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Using the first-principles plane-wave calculations within density functional theory, the perfect bi-layer and monolayer
terminated WZ-CIS (100)/WZ-CdS (100) interfaces are investigated. After relaxation the atomic positions and the bond
lengths change slightly on the two interfaces. The WZ-CIS/WZ-CdS interfaces can exist stably, when the interface bonding
energies are −0.481 J/m2 (bi-layer terminated interface) and −0.677 J/m2 (monolayer terminated interface). Via analysis
of the density of states, difference charge density and Bader charges, no interface state is found near the Fermi level.
The stronger adhesion of the monolayer terminated interface is attributed to more electron transformations and orbital
hybridizations, promoting stable interfacial bonds between atoms than those on a bi-layer terminated interface.
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1. Introduction

In recent years, the fabrication of pollution-free, low-cost,
and high-efficiency photovoltaic cells has attracted successive
attention. CuInS2-based thin film has been known as one of
the most promising optical absorbers for high-efficiency so-
lar cells.[1,2] It has garnered a great deal of interest due to
its high optical absorption coefficient (> 105 cm−1) higher
than conventional III–V semiconductors, desirable band gap
(1.45 eV) close to the solar spectra, good thermal property,
low cost, environmental, and electrical stability.[3–6] It is re-
ported that CuInS2 (CIS) exists in three polymorphic mod-
ifications at different temperatures: the most common and
thermodynamically stable chalcopyrite (CP-CIS), metastable
zincblende (ZB-CIS), and wurtzite (WZ-CIS) structures.[7,8] It
was found that the CIS with the wurtzite structure shows flex-
ibility in stoichiometry, because the copper and indium atoms
alternate on the cation site.[9] The wurtzite CuInS2 has been
researched in a solar cell device because it provides the abil-
ity to tune the Fermi level energy over a wide range, which is
beneficial for device fabrication.[10] It has been observed ex-
perimentally that this promising material has a high optical ab-
sorption coefficient and substantial photo-stability.[9] Because
of its strong light absorption over the visible and near-infrared
range and good size homogeneity, these nanocrystals were ap-
plied as the CIS absorber layer by spraycoating to fabricate

working solar cells after the selenization process. The con-
version efficiency of CIGS thin film soalr cells was beyond
20%.[11]

Cadmium sulfide (CdS) is a most important II–VI group
wide-gap semiconductor with good stability and outstand-
ing optical-electronic properties[12–14] due to its wide energy
band gap (2.42 eV)[15] which happens to be in the visible
range. CdS have two types of basic structures: the cubic spha-
lerite and the hexagonal wurtzite.[16] The wurtzite CdS shows
novel electronic and optical properties as compared with the
sphalerite CdS.[17] Many studies have also reported that the
wurtzite CdS nanowires were synthesized in various nanocrys-
talline forms such as by a simple hydrothermal method.[18]

Nowadays, CdS as an efficient n-type window material has
been widely used in the CuInS2-based thin film solar cell de-
vices.

Thin-film photovoltaic devices were fabricated with
a conventional glass/Mo/CuInS2/CdS/ZnO/Al-doped/ZnO
configuration.[19] CuInS2 with wurtzite structure is similar
to CdS with wurtzite structure. They have the same space
group and crystallize as a hexagonal structure. In the pro-
cesses of preparing solar cells, choosing CIS and CdS with
wurtzite structure at the same time, the absorption layer and
window layer can make good lattice match, which may reduce
the composite effect of the WZ-CIS/WZ-CdS interface. In the
WZ-CIS thin film solar cells, the wurtzite CuInS2 nanocrystals
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were converted with a selenization process, and were applied
as the p-type light-absorbing layer in the fabrication. The
WZ-CdS window layer is generally deposited on the WZ-CIS
absorption layer, which can form the WZ-CIS/WZ-CdS p–n
hetero-junction. It is the core part of the WZ-CIS thin film so-
lar cells. The interface between the light-absorbing layer and
the window layer is especially important which has greatly
influenced the conversion efficiency and performance of the
solar cells. Therefore, investigating the interface between WZ-
CIS and WZ-CdS gives a systematic understanding to improve
CIS solar cell performance and may guide the experiments.

So far, we have performed studies on the CIS solar cells
interface: the bond characteristics, electronic structure and in-
terfacial energetic of the Mo (110)/MoSe2 (100) interface,[20]

and also for the WZ-CIS (100)/MoS2 (−100) interface[21] by
the first principles calculations. In this work, we theoretically
study the properties of bulk WZ-CIS, bulk WZ-CdS, their sur-
faces and interfaces. For the WZ-CIS/WZ-CdS interface, we
investigated two different bond types, and discussed their lat-
tice structures, electronic properties and the interface states at
the atomic scale. Furthermore, our results also have been com-
pared with others experimental and calculated results to well
understand WZ-CIS solar cells.

2. Methodology
All theoretical calculations were performed within the

Vienna ab initio simulation package (VASP)[22–24] with the
first principles of density functional theory (DFT). The pro-
jector augmented wave (PAW)[25,26] method and the gener-
alized gradient approximations (GGA) functional with the
Perdew–Burke–Ernzerhof (PBE)[27] were applied to describe
the exchange-correlation energy. We used the pseudopoten-
tial for the electronic configurations are [Ar] 3d104s1, [Kr]
5s25p1, [Ne] 3s23p4, and [Kr] 4d105s2, for copper, indium,
sulfur, and cadmium, respectively. Γ -centered k-point meshes
were applied for bulk WZ-CuInS2, bulk CdS, WZ-CuInS2 sur-
face, WZ-CdS surface, and WZ-CIS/WZ-CdS interface are
11×11×7, 11×11×7, 5×6×1, 5×6×1, and 5×6×1, respec-
tively. We adopted the conjugate gradient (CG) method[28]

to optimize atomic structure and selected a cutoff energy of
500 eV based on the plane wave basis. We apply the tetra-
hedron method with Blöchl corrections[29] for our band struc-
ture, density of states and total energy calculations in all sys-
tems. Density functional theory (DFT) always underestimates
semiconductors’ band gaps. In our calculations we added a
Hubbard U correction to the GGA energy functional. The val-
ues of effective U parameters employed for the 3d states of Cu
atoms are 5.5 eV to solve the band gap problem presented in
DFT calculations on WZ-CuInS2, which are consistent with
other previous studies U-value corrections.[30–32]

3. Results and discussion
3.1. Properties of bulk WZ-CuInS2 and WZ-CdS

To validate the accuracy of the computation methods,
we firstly performed calculations on bulks. It is known that
Wurtzite CuInS2 (WZ-CIS) belongs to the space group P63mc
and crystallizes as a hexagonal wurtzite structure, as shown
in Fig. 1(a). Our calculated lattice constants for WZ-CuInS2

are a = 3.947 Å, c = 6.502 Å, which are matching with other
calculated values (a = 3.90652 Å, c = 6.42896 Å[33]) and
experimental values by x-ray diffraction (a = 3.897 Å and
c = 6.441 Å.[34]). Wurtzite CdS also has a hexagonal wurtzite
structure with the space group P63mc, as shown in Fig. 1(b).
Our optimized primitive lattice parameters of a = 4.17 Å and
c = 6.76 Å are in good agreement with other theoretical data
(a = 4.18 Å, c = 6.76 Å[35] and a = 4.16 Å, c = 6.61 Å[36])
and experimental values (a = 4.136 Å, c = 6.713 Å[37]), prov-
ing the good accuracy of our calculation with a small error
limit of 10−2 Å. Compared with other data, our calculated val-
ues of bulk WZ-CIS and WZ-CdS are in good agreement with
other previous reported results.
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Fig. 1. (color online) The lattice structure of bulk WZ-CIS (a) and bulk
WZ-CdS (b).

The band structure and density of states (DOS) were
also calculated for bulk WZ-CIS.[21] Through DOS analy-
sis, the WZ-CIS is a direct band gap semiconductor with the
calculated band gap of 0.2 eV through the method of GGA
+ U (U − J = 5.5 eV), which is similar with another cal-
culated value[9] but lower than the experimental band gaps
(1.47 eV).[38] By analysis of partial density of states (PDOS),
the bottom of the conduction band is attributed by 5s-orbital of
In atoms, and the uppermost valence band is mainly attributed
by 3p-orbital of S atoms.

In WZ-CuInS2, Cu and In atoms randomly locate on the
same space group site. At the same time, WZ-CuInS2 has the
sub-lattice structure: a tetrahedron containing an S atom at the
center and four Cu/In atoms around the S atom. In every tetra-
hedron, In and Cu atoms may have different site occupancies.
There must be five and only five possible occupancies: the S
atom is surrounded by two Cu atoms and two In atoms, the S
atom is surrounded by three/one In atom(s) and one/three Cu
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atom(s), the S atom is surrounded by four Cu/In atoms. The
hybrid Hartree–Fock-like functional by Heyd, Scuseria, and
Ernzerhof (HSE) can improve the calculation accuracy.[22–24]

The first occupancy configuration is the generally used lattice
model, which has a band gap 0.86 eV when Hartree–Fock
screening parameter ω = 0.2 was employed in HSE06 func-
tional. We also found that WZ-CuInS2 is a semiconductor that
may be metallic for different local indium and copper atomic
configurations. Metallic configurations have higher lattice en-
ergies while semiconductive configurations have lower lattice
energies.

Figure 2 shows the band structure and DOS of bulk WZ-
CdS. From Fig. 2(a), we found that the WZ-CdS has a direct
band gap of 1.2 eV, which is in reasonable agreement with
experimental values of 2.48 eV[39] and the other calculated re-
sult of 1.22 eV.[40] Figure 2(b) is the calculated DOS of bulk
WZ-CdS. The bottom of the conduction band is formed by a
mixture of the Cd 5s-orbital and S 3p-orbital, while the top of
the valence band is derived from the 3p-orbital of S atoms.
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Fig. 2. (color online) The band structure (a) and density of states (b) of bulk
WZ-CdS.

3.2. Surface properties

To study the properties of WZ-CuInS2/WZ-CdS inter-
faces, it is necessary to ensure that both sides of the inter-
face models are thick enough to imitate the bulk. We firstly
studied their surface structures. The WZ-CuInS2 (100) sur-
face has two surface models: a bi-layer terminated surface and
a monolayer terminated surface. Figures 3(a) and 3(b) show
the relaxed lattice structures of the bi-layer terminated and
the monolayer terminated WZ-CuInS2 (100) surfaces, respec-
tively. The bi-layer terminated surface model used contains
six WZ-CIS bi-layers and the monolayer terminated surface
model contains six WZ-CIS bi-layers and one monolayer. The
lattice parameters are a = 7.894 Å, b = 6.502 Å. For the WZ-
CdS (100) surface model, there are also bi-layer terminated
(contains six WZ-CdS bi-layers) and monolayer terminated
(contains six WZ-CdS bi-layers and one monolayer) surface
models. Figures 3(c) and 3(d) show the lattice structures of

bi-layer terminated and monolayer terminated WZ-CdS (100)
surfaces after relaxation respectively. The lattice parameters
are a = 8.340 Å, b = 6.760 Å. For all our surface models, we
fixed the two bottom layers, and also applied a 25-Å thick-
ness vacuum region to avoid the effect of periodic boundary
conditions.
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Fig. 3. (color online) The lattice structure of relaxed bi-layer terminated (a)
and monolayer terminated (b) WZ-CuInS2 (100) surface; the lattice struc-
ture of relaxed bi-layer terminated (c) and monolayer terminated (d) WZ-
CdS (100) surface.

The stability of a surface can be described via the sur-
face energy. The surface energy γ [41] is obtained from a slab
including two identical surfaces, through Eq. (1):

γ =
1

2A

(
Eslab −

Ns

Nb
Ebulk

)
, (1)

where Eslab and Ebulk denote the total energy of a slab and a
bulk unit, Ns and Nb represent the amount of atoms in the slab
and bulk unit, respectively, A represents the unit surface area,
and the factor 1/2 means that there are two identical surfaces
in one slab. The calculated WZ-CuInS2 (100) surface energies
for the bi-layer terminated surface is 0.84 J/m2 and for the
monolayer terminated surface is 1.07 J/m2. It shows that the
bi-layer terminated WZ-CuInS2 (100) surface is predicted to
be the more stable structure in terms of energetic favorability.
For our bi-layer terminated and monolayer terminated WZ-
CdS (100) surface models the calculated surface energies are
0.46 J/m2 and 0.77 J/m2, respectively. It also means that the bi-
layer terminated WZ-CdS (100) surface is more stable than the
monolayer terminated surface. Then, we examined the inter-
layer spacing change for two WZ-CuInS2 (100) surface slabs
after relaxation. We found that the interlamellar spacing con-
traction/expansion is at the range of 0.001 Å–0.004 Å. It seems
that there is almost no change between the interior layers after
optimization. Similarly, we also checked the two relaxed WZ-
CdS (100) surface slabs by calculating the interlayer spacing.
We found that the interlamellar spacing contraction/expansion
is at the range of 0.001 Å–0.005 Å. It means that there is a very
small change between the interior layers: the biggest contrac-
tion/expansion mainly takes place in the first layer. When the
surface model is thick enough the interior layers can exhibit
the bulk-like characters. From the interlayer spacing changes
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it exhibits that our model slabs are sufficient to imitate the fea-
ture of the bulk. Through the above analysis it reveals that for
both WZ-CuInS2 (100) and WZ-CdS (100) surfaces the inter-
layer relaxations in monolayer terminated surfaces are larger
than that in the bi-layer terminated surfaces. Compared with
our calculated interlayer spacing values, which implies that the
bi-layer terminated surfaces are more stable than the mono-
layer terminated surfaces. This result agrees well with our cal-
culated surface energy.

We have also obtained the electronic properties for the
surfaces. Through analysis of the local density of states
(LDOS) of WZ-CIS (100) and WZ-CdS (100) surfaces we
found that no new electronic states appeared near the Fermi
level, which means that there is no existence of surface states
on the surfaces.

3.3. Structure and electronic properties of WZ-CuInS2

(100)/WZ-CdS (100) interface

3.3.1. Interface geometry of WZ-CuInS2/WZ-CdS

Building the WZ-CuInS2/WZ-CdS interface model for

simulation needs good surface lattice matching. We find that

WZ-CuInS2 (100) and WZ-CdS (100) faces can make a good

lattice matching, and the lattice mismatch between two slabs

is less than 5.6%, as shown in Fig. 4. For WZ-CdS (100) and

WZ-CuInS2 (100) planes, we find that there are in existence

two bonding styles (A and B bonding styles) while building

the interface model. As Figs. 5(a) and 6(b) show, they are bi-

layer faced to bi-layer and monolayer faced to monolayer on

the interface, respectively. We studied both of them.

WZ CuInS2 (100) WZ CdS (100)

11.842

6.502

90.0O

90.0O

6.760

12.510

Fig. 4. (color online) The lattice mismatch of the WZ-CIS (100)/WZ-CdS (100) interface (the lattice parameters have the unit of Å).

(a) (b)

Fig. 5. (color online) The two interface bonding styles: (a) bi-layer faced
to bi-layer on the interface (model A); (b) monolayer faced to monolayer on
the interface (model B).

Based on the above calculations, we build the WZ-
CuInS2/WZ-CdS interface models for DFT computations and
studied their local lattice structure and electronic properties
through the interface models (Fig. 6). For our interface mod-
els, we added some hydrogen atoms on WZ-CIS and WZ-CdS
surfaces to passivate those surface dangling bonds to elimi-

nate the influence of dangling bonds on the left (WZ-CIS) and
the right (WZ-CdS) surfaces. In interface model A (shown in
Fig. 6(a)) which is the bi-layer terminated surface faced to the
bi-layer terminated surface on the interface (called the bi-layer
terminated interface for short), the left part has six bi-layers of
WZ-CuInS2 (100) planes, and the right part has six bi-layers
of WZ-CdS (100) planes. It contains 104 atoms, including 12
Cu, 12 In, 24 Cd, 48 S, and 15 H atoms. In interface model
B (Fig. 6(b)) which is the monolayer terminated surface faced
to the monolayer terminated surface on the interface (called
the monolayer terminated interface for short), the left part has
one monolayer, six bi-layers of WZ-CIS (100) planes, the right
part has one monolayer, six bi-layers of WZ-CdS (100) planes.
It contains 112 atoms, including 14 Cu, 12 In, 26 Cd, 52 S, and
8 H atoms. The lattice parameters in interface models A and
B are a = 8.117 Å, b = 6.631 Å. For our interface models A
and B we add both a 30-Å thickness vacuum region to avert
the interactions between the slab and its images. A suitable
interface distance is acquired through the single point energy
calculations method. We can seek the lowest total energy of
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the interface system through changing the interfacial interlayer
distance. After testing ten sets of data, we find that when the
distance is 2.380 Å for the bi-layer terminated interface (as
shown in Fig. 6(c)) and 1.527 Å for the monolayer terminated
interface (as shown in Fig. 6(d)), the interface atoms have the

smallest calculated stress. In order to better study the inter-
facial properties, we fixed the left three bi-layers on the WZ-
CIS part, the right three bi-layers on the WZ-CdS part in both
of the bi-layer terminated and monolayer terminated interface
models.

(a) model A fixed

vacumm

vacumm

vacumm

vacumm

vacumm

(b) mode B

layer 5 layer 4 layer 3 layer 3 layer 4 layer 5

layer 4 layer 5layer 5 layer 4 layer 3 layer 3WZ CIS layer 2

WZ CIS layer 1

WZ CdS layer 1

WZ CdS layer 2

HH

X

ZY

WZ CIS layer 2 WZ CdS layer 2

relaxedfixed fixed

1.0 1.2 1.4 1.6 1.8 2.0
-345.4

-345.0

-344.6

-344.2

Interfacail interlayer distance/A

(d)

2.0 2.2 2.4 2.6 2.8 3.0
-321.6

-321.0

-320.4

-319.8

Interfacail interlayer distance/A

T
o
ta

l 
en

er
g
y
/
e
V

T
o
ta

l 
en

er
g
y
/
e
V

(c)

Fig. 6. (color online) WZ-CIS (100)/WZ-CdS (100) interface model: (a) bi-layer terminated interface (model A) and (b) monolayer terminated
interface (model B); the total energy dependence on the bi-layer terminated interface distance (c), and monolayer terminated interface distance (d).

The atoms positions and bond lengths change before and
after relaxation for bi-layer terminated and monolayer termi-
nated WZ-CIS (100)/WZ-CdS (100) interfaces are shown in
Fig. 7. We found that the positions and the bond lengths of
atoms changed a little near the interface. For the bi-layer ter-
minated interface model, comparing the atoms positions and
bond lengths before relaxation (Fig. 7(a)) and after relaxation
7(b) near the interface, we found that the atomic positions have
little changes along the direction of c, while there is almost no
atomic position change in directions a and b. After relaxation
the bond lengths dCd−S are 2.521 Å, dIn−S are 2.492 Å on the
interface, while before relaxation dCd−S, dIn−S are 2.520 Å;
after relaxation the bond lengths dCd−S are 2.535 Å–2.573 Å,

dCu−S are 2.286 Å–2.347 Å, dIn−S are 2.286 Å–2.561 Å near
the interface, while before relaxation dCd−S are 2.501 Å–
2.546 Å, dCu−S, dIn−S are 2.425 Å–2.471 Å. We can see that
after relaxation the bond lengths dCd−S, dIn−S have a trend of
elongation while dCu−S have some contraction. For the mono-
layer terminated interface model, we also compared the atoms
positions and bond lengths before (Fig. 7(c)) and after (d)
structural relaxation near the interface. Seen from Fig. 7(d),
we can find that after relaxation the atoms on the interface have
certain small degrees of movement. After relaxation the bond
lengths dCd−S are 2.592 Å, dCu−S are 2.294 Å, while before
relaxation dCd−S and dCu−S are 2.471 Å on the interface; after
relaxation the bond lengths dCd−S are 2.539 Å–2.551 Å, dCu−S
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are 2.316 Å–2.397 Å, dIn−S are 2.316 Å–2.424 Å near the in-
terface, while before relaxation dCd−S are 2.501 Å–2.546 Å,
dIn−S and dCu−S are 2.425 Å–2.471 Å. Comparing Fig. 7(b)
with Fig. 7(d), we found that after relaxation the positions
and bond lengths of the atoms near the interface have small

changes on the two interface models. But the monolayer ter-
minated interface has even larger position changes than those
on the bi-layer terminated interface, we can infer that the struc-
ture of the bi-layer terminated interface is relatively more sta-
ble than the monolayer terminated interface.

(a) (b) (c) (d)

Fig. 7. (color online) The atoms positions and bond lengths changes of the bi-layer terminated WZ-CIS (100)/WZ-CdS (100) interface before (a)
and after (b) relaxation near the interface; the atoms positions and bond lengths changes of the monolayer terminated interface before (c) and after
(d) relaxation near the interface.

3.3.2. Interface adhesion energies

Adhesion energy is the key factor to predict interfacial
bonding stability.[42] We calculated the interface bonding en-
ergy to qualitatively analyze the interface combination stabil-
ity of two different models. A negative bonding energy means
a stable interface structure.[43] We use Eq. (2) to calculate WZ-
CIS (100)/ WZ-CdS (100) interface bonding energy,

Eads (eV/Å2
) = [EWZ−CIS/CdS (eV)−EWZ−CIS (eV)

−ECdS (eV)]/2A, (2)

where EWZ−CIS/MoS2 is the total energy of the WZ-CIS/WZ-
CdS interface. EWZ−CIS, EWZ−CdS are the total energy of
individual WZ-CIS (100) and WZ-CdS (100) slabs in the
same supercell respectively. When we calculated EWZ−CIS or
EWZ−CdS, one part of the interface system is fixed, and the
other part is removed (A is the interface area). Here, the inter-
face bonding energy we calculated for the WZ-CIS/WZ-CdS
model A is −0.481 J/m2, and that for model B is −0.677 J/m2.
Firstly, those negative bonding energies mean that the WZ-
CIS/WZ-CdS interfaces can exist stably with a stronger bond-
ing ability. Then, comparing the Eads of the two interface mod-
els with each other, the bi-layer terminated interface structure
(interface model A) has a larger value of Eads than that of the
monolayer terminated ones (interface model B). So we can
infer that the monolayer terminated interface has a stronger
bonding ability. Usually, the interfacial bonding characteristic
acts a crucial role to predict the mechanical properties of an
interface.

3.3.3. Electronic properties of WZ-CIS/WZ-CdS inter-
face

In order to further explore the bonding ability of the in-
terface, we studied the local density of states (LDOS) and the

partial density of states (PDOS), interfacial difference charge
density distribution, Bader charges are calculated both for the
bi-layer terminated (interface model A) and monolayer termi-
nated (interface model B) WZ-CIS/WZ-CdS interfaces.

The local density of states (LDOS) and partial density of
states (PDOS) of WZ-CIS/WZ-CdS interfaces were shown in
Fig. 8. Figure 8(a) shows the bi-layer terminated interface lo-
cal density of states. We can see that there are no obvious
interface states near the Fermi level, only a small density peak
at 0.75 eV both in WZ-CIS layer 1 and WZ-CdS layer 1 on
the interface. We also find that the band gap has some off-
sets which the valence band moves far away from the Fermi
level and the conduction band moves close to the Fermi level
on the interfacial. Comparing the LDOS of the internal layers
from layer 5 to layer 1 of the WZ-CIS part, we find that some
electrons transfered from the high energy level to low energy
level, especially at the position of 0 eV to −5 eV, and the same
condition also arises on WZ-CdS parts. Figure 8(b) shows
the monolayer terminated interface local density of states. We
can see that there exists a very small density peak on the Fermi
level in WZ-CdS layer 1. On the interface the band gap of WZ-
CIS and WZ-CdS parts also have some offsets: the valence
band moves close to the Fermi level, which has the opposite
appearance compared with LDOS of the bi-layer terminated
interface (in Fig. 8(a)). Comparing the LDOS of the internal
layers from layer 5 to layer 1 of WZ-CIS and WZ-CdS parts,
we find that the electrons have a little transfer from the low en-
ergy level to the high energy level at the position of −5 eV to
0 eV. We can conclude that there are almost no newly appeared
interface states near the Fermi level for two WZ-CIS/WZ-CdS
interface bonding styles, which is in favor of the electrical
conductivity of the WZ-CIS/WZ-CdS p–n hetero-junction and
beneficial to the conversion efficiency of solar cells.
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Fig. 8. (color online) The local density of states (LDOS) of bi-layer terminated (a) and monolayer terminated (b) WZ-CIS (100)/WZ-CdS (100)
interface; (c) the partial density of states (PDOS) of Cu, In, S atoms in WZ-CIS layer 1 and Cd, S atoms in WZ-CdS layer 1 for the bi-layer
terminated interface model; (d) the PDOS of Cu, S atoms in WZ-CIS layer 1, In atom (in WZ-CIS layer 2), and Cd, S atoms in WZ-CdS layer 1 for
the monolayer terminated interface model.

Figure 8(c) is the PDOS in the bi-layer terminated inter-
face for Cu, S, In atoms in WZ-CIS layer 1, and for Cd, S
atoms in WZ-CdS layer 1. Figure 8(d) is the PDOS of the
monolayer terminated interface for Cu, S, atom in WZ-CIS
layer 1, In atoms in WZ-CIS layer 2, and for Cd, S atoms in
WZ-CdS layer 1. From Fig. 8(c) we find that the S-3p orbital
of WZ-CdS has a hybridization with the Cu-3d orbital of WZ-
CIS from −5.0 eV to −2.0 eV, and also a hybridization of S-3p
orbital of WZ-CdS with Cu-3s orbital of WZ-CIS from 2.0 eV

to 5.0 eV; a little hybridization of the S-3p orbital of WZ-CdS
with In-5s of WZ-CIS at about 0.5 eV to 4.0 eV; the Cd-5s
orbital of WZ-CdS with S-3p orbital of WZ-CIS has a small
hybridizations at about 0.2 eV to 4.5 eV. These hybridizations
will improve the bonding ability between Cu and S, Cd and S,
S and In atoms on the interface.

From Fig. 8(d), we can see that the S-3p orbital of WZ-
CdS has a strong hybridization with the Cu-3d orbital of WZ-
CIS from −4.5 eV to 0 eV, especially the S-3p orbital of WZ-
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CdS has a large hybridization with the Cu-4s orbital of WZ-
CIS near the position of −4 eV. Those orbital hybridizations
enhance the Cu-S bond on the interface. The Cd-5s orbital
of WZ-CdS with the S-3p orbital of WZ-CIS also has a hy-
bridization at about −4.8 eV to −0.1 eV, which promoted the
bonding of Cd–S on the interface.

By comparing Fig. 8(c) with 8(d), we find that for the
monolayer terminated interface the orbital hybridizations abil-
ity between interfacial atoms are stronger than those in the bi-
layer terminated interface, which results in a relatively stable
adhesion of the interface (Eads = −0.677 J/m2). The bond-
ing between the Cd–S and Cu–S in the interface area reveals
that the monolayer terminated interface is stronger than the
bi-layer terminated interface. It can be concluded that the in-
teraction between the Cd–S and Cu–S is the dominant factors
determining the adhesion strength between WZ-CIS and WZ-
CdS. Hence, the adhesion of the monolayer terminated inter-
face is stronger and stabler than that in the bi-layer terminated
interface.

We also calculated the difference charge density for two

interface bonding styles of WZ-CIS/WZ-CdS to further clarify
their interfacial bonding and electronic structure. The differ-
ence charge density ρ is defined in Eq. (3):

ρ = ρWZ−CIS/WZ−CdS −ρWZ−CIS −ρWZ−CdS. (3)

In Eq. (3), ρWZ−CIS/WZ−CdS represents the total charge density
of the interface systems, ρWZ−CIS and ρWZ−CdS represent the
isolated WZ-CIS slabs and WZ-CdS slabs of the same systems
respectively.

Figure 9 shows the difference charge densities of the bi-
layer terminated and monolayer terminated interfaces. Fig-
ures 9(a) and 9(c) provide the general charge transfer in the bi-
layer terminated and the monolayer terminated interface sys-
tems, respectively. Figures 9(b) and 9(d) are the partial en-
larged views corresponding with Figs. 9(a) and 9(c) (the green
areas mean positive, and the purple areas mean negative ρ).
From Fig. 9, we can see that on the interface there are ob-
vious accumulated charge region, revealing that the electrons
are largely redistributed on the interface. This electron transfer
can promote the bonding between the interfacial atoms.

(a) (b) (c) (d)c

b
a

c

a
b

Fig. 9. (color online) The general Charge density difference (a) and partial enlarged view (b) (including Bader charges) for model A interface; the
general charge density difference (c), and partial enlarged view (d) (including Bader charges) for model B interface.

For the bi-layer terminated interface, seen from Figs. 9(a)
and 9(b), the electrons redistribute on the interface layers of
WZ-CdS layer 1 and WZ-CIS layer 1. The number of the
electrons between three Cd1 and three S3, three S1 and three
Cd2 atoms reduces. On the opposite WZ-CIS side, we also
found that the electron reductions between three S2 and two
Cu, three In and two S4 atoms. Those reduced electrons are
largely transfered to the area between Cd1 and S2, S1 and
In atoms, which promoted bonding between the interfacial of
Cd1 and S2, S1 and In atoms. For the monolayer terminated
interface, seen from Figs. 9(c) and 9(d), the charge also highly
accumulates on the interface region, which proved the forma-
tion of stronger bonding between the interfacial atoms. On the

other hand, the electron transfers from their adjacent Cu and

S3, S2 and In1 atoms of WZ-CIS side to the interfacial area

among the S1 and Cu, Cd1 and S2 atoms. Moreover, the num-

bers of the electrons between interfacial Cd1 and S1 atoms of

WZ-CdS side transfer to the interface, and same conditions

occur between the interfacial Cu and S2 atoms of WZ-CIS

side, suggesting that these reduced electrons highly promote

the bonding of Cd–S and S–Cu on the interface. By com-

paring Fig. 9(b) with 9(d), we found that the adhesion of the

monolayer terminated interface is stronger, attributing to more

electron transfers to the interface region, which is in favour of

formation stable interfacial bonding.
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Table 1. Bader charges of bulk WZ-CIS and WZ-CdS, WZ-CIS and WZ-CdS surfaces in interface models A and B, respectively. The
unit of Bader charges is electrons (e).

Systems Charges of Cu Charges of In Charges of S Charges of Cd

Bulk WZ-CIS 10.5128 11.8528 6.8069-6.8274
WZ-CIS (interface model A) 10.5659-10.6289 11.7137–11.8356 6.7166-6.8431
WZ-CIS (interface model B) 10.5552-10.6077 11.7037–11.7919 6.7227-6.8402

Bulk WZ-CdS 6.8782 11.1218
WZ-CdS (interface model A) 6.8718–6.9084 11.0906–11.1335
WZ-CdS (interface model B) 6.7497–6.9106 11.0893–11.1535

Their Bader charges are also analyzed, to further clarify
their electronic properties of bi-layer terminated and mono-
layer terminated interfaces. We marked the atomic charges
near the interface in Figs. 9(b) and 9(c). Table1 shows the
Bader charges of the bulk compared with those on the inter-
faces. For the bi-layer terminated interface, we found that on
the WZ-CdS side the Cd1 and Cd2 atoms get fewer charges
(about 0.003–0.004), while the S1 and S3 atoms get some
charges (about 0.01–0.02). On the opposite WZ-CIS side, the
In atoms lose some charges (about 0.05), and the Cu atoms get
more charges (about 0.08), while the S2 and S4 atoms get little
charges (about 0.01–0.03). For the monolayer terminated in-
terface, the Cd1 atoms get little charges (about 0.03), and the
S1 atoms lose much more charges (about 0.17). On the WZ-
CIS side, the Cu atoms get some charges (about 0.04), the S2
atoms lose little charges (about 0.01), and the adjacent In and
S3 atoms also lose some charges (about 0.06 and 0.07). From
the above analysis, we can conclude that the monolayer ter-
minated interface gains or loses more charges on the interface,
which inferred that the bonding of this interface is more stable.
These results also correspond well with our partial density of
states and difference charge density results.

From the above analysis, we can infer that the WZ-
CIS/WZ-CdS interface has better stability, and no interface
states appeared on the interface, which is beneficial to the con-
ductivity of WZ-CIS based solar cells. Also, after investigat-
ing the bi-layer and monolayer terminated WZ-CIS (100)/WZ-
CdS (100) interfaces, we found that the bonding style of the
monolayer terminated interface has a more strong adhesion
ability and stability than the bi-layer terminated interface. It
is attributed to more electron transformations and orbital hy-
bridizations on the interface promoting formation of the sta-
ble interfacial bonds, which is also beneficial to improving the
conversion efficiency of solar cells.

4. Conclusions
In conclusion, we used the first-principles calculations

to study WZ-CIS (100)/WZ-CdS (100) interfaces, including
the interface structure, adhesion energy, interfacial bonding
and electronic properties. Considering bi-layer terminated and
monolayer terminated bonding styles, the main findings are as

follows.
(i) The WZ-CIS (100) and WZ-CdS (100) surfaces have

a lattice mismatch of 5.6%.
(ii) After relaxation the atoms position and bond lengths

have changed slightly on the interface.
(iii) The interface binding energy we calculated for the

bi-layer terminated interface is −0.481 J/m2, and that for the
monolayer terminated interface is −0.677 J/m2, indicating that
the WZ-CIS/WZ-CdS interface can bond well and also the lat-
ter system has better stability.

(iv) There are almost no newly appeared interface states
near the Fermi level for two WZ-CIS/WZ-CdS interface bond-
ing styles, which are in favor of the electrical conductivity
of WZ-CIS/WZ-CdS p–n heterojunction, and are beneficial to
the conversion efficiency of solar cells.

(v) The interfacial orbital hybridizations enhance the
bonding of the interface.

(vi) The electrons of atoms transfer on the interfaces pro-
mote the bonding between atoms and increase the interface
adhesion. The adhesion of the monolayer terminated inter-
face is faster, attributing to more electrons transferring to the
interface region, and the formation of more stable interfacial
bonding than the bi-layer terminated interface.
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