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The band alignments at the interface of Cu2ZnSnS4 (CZTS)/ZnO heterojunction were determined by X-ray
photoelectron spectroscopy. Core levels of S2p and O1s were used to align the valence-band offset (VBO).
The VBO was determined to be 1.78 ± 0.10 eV, and the conduction-band offset (CBO) was deduced to be
0.09 ± 0.10 eV, implying that the CZTS/ZnO heterojunction has a type-I band alignment. Furthermore,
first-principles calculations based on hybrid functional method also indicate that the CZTS/ZnO interface
has a type-I band alignment, well supporting our experimental results.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

In the past two decades, thin film solar cells have attracted
much attention of many researchers [1–9]. Kesterite Cu2ZnSnS4

(CZTS) is a promising photovoltaic material for high efficiency thin
film solar cells. It has a direct and suitable bandgap of �1.5 eV and
a high absorption coefficient (>104 cm�1) in the visible region,
which are suitable for solar cells [10–15]. Comparing with
Cu(In,Ga)Se2 (CIGS), all the constituent elements of CZTS are rela-
tively non-toxic and abundant in the nature [16,17]. CZTS thin
films have been prepared by various approaches such as non-
vacuum methods: electro-deposition [18], sol–gel [19],
nanoparticle routes [20] and vacuum methods: sputtering [21],
and pulsed-laser deposition [22].

Up to now, Cu2ZnSn(SxSe1�x)4 (CZTSSe)/CdS heterojunction solar
cells have achieved the efficiency over 12% [23]. Considered that Cd
is a highly toxic element, a more environmental friendly buffer
layer should be found to replace CdS. The candidate must be trans-
parent to the solar spectrum and its conduction-band minimum
(CBM) should align well with that of the CZTS absorber. ZnO is a
wide-bandgap n-type semiconductor material (the bandgap:
3.37 eV at room temperature), consists of abundant and nontoxic
elements [24–27]. Using ZnO as the buffer layer instead of CdS
(the band gap: 2.42 eV at room temperature [28]) will guarantee
a higher light transmittance in the shorter wavelength regions,
thus ZnO is expected to be a good substitute. But up to now, the
efficiencies have been reported for CZTSSe devices utilizing ZnO
as the buffer material are just 4.3% and 5.2% [29,30], much lower
than those of using CdS as the buffer layer [31].

It is important to determine the band alignments at the inter-
face for achieving high efficiency cells. There is now a general con-
sensus that valence-band offset (VBO) and conduction-band offset
(CBO) are two of the crucial parameters which determine the elec-
tronic behavior of the heterojunction interface [32]. If the CBM of
the n-type buffer (window) layer is higher than that of the p-type
absorber layer (type-I heterojunction), the CBO forms a barrier for
the photo-excited electrons crossing the interface, the photocur-
rent will be considerably reduced if the barrier’s height is too large.
However, when CBM of the buffer layer is lower than that of the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2014.12.174&domain=pdf
http://dx.doi.org/10.1016/j.jallcom.2014.12.174
mailto:liyongfeng@jlu.edu.cn
mailto:binyao@jlu.edu.cn
http://dx.doi.org/10.1016/j.jallcom.2014.12.174
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom


294 G. Yang et al. / Journal of Alloys and Compounds 628 (2015) 293–297
absorber layer (type-II heterojunction), which is equivalent to an
interface band gap reduction, though the barrier against photon
generated electrons is not formed, an increased recombination rate
for majority carriers at the interface may cause a relative low open
circuit voltage (VOC) and a poor fill factor (FF) that influence the
quality of solar cells directly. In view of that, we should fabricate
solar cells with a type-I interface and also have a small barrier
height, namely a very small DEC. Recently both experiment results
and first-principles studies demonstrate CdS forms type-II hetero-
junctions with both CZTSSe and CZTS [33–35]. But the precise val-
ues of band offsets for CZTS/ZnO heterojunction were few reported.
Bao and Ichimura [36] calculated the band offsets at the CZTS/ZnO
interface from first-principles calculations, they declared DEV is in
the range of 0.8–1.3 eV, and the CBM of CZTS is predicted to be
lower than that of ZnO. However, Barkhouse et al. [37] investigated
the band alignments of the CZTSSe/ZnO using femtosecond ultravi-
olet photoemission and photo-voltage spectroscopy, they indicated
that the DEV is 2.1 eV, and the corresponding DEC is almost null,
but they did not give the results for pure sulfide CZTS.

In this paper, we investigated the band alignments at the CZTS/
ZnO interface by combining X-ray photoelectron spectroscopy
(XPS) and first-principles calculations. We found a type-I band
alignment at the interface of the CZTS/ZnO heterojunction with
an ideal CBO value.

2. Experimental and first-principles calculations details

We prepared three samples (CZTS, ZnO, CZTS/ZnO bilayer) to
determine the band alignments of the CZTS/ZnO heterojunction.
The deposition of the CZTS films on cleaned Soda-Lime glass
(SLG) substrates were conducted in a RF magnetron sputtering sys-
tem with a single CZTS target of 60 mm in diameter and 3 mm in
thickness. Prior to the films growth, the chamber was evacuated
to 7.5 � 10�4 Pa and the substrates were heated to 500 �C. Ar
(99.99%) with a flow of 30 SCCM was introduced as working gas
during the deposition, the sputtering pressure was controlled to
be 0.1 Pa and the growth time was 120 min. ZnO films were
obtained using the same method except the working pressure
was 1 Pa. For the CZTS/ZnO heterojunction, a thin ZnO layer with
a thickness of �5 nm (minimizes band bending in the buffer layer
and hence uncertainty in the VBO measurement) was deposited on
the thick CZTS film, for 20 s using the same growth conditions as
the thick ZnO film. It should be noted that a thicker ZnO layer is
necessary in an actual device. Fig. 1 shows a cross-sectional SEM
picture of a typical CZTS/ZnO heterojunction with a thickness of
200 nm, in which the sputtering time of ZnO layer is 12 min. All
the films were performed XPS test by ESCALAB 250 XPS instrument
Fig. 1. Cross-sectional SEM picture of a typical CZTS/ZnO heterjunction.
with an Al Ka (hm = 1486.6 eV) X-ray radiation source which had
been carefully calibrated on work function and Fermi energy level.
The XPS spectra were calibrated by the C1s peak (284.6 eV). An
ultraviolet–visible spectrophotometer was used to record the opti-
cal absorption spectra of these films.

The calculation method of heterojunction band offset had been
discussed in detail by Wei and Zunger [38]. For our case, the VBO of
CZTS/ZnO heterojunction can be calculated by the following
formula:

DEV ¼ DECL þ ECZTS
S2p � ECZTS

VBM

� �
� EZnO

O1s � EZnO
VBM

� �
ð1Þ

In which DECL ¼ EZnO
O1s � ECZTS

S2p is the energy difference between S2p
and O1s core levels (CLs) in the CZTS/ZnO heterojunction,
ECZTS

S2p � ECZTS
VBM is the energy difference between S2p and valence-band

maximum (VBM) in the CZTS film, and EZnO
O1s � EZnO

VBM is the energy dif-
ference between O1s and VBM in the ZnO film.

To better understand the band alignments from XPS measure-
ments, the first-principles calculations were performed using the
plane-wave projector-augmented-wave (PAW) method [39,40]
applying the Heyd–Scuseria–Ernzerhof (HSE) hybrid functional
[41] as implemented in the VASP code [42,43]. We constructed
three structures: bulk CZTS, ZnO, and CZTS/ZnO superlattices for
calculating the VBO of the interface. It should be noted that the
zinc-blende (ZB) ZnO is adopted to match the crystal structure of
CZTS. We expect the results from the ZB ZnO are also applicable
for the wurtzite (WZ) ones, because some previous reports have
indicated that some properties in ZB and WZ are quite similar
[44–46]. The CZTS/ZnO interface vertical [001] direction was con-
structed. The lattice constant along the heterointerface was fixed
to the average of those of CZTS and ZnO. In order to discuss the
effects of strain on DEV, we also adopted the two limiting cases
of lattice constraint conditions (a = aZnO and a = aCZTS). Here we
adopted the average electrostatic potential (AEP) as the core-level
to align the valence-band [47]. To calculate the CBO, the experi-
mental bandgaps were used, because the first-principles usually
underestimate them, even though the hybrid functional method
is used here.

3. Results and discussion

3.1. Experimental results

We first measured the energy difference between core levels
(CLs) in the separated CZTS and ZnO film. As depicted in the
Fig. 2. (a) CL of S2p recorded on CZTS sample and (b) CL of O1s recorded on ZnO
sample.



Table 1
Peak positions of CLs and VBM positions used to calculate the VBO of p-CZTS /n-ZnO
heterojunction.

Sample Region Binding energy (eV)

ZnO O 1s 529.75 ± 0.05
VBM 2.12 ± 0.10

CZTS S 2p3/2 161.58 ± 0.05
VBM 0.46 ± 0.10

CZTS/ZnO O 1s 529.89 ± 0.05
S 2p3/2 161.60 ± 0.05
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Fig. 2, the values are 161.58 ± 0.05 eV and 529.75 ± 0.05 eV for
S2p3/2 and O1s respectively. Then, we measured the energy
difference between two characteristic CLs for the CZTS/ZnO
heterojunction sample, as shown in Fig. 3. Compared with the
spectra recorded on the separated CZTS and ZnO samples, the
O1s peak in the CZTS/ZnO heterojunction shifts 0.14 eV to a bind-
ing energy of 529.89 ± 0.05 eV, and the S2p3/2 peak shifts to
161.60 ± 0.05 eV. The shifts can be ascribe to band bending or
change of space charge at the interface if no chemical shifts take
place during the deposition process [48]. The peaks located at
about 531.51 eV were assigned to the adsorbed oxygen.

Fig. 4 shows the VB spectra of the thick CZTS and ZnO films. The
values of VBM can be deduced by linearly extrapolating the low-
binding-energy edge of the valence band and intersecting it with
the base lines to account for the instrument resolution induced tail
[49]. The obtained VBM values of CZTS and ZnO are 0.46 ± 0.10 eV
and 2.12 ± 0.10 eV, respectively. The parameters obtained from
above were summarized in Table 1 for clarity. Substituting the
experimental values (Table 1) into Eq. (1), the resulting VBO value
is 1.78 ± 0.10 eV for CZTS/ZnO heterojunction, which is larger than
the results from first principles calculations [36]. In order to
determine the CBO of the heterojunction, the bandgaps of the CZTS
Fig. 3. (a) CL of S2p recorded on CZTS/ZnO sample and (b) CL of O1s recorded on
CZTS/ZnO sample.

Fig. 4. The valence-band edge (VBE) spectra for CZTS and ZnO samples. The VBM
values are determined by liner extrapolation of the leading edge to the base line.
and ZnO films were determined by the optical absorption spectra,
as shown in Fig. 5. The bandgaps (Eg) were determined to be
1.50 eV for CZTS and 3.37 eV for ZnO. The CBO can be calculated
by the formula DEC ¼ EZnO

g � ECZTS
g � DEV. As a result, the CBO is

deduced to be 0.09 eV. The schematic diagram of band alignments
of the heterojunction based on the measured results is shown in
Fig. 6, indicating a type-I alignment at the CZTS/ZnO interface.

3.2. First-principles calculations results

To better understand the band alignments at the interface of
CZTS/ZnO heterojunction, we calculated electronic structure and
VBO of CZTS/ZnO based on the first-principles method. The
detailed calculation method and configuration are described in
the Section 2. To calculate the VBO of CZTS/ZnO interface, we con-
structed CZTS/ZnO superlattices, as shown in Fig. 7(a). The calcu-
lated VBO is 1.80 eV for the CZTS/ZnO interface when the lattice
constant a = aAVE. To discuss the effects of strain, we also calculated
DEV using the same method for the two limiting cases of lattice
constraint conditions (a = aZnO and a = aCZTS). The DEV was deter-
mined to be 2.23 eV and 1.49 eV for a = aZnO and a = aCZTS respec-
tively. The DEV decreases with increasing lattice constant.
According to Eq. (1), the DEV is determined by three terms: DECL,
energy differences between the core level and VBM for ZnO and
CZTS. We found that the change of DEV with lattice constant is
derived from the following: (i) for a = aZnO, this would be due to
the interaction between the atomic orbitals enhanced when CZTS
under compressive strain, which cause the increase of the energy
difference between Ev and the core level, (ii) for a = aCZTS, the
energy difference between Ev and the core level decreases when
ZnO is under tensile strain, but the difference between core level
energies enlarged for the CZTS/ZnO heterojunction. In the actual
CZTS/ZnO heterojunction, since the lattice mismatch is extremely
Fig. 5. Optical absorption spectra of CZTS and ZnO films grown on SLG substrates.



Fig. 6. Schematic diagram of type-I band alignment of a CZTS/ZnO heterojunction
determined by XPS.
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large, the strain will be mostly relaxed by misfit dislocation at the
interface, so that each layer is almost strain-free. Herein, we used
the results of the lattice constraint condition a = aAVE to align the
band offset. This lattice constraint condition has been used in many
other investigations and proved to agree with the experimental
results well [50,51]. Actually, our calculated DEV using the lattice
constraint condition a = aAVE is also well consistent with XPS
results. The experimental bandgaps of CZTS and ZnO are used to
determine the CBO at the CZTS/ZnO interface, and the calculated
CBO is 0.07 eV. The schematic diagram of the calculated band
alignments of CZTS/ZnO heterojunction is shown in Fig. 7(b), also
indicating a type-I alignment. The calculated results well support
our experimental results.
Fig. 7. (a) Supercell of CZTS/ZnO superlattices and (b) schematic diagram of type-I ban
principles calculations.
It should be noted that, in our previous work [35], DEV (CZTS/
ZnO) can be deduced to be 2.92 eV and 2.13 eV for the XPS and cal-
culation results from DEV (CZTS/ZnO) = DEV (CZTS/CdS) + DEV

(CdS/ZnO) according to the transitivity rule, which are larger than
we obtained here. There seems a discrepancy between our present
and previous work. As we have discussed above, the difference of
lattice constant will significantly influence the DEv. Some
researchers also reported that DEv is different as deformation
potential are taken into account or not [52,38]. In our band offset
calculations, we used average lattice constant as lattice constraint
condition to construct the superlattices. The lattice constant for
each heterointerface is different, i.e. the lattice constant is 5.64 Å
for CZTS/CdS, 5.22 Å for CdS/ZnO and 5.05 Å for CZTS/ZnO. In this
case, the calculated band offsets are not unstained ‘‘natural’’ ones.
Therefore, the transitivity rule is not suitable for the large strained
band offsets or the violation of the transitivity rule is derived from
the large strain due to large lattice mismatch in band offset
calculations. On the other hand, in our experiments, large lattice
mismatch will produce a large amount of defects, such as disloca-
tion, to relax the strain. Fermi level position is determined by the
concentration of these defects. The DEV is strongly dependent on
Fermi level position. Therefore, we ascribed the violation of transi-
tivity rule in the experiments to different lattice mismatch which
results in different Fermi level. In summary, lattice mismatch plays
a key role in leading to the violation of transitivity rule for both
first-principles calculations and experiments.

3.3. Discussion

It can be seen in both experimental results and first principles
calculations that the valence band edge of CZTS is higher than that
for ZnO, with the conduction band edge of ZnO is higher than that
of CZTS, leading to a type-I heterojunction with a negligible CBO,
which is an ideal band structure for a solar cell with an n-type win-
d alignment of a CZTS/ZnO heterojunction determined by hybrid functional first-
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dow layer and a p-type absorber layer [53]. On the one hand, the
cliff will not form when DEC is positive, the VOC as well as the rel-
ative quantum efficiency at the short-wavelength regions may
increase obviously, this is corresponding to the experimental
results [29], in which the VOC is 650 meV for CZTS/ZnO solar cells
and 620 meV for CZTS/CdS solar cells. On the other hand, if the
DEC is too large, a notch formed will block the electron transfer
from the CZTS layer to the ZnO layer, the photo-current will reduce
considerably, but this can be neglected when conduction band
alignment is almost flat. Therefore, we can infer that ZnO may be
a suitable nontoxic buffer layer material for high efficiency CZTS
solar cells in the future.

4. Conclusions

We used XPS combined with first principles calculations based
on hybrid functional method to decide the band alignments of the
CZTS/ZnO heterojunction. Both of them shown that the CZTS/ZnO
heterojunction is a type-I heterojunction with a positive VBO about
1.78 eV and a negligible positive CBO. The conduction band align-
ment obtained suggests that ZnO can be an attractive Cd-free buf-
fer candidate for CZTS based solar cells.
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