lone electrons in the system, which
can improve n-type conductivity of the heterostructure. The electrons accumulate at the
CB of ZnO and holes at the VB of ZnS owing to the type-II band alignment and high value
of me/my,, which can effectively separate the photogenerated electron/hole pairs. The CB
edge position of ZnO is more negative than the redox potential of CO/CO; and H; evolu-
tion upon water splitting and the VB edge position of ZnS is more positive than the redox
potential of O, /H,0O, implying that the heterostructures can be used for photocatalytic CO,
reduction and water splitting. Moreover, the optoelectronic and photocatalytic properties
of the heterostructure can be improved by introducing interfacial Vo, Vs and Vz, defects.
We envision that this work can help design the photocatalysts with high efficiency.
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