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Electrical transport properties of heterojunction solar cells are greatly influenced by the band offsets at the heterointerface.
In this research, the band offsets of ZnS/Cu2ZnlVS4(1V=Si,Ge,Sn) heterointerfaces were studied by first-principles
calculation method and their heterojunction solar cells were simulated by AMPS simulator. Band offset of ZnS/Cu2ZnSiS4
was observed to be type Il heterointerface, with a cliff-like conduction band offset. ZnS/Cu>ZnGeSs and ZnS/Cu2ZnSnSa
were demonstrated to be type | heterointerface with the large conduction band spike (0.7eV and 1.4eV, respectively),

caused very little shortcircuitcurrent densities.

(Received June 21, 2017; accepted June 7, 2018)

Keywords: Cu,ZnlVS,(IV=Si,Ge,Sn), Heterointerface, Band offset, Solar cell

1. Introduction

Cu,ZnlVS,(IV=Si,Ge,Sn) and their mixed cation
alloys have attracted special attention for their potential
applications in photovoltaic and optoelectronics [1-5]. For
example, Cu,ZnSnS,(CZTS) is an excellent material as
solar cell absorber since it contains abundant and nontoxic
elements and has a 1.5 eV of band gap energy and large
absorption coefficient in the order of 10* cm™ [6,7]. Up to
now, CZTS-based thin film solar cells with efficiency over
8.4% have already been fabricated [8]. The obtained
results increase the interest in other Cu,-11-1V-VI, series of
quaternary  chalcogenide semiconductors, including
Cu,ZnSiS; and Cu,ZnGeS; with abundant and nontoxic
component elements. Thus they could be considered as
potential wide gap materials for photovoltaic applications.

Plenty of researches have been conducted on
compounds Cu,ZnlVS,(1V=Si,Ge,Sn) and their mixed-
cation alloys. The structural and electronic properties of
Cu,ZnlVS,(IV=Si,Ge,Sn) have been studied by both
theoretical and experimental means [9-14]. The phase
stability and electronic structure of Cu,ZnSnSe,,
Cu,ZnGeSey and Cu,ZnSiSe4 are theoretically evaluated.
The investigations show that the kesterite phase is more
stable than the stannite and wurtz-stannite phases [15,16].
About their mixed-cation alloys, it has been reported that
CuyZn(Ge,Sn)(S,Se)s compounds have good photovoltaic
performance. It is noteworthy that the band graded
Cu,Zn(CGe,Sn)(S,Se), films have improved the conversion
efficiency upto 9.8% [5,17].

Electrical transport properties of heterojunction solar
cells are greatly influenced by the band offsets at the

heterointerface. According to the difference of the band
gaps across the interface, they are divided into the valence
band and the conduction band offsets. These offsets may
dramatically influence both photo-current and dark current
of the heterojunction solar cells. In
Cu,ZnlVS,(IV=Si,Ge,Sn) three compounds, the energy
level of the valence band maximum (VBM) do not change
so much while that of the conduction band minimum
(CBM) increase significantly with the atomic number of
the group IV cations [15,16]. Therefore, in this study, in
order to obtain an appropriate band discontinuity between
window and absorber layer, we select the little lattice
mis match of ZnS as window layer to calcu late and analy ze
the band offsets at ZnS/Cu,ZnlVS, heterointerface with
different cations of group IV(1V=Si,Ge,Sn). The
calculation of band offset was performed on the basis of
the first-principles, density-functional theory (DFT) and
pseudopotential method. The effect of band offset
quantitatively explained by using device modeling and
simulation method.

2. Calculation

Cu,ZnlVS,(IV=Si,Ge,Sn) compounds crystallize in
the kesterite structure and ZnS crystallizes in the zinc-
blende structurein this study. The calculation of density of
states was performed on the basis of the first-principles,
DFT and pseudopotential method, using the PHASE code
developed by Institute of Industrial Science, University
Tokyo [18]. We employed the generalized gradient
approximation for the exchange-correlation interaction
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[19], with valence electron configurations of S (3s2, 3p*),
Cu (3d°, 4sh), zn (3d*°,4s?), Si (3s2,3p?), Ge (4s24p?) and
Sn (4d*°, 5s25p?). For a given atomic arrangement, the
lattice constants and atom positions were optimized to
minimize thetotal energy.

We first obtained the energy level differences
between the reference core levels (take S-3s, Zn-3d, Si-3s,
Ge-4s and Sn-4das reference core levels in the
pseudopotential calculation method) and the VBM from
the band structures of ZnS and Cu,ZnIVS,(IV=Si, Ge and
Sn). Then, the core level difference was obtained from the
band structure of the (001) crystal plane in
ZnS/Cu,ZnlVS,(1V=Si, Ge, Sn) superlattice. The valence
band offset AEy, and conduction band offset AEc were
obtained as follows [20,21]:

AEv = AE\iBM —core AE\fBM <core AEczlé)lre @)
AE, =|AE, - AE,| @

where AQBM_COFe ( AEZ%y e ) I the energy level

difference between the reference core levels and the VBM
for the ZnS and Cu,ZnlVS,(1V=Si, Ge and Sn) bulk, and

2/1
A

BM—core

is the difference of the core level energies in

the ZnS/Cu,ZnIVS, supercells. This equation was based
on the idea that the energy difference between the core
level and the VBM in the respective bulk material is
conserved in the heterostructure. AEgy is the band gap
difference between ZnS and Cu,ZnlVS,(IV=Si, Ge and
Sn).

3. Results and discussion

The total density of states for kesterite structure of
Cu,ZnlVS,(IV=Si, Ge and Sn) are calculated as shown in
Fig. 1, and the zero point energy is taken as VBM. The
band gaps are 1.33, 0.38 and 0.04 eV for Cu,ZnSiS,,
CuyZnGeS, and Cu,ZnSnS,, respectively, which decreases
with the group VI atoms changing from Si, Ge to Sn in
turn. Due to the limitation of DFT, these calculated band
gaps are smaller than the experimental values (3.0, 2.1 and
1.5eV[22, 23]). But it has less effect on investigating the
electronic structure in the present work. Since the band
gap is generally underestimated in the calculation based
on the generalized gradient approximation, the band gap
energies employed experimental values. The VBM of
these compounds primarily consist of S-3p and Cu-3d
orbitals, the CBM is the antibonding states of the
hybridization between the group IV(Sn,Ge,Si)-s orbitals
and S-3p orbitals [24].
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Fig. 1. Density of states for Cu,ZnlVS,(IV=Si, Ge and Sn)

The calculated band offsets at
ZnS/Cu,ZnlVS,(1V=Si,Ge,Sn) heterointerfaces are shown
in Fig. 2. The VBM of Cu,ZnlVS,(1V=Si,Ge,Sn) is higher
than that of ZnS, while the valence band offsets of the
three heterointerfaces are almost the same, with values of
0.8, 0.9 and 1.0 eV, respectively. The conduction band
offsets increase significantly from ZnS/Cu,ZnSnS,,
ZnS/Cu,ZnGeS,; to ZnS/Cu,ZnSiS,; heterointerfaces in
sequence. It can be primarily attributed to the up shift of
the conduction band, with a much smaller contribution of
the downshift of the valence band for Cu,ZnSnS,,
Cu,ZnGeS,; to Cu,ZnSiS;. The reason for the similar
valence band offsets is that the approximate VBM of these
compounds primarily consists of S-3p and Cu-3d orbitals
[24]. Therefore, substitution of Sn by Ge or Si does not
affect the VBM energy levels significantly. On the other
hand, the lowest conduction band is the antibonding states
of the hybridization between the group 1V (Sn,Ge,Si)-s
orbitals and S-3p orbitals. In comparison with Cu,ZnGeS,,
the antibonding CBM of Cu,;ZnSnS;has lower energy due
to the larger bond length of Sn-S than that of Ge-S. And it
is easy to understand the lower CBM of Cu,ZnGeS, than
Cu,ZnSiS, in the same way.

AE, obtained in this work (0.9 eV for the
ZnS/Cu,ZnGe S, superlattices) is smaller than the result of
the previous theoretical work by Chen et al. (AE=
1.14eV). It was explained by the difference of band
energies caused by the different strain effect conditions,
owning to the exchange of interaction among the atomic
orbitals under compressive or tensile strain (with exchange
in the interatomic spacing). In this work, the average value
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of lattice constants for ZnS and Cu,ZnIVS,(1V=Si,Ge,Sn)
bulk materials was used for the lattice constant along the
heterointerface. The lattice spacing in the perpendicular
direction was assumed to be the same as in the respective
bulk material. In their calculation [24], the band offset was
obtained in the condition of a full relaxed interface, where

each component had its own equilibrium lattice parameter.
The core level difference Ag2: between the two

semiconductors was obtained from the calculation for the
ZnS/Cu,ZnGe Sy superlattices with (001) orientation. Thus
the result of band offset at ZnS/Cu,ZnGeS, is different
from the reference [24].

As shown in Fig. 2, ZnS/Cu,ZnSiS, band alignment is
of type II heterointerface, the conduction band offset is
0.3eV which CBM of Cu,ZnSiS, is higher than that of
ZnS. There is no barrier for the flow of photogenerated
electrons from Cu,ZnSiS, to ZnS. Therefore, the quantum
efficiency can be high. The band alignments of
ZnS/Cu,ZnGeS, and ZnS/Cu,ZnSnS, are of type 1
heterointerfaces, where the CBM of Cu,ZnGeS, and
Cu,ZnSnS, are both lower than that of ZnS, with values of
0.7eV and 1.4eV, respectively. The conduction band
offsets form a barrier for the photoexcited electrons
crossing the interface. Heights of these barriers are larger

than 0.4 eV, which will considerably reduce the
photocurrent [25].
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Fig. 2. Band offsets at ZnS/Cu,ZnIVS,(IV=Si,Ge,Sn)
heterointerfaces

However, it has only been explained qualitatively the
effect of the conduction band offset between window and
absorber on performance of Cu,ZnlVS,(1V=Si,Ge,Sn)
solar cells. The device modeling and simulation were
conducted to explain the effect of conduction band offset
quantitatively. The energy-bands were simulated using the
AMPS device modeling software package [26]. The
parameters used for simulations of
ZnS/Cu,ZnlVS,(1V=Si,Ge,Sn) solar cells are summarized
in the following Table 1. The conduction band offset of
ZnS/Cu,ZnlVS, layers was adjusted by changing the
electron affinity of absorber layer and realistic doping
levels are 10" cm™ and 10" cm™ for the n-znS and p-
Cu,ZnlVS,(IV=Si,Ge,Sn).

Fig. 3 displays the calculated band alignment of
ZnS/Cu,ZnlVS,(1V=Si,Ge,Sn)  heterojunction  under
equilibrium conditions. The simulations demonstrated the
ZnS/Cu,ZnSiS, is the cliff-like conduction band offset of
heterointerface, as showed in Fig. 3(a). There is no barrier
for the charge transfer at the heterointerface, but the output
voltage is expected to be small for a type Il interface in
general. 1-V measurements performed on ZnS/Cu,ZnSiS,
heterojunction device confirmed this notion, exhibiting
short-circuit current densities of 26.2 mA/cm® under
simulated AML5 1-Sun illumination. However, the
devices consistently demonstrated open circuit voltage of
60.0 mV, indicating the output voltage was reduced by
increasing the recombination rate of the majority carriers
at the interface. As shown in Fig. 3(b) and Fig. 3(c), there
are existences of a large conduction-band spike at the
ZnS/Cu,ZnGeS,and ZnS/Cu,ZnSnS, interfaces due to the
calculated band offset. 1-V measurements indicated the
large conduction band spike inhibited the charge transport
across the heterojunction devices, which resulted in short-
circuit current densities of 0.6 mA/cm? and 0.4 mA/cm?,
respectively. The devices demonstrated open circuit
voltage of 277.5 mV and 549.7 mV, which were relatively
higher than type Il interface of ZnS/Cu,ZnSiS,.

Table 1. The parameters used for simulations of
ZnS/Cu,ZnlVS,(IV=Si,Ge,Sn) solar cell

Cu,ZnSiS,
Parameters ZnS (Cu,ZnGeS,,
Cu,ZnSnS,)
Layers thickness (nm) 200 3000
Dielectric constant (relative) 10 7.501 (6.8121, 7.0031)
Electron affinity (eV) 2.7 24(3.4,41)
Band-gap (eV) 3.7 3.0 (2.112, 1.5)

Effective conduction band density (cm?) 2.2 X 1018 2.2 X 1018
Effective valence band density (cm™) 1.8 X 1010 1.8 X10"
Electron thermal velocity (cm/s) 1.0 X 107 1.0 X 107
Electron thermal velocity (cm/s) 1.0 X 107 1.0 X 107

Electron mobility (cm2v-1s-1) 100 60
Hole mobility (cm2v-!s) 25 20
Doping concentration of acceptors (cm?) 0 1017
Doping concentration of donators (cm=~) 1018 0
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Fig. 3. Energy band offsets for

ZnS/Cu,ZnlVS,(1V=Si,Ge,Sn) heterointerfaces that was

calculated given the first principles calculated AEy and

given the assumed doping level are 1x10%®cm= and

1x10Y em=for n-ZnS and p-Cu,ZnlIVS, (IV=Si,Ge,Sn)
layers

The obtained short-circuit current densities of
ZnS/Cu,ZnSnS, solar cells in this work (0.4 mA/cmz) are
significantly smaller than the previous experimental work
(12.16 mA/cm?) [27]. It was mainly because that, some
oxygen ions of the intrinsic ZnO layer (i-ZnQ) can diffuse

into the ZnS layer to form Zn(O,S) during the device
fabrication, which reduced the positive conduction band
offset at the Zn(O,S)/CZTS interface [28]. The reduced
positive conduction band offset led to a small resistance
barrier for electrons to flow. On the other hand, the
obtained bigger open circuit voltage in this work (549.7
mV) higher than the experimental work (311 mV) can be
explained by the high density of defects at ZnS/CZTS
interface [29]. Therefore, the theoretical results obtained
here were more in consistent with the observed solar cell
properties.

According to the above results, it is considered that
the suitable conduction band offset and higher efficiency
can be obtained by controlling the Si composition in
Cu,Zn(Si,Sn)S, alloys. The calculation showed that Si
were well alloyed with Sn in Cu,Zn(Si,Sn)S, alloy [30].
The band gaps were tuned by substitution of Si for Sn and
increased with Si content. The Cu,Zn(Si,Sn)S, alloys
tuned by the fabricated band-gap can have good
photovoltaic performance, thus able to achieve higher
conversion efficiency in ZnS/Cu,Zn(Si,Sn)S, solar cells.

4. Conclusions

In this work, we calculated the band offsets at
ZnS/Cu,ZnlVS,(1V=Si,Ge,Sn) heterointerfaces by using
the first-principles calculation method. The conduction
band offsets decreased significantly from ZnS/Cu,ZnSiS,,
ZnS/Cu,ZnGeS, to ZnS/Cu,ZnSnS, heterointerfaces. The
ZnS/Cu,ZnSiS,  band alignment was of type II
heterointerface with a 0.3eVV of conduction band offset,
during which the conduction CBM of Cu,ZnSiS, was
higher than that of ZnS. Nevertheless, ZnS/Cu,ZnGeS, and
ZnS/CupZnSnS, were demonstrated to be type 1
heterointerface. The CBM of Cu,ZnGeS; and Cu,ZnSnS,
were both lower than that of ZnS and their conduction
band offsets were 0.7eV and 1.4eV, respectively. The
effect of conduction band offsets was quantitatively
explained by employing device modeling and simulation
method. It was found that the cliff-like conduction band
offset of ZnS/Cu,ZnSiS, heterointerface exhibitied a short-
circuit current density of 26.2 mA/cm? and an open circuit
voltage of 60.0 mV under simulated AM1.5 1-Sun
illumination. While the large conduction band spike of
ZnS/Cu,ZnGeS,; and ZnS/Cu,ZnSnS, heterojunction
devices, showed a short-circuit current densities of 0.6
mA/cm? and 04 mA/cm? and open circuit voltage of
277.5mV and 549.7 mV, respectively.
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