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The semidirect x-ray photoelectron spectroscopy technique was used to measure the band
alignments at the interface of heterostructures based on SnS. The layers were deposited by
electrochemical deposition �ECD�, chemical bath deposition �CBD�, or photochemical deposition
�PCD�. The following four kinds of heterojunctions were characterized. �1� ECD-SnS/PCD-CdS. �2�
CBD-SnS/PCD-CdS. �3� ECD-SnS/ECD-InSxOy. �4� CBD-SnS/ECD-InSxOy. The valence band
offsets �EV of those four heterojunctions are determined to be 1.34, 1.59, 0.77, and 0.74�0.3 eV,
respectively. © 2010 American Institute of Physics. �doi:10.1063/1.3294619�

I. INTRODUCTION

The band offsets strongly affect the electrical transport
properties of the heterojunction solar cell. The difference in
the bandgap across the interface is distributed between a
valance-band offset �EV and a conduction-band offset �EC.
These offsets may form barriers for the charge carriers cross-
ing the interface and dramatically influence the conversion
efficiency of the heterojunction solar cell. Accordingly, for
analyzing the solar cell performance, the study of its energy
band diagram is essential.

Tin sulfide is a IV-VI compound semiconductor with
layered orthorhombic structure. SnS thin films have been de-
posited by various techniques including simple techniques
such as chemical bath deposition �CBD� and electrochemical
deposition �ECD�, and the band gap was reported to be 1.3
–1.5 eV for the direct transition and 1.0–1.1 eV for the indi-
rect transition.1–9 It exhibits p-type conductivity and has a
high absorption coefficient ���104 cm−1� comparable to
that of CdTe in the visible range. Both Sn and S are nontoxic
and abundant in nature. Thus SnS is a material of great in-
terest in photovoltaic application.10–13 We also reported fab-
rication of the SnS / InSxOy and SnS/CdS heterojunction solar
cells.14,15 Although their conversion efficiencies were low,
they showed a rectifying property and photovoltaic effects.

There are two methods based on photoelectron spectros-
copy which can be used to estimate the energy band structure
of a certain heterojunction,10 namely the direct and semidi-
rect techniques. In the direct technique, the valence-band
photoelectron spectra for the under layer surface and for the
increasing upper layer surface are measured. At intermediate
coverage �1.5–3 nm�, both valence band leading edges are
visible and a direct measurement of �EV is possible by linear
extrapolation of the two edges. This method is simple but
cannot be applied to all interfaces. On the other hand, the
semidirect technique, which is based on the measurement of
core levels at the heterostructure interface and separate mea-
surements of the valence band position with respect to the

core levels for each constituent material, can be applied to all
interfaces.16–19 The semidirect technique allows the study of
interfaces obtained by even simple deposition techniques like
electrochemical or CBD techniques.11 Actually, the semidi-
rect method based on x-ray photoelectron spectroscopy
�XPS� has been used to estimate the band alignment
at the CdTe/CdS,13,20 GaAs/AlAs,21 �-In2S3 /SnO2,22

CuInSe2 /CdS,23 Cu2S /CdS,24 and AlN/Si interfaces.25 This
technique is used in the present study to estimate the energy
band diagram of SnS/CdS and SnS / InSxOy heterojunctions.
To our best knowledge, this is the first paper reporting an
experimental estimation for the band offsets of SnS-based
heterostructures.

II. EXPERIMENTAL PROCEDURE

A. Thin film preparation

Indium tin oxide �ITO�-coated glass sheets with dimen-
sions equal to 1�1 cm2 and sheet resistance about
8–9 � /sq were used as substrates in the present experi-
ments. Before deposition, the substrates were cleaned ultra-
sonically in organic solvent �alkyl benzene� for 5 min and
then dried by a steam of nitrogen gas. After deposition, films
were left to dry in open air.

1. CdS

The CdS thin film was deposited onto ITO-coated glass
substrates at room temperature by the photochemical depo-
sition �PCD� technique from an aqueous solution containing
2 mmol/l CdSO4 and 100 mmol/l Na2S2O3.14 The pH of the
solution was adjusted to 3 by using diluted H2SO4. The sub-
strate was fixed at 2 mm beneath the solution surface. The
substrate was irradiated with a super high-pressure mercury
arc lamp through a convergence lens focusing to about 10
mm diameter on the surface of the substrate, where the CdS
layer was deposited. Deposition time was 30 min, and the
thickness was around 0.1 �m. The film was annealed in ni-
trogen atmosphere for an hour at 100 °C.14,26 The energy
gap of the prepared sample equals Eg

CdS=2.4 eV.
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2. SnS

The SnS thin films were deposited by ECD and CBD as
follows.27–29

�A� ECD-SnS deposition conditions: the film was deposited
using three-step pulse voltage �V1=0 V, V2=−1 V,
V3=−0.6 V, and T1=T2=T3=10 s� from an aqueous
bath containing 30 mmol/l SnSO4 and 100 mmol/l
Na2S2O3 at room temperature.

�B� CBD-SnS deposition conditions: two aqueous bathes
were used for deposition; the first bath contained
�NH4�2Sx �25 mmol/l� at room temperature and the sec-
ond bath contained SnCl2 �25 mmol/l� at 80 °C with
pH=12.5 �adjusted by adding adequate amount of
NaOH�. The substrate was immersed sequentially in
each bath for 5 s and the process was repeated until the
required thickness was reached. �200 times is enough
to deposit a 1 �m thick film�.

The experimentally determined energy gap of the SnS
sample prepared by ECD or CBD equals Eg

SnS=1.3 eV.

3. InSxOy

The indium sulfide oxide thin film was deposited by
ECD using two-step pulse voltage �V1=−1.14 V, V2
=−0.4V, and T1=T2=10 s� from an aqueous solution con-
taining 10 mmol/l In2�SO4�3 and 100 mmol/l Na2S2O3 at
room temperature.30 Postdeposition annealing was performed
for the deposited film in nitrogen atmosphere for 1 h at
100 °C. The energy gap of the prepared sample equals
Eg

InSO=2.75 eV.

B. Structural properties

The x-ray diffraction �XRD� measurements were carried
out by the RIGAKU RINT-2000 diffractometer using
Cu K�1 radiation for the individually prepared thin films.
The measured ECD-SnS, CBD-SnS, PCD-CdS, and
ECD-InSxOy thin films have thicknesses approximately equal
to 2, 1.0, 0.1, and 0.2 �m, respectively. The XRD spectra,
shown in Fig. 1, revealed that the ECD-SnS, CBD-SnS, and
PCD-CdS have polycrystalline structures. However, the

InSxOy thin film has an amorphous nature since no peaks
related to indium compounds were observed. In addition, the
film seems to include polycrystalline indium metal.

C. The XPS measurements

The semidirect method is explained taking SnS/CdS as
an example. The XPS spectra were measured using the
Al K� line as an x-ray source. We first measured the Cd 4d
and Sn 4d core levels ECd 4d

CdS and ESn 4d
SnS as well as the va-

lence band maximum �VBM� EV
CdS and EV

SnS for CdS and
SnS, respectively. These values were measured for the indi-
vidual films deposited onto an ITO-coated glass substrate.
The relative positions of the Cd 4d and Sn 4d core levels
were then determined at the interface of the SnS/CdS hetero-
structure �bilayer�. These last values were obtained from
XPS spectra by the help of Ar+ ion sputtering of the upper
layer. The valence band offset �EV at the heterojunction in-
terface can be calculated as follows:

�EV
SnS/CdS = �ESn 4d

SnS − EV
SnS� − �ECd 4d

CdS − EV
CdS�

− �ECL
SnS/CdS, �1�

where �ECL
SnS/CdS is the difference between Cd 4d and Sn 4d

at the interface of SnS /CdS heterojunction. The conduction
band discontinuities �EC

SnS/CdS can then be calculated from

�EC
SnS/CdS = �Eg

SnS/CdS − �EV
SnS/CdS, �2�

where �Eg
SnS/CdS represents the difference in energy band gap

between CdS and SnS thin films. The same method was ap-
plied to SnS / InSxOy heterostructure with the Cd 4d core
level substituted by the In 4d core level in the above equa-
tions. The core level energy position was defined to be the
center of the peak at half of the peak height, which made it
unnecessary to resolve the spin orbit splitting of the rela-
tively narrow Cd 4d, Sn 4d, and In 4d core levels.19 The
accuracy of the experimental measurement of the band off-
sets is limited primarily by the determination of the valence
band edge from the experimental spectra. The top of the
valence band was measured by linear extrapolation of the
leading edge of the valence band XPS spectra. The accuracy
of the XPS measurement in the present study is �0.05 eV,
therefore, the uncertainty of the band offset is �0.3 eV.16,22

Measurements were repeated on different samples to check
their validity.

III. RESULTS AND DISCUSION

A. ECD-SnS/CdS

Figure 2�a� shows the XPS spectrum of the Cd 4d core
level for the CdS thin film. The figure reveals that ECd 4d

CdS

=11.13 eV. Figure 2�b� shows the linear interpolation of the
leading edge of the XPS spectrum measured for the CdS thin
film. The figure reveals that EV

CdS=1.0 eV. Figure 3�a� shows
the XPS spectrum of the Sn 4d core level for the ECD-SnS
thin film, which reveals that ESn 4d

SnS =25.57 eV. The linear
interpolation of the leading edge of the spectrum measured
for the ECD-SnS thin film reveals that EV

SnS=0.0 eV as
shown in Fig. 3�b�. Figure 4 shows the XPS spectrum mea-
sured at the interface of the ECD-SnS/CdS heterojunction,
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FIG. 1. XRD spectra for the individually prepared ECD-SnS, CBD-SnS,
PCD-CdS, and ECD-InSxOy thin films.
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where the Cd 4d and Sn 4d core levels equal 11.37 and 25.47
eV, respectively. This means that the difference between
these core levels at the interface �ECL

ECD-SnS/CdS=14.1 eV.
Consequently, by substituting those energy values in Eq. �1�,
the valence band offset �EV

ECD-SnS/CdS at the heterojunction
interface can be calculated as

�EV
ECD-SnS/CdS = �25.57 − 0.0� − �11.13 − 1.0� − 14.1

= 1.34 eV. �3�

Furthermore, the conduction band offset �EC
ECD-Sn/CdS

can be calculated by utilizing Eqs. �2� and �3� with the en-
ergy gap values of the CdS and SnS thin films:

�EC
ECD-SnS/CdS = �Eg

ECD-SnS/CdS − �EV
ECD-SnS/CdS

= �2.4 − 1.3� − 1.34 = − 0.24 eV. �4�

The negative value means that the conduction band mini-
mum �CBM� of CdS lies down that of SnS, as shown in Fig.
5. Thus, the junction at the ECD-SnS/CdS interface is of type
II.

B. CBD-SnS/CdS

The Sn 4d core level �ESn 4d
CBD-SnS� and the VBM �EV

CBD-SnS�
measured at the bulk of the free-surface CBD-SnS thin film
are 25.72 and 0.0 eV, respectively. The Sn 4d and Cd 4d core
levels �ESn 4d

CBD-SnS and ECd 4d
CdS � measured at the interface of the

CBD-SnS/CdS heterojunction equal 25.5 and 11.5 eV, re-
spectively. By substituting these energy values in Eqs. �1�
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FIG. 2. �a� XPS spectrum of the Cd 4d core level measured at the bulk of
the free-surface CdS thin film. �b� The linear interpolation of its leading
edge.
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FIG. 3. �a� XPS spectrum of the Sn 4d core level measured at the bulk of the
free-surface ECD-SnS thin film. �b� The linear interpolation of its leading
edge.
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FIG. 4. Cd 4d and Sn 4d core levels measured at the interface of the
ECD-SnS/CdS heterojunction.
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FIG. 5. Energy band diagram for the ECD-SnS/CdS heterojunction.
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and �2�, the valence and conduction band offsets at the inter-
face of the CBD-SnS/CdS heterojunction are calculated as

�EV
CBD-SnS/CdS = 1.59 eV, �5�

�EC
CBD-SnS/CdS = − 0.49 eV. �6�

The CBD-SnS/CdS heterojunction is of type II, as shown in
Fig. 6. The comparison of Figs. 5 and 6 show that the loca-
tion of the VBM and CBM of CBD-SnS are located at en-
ergy levels 0.25 eV higher than those of ECD-SnS when both
are deposited onto CdS.

C. ECD-SnS/InSxOy

The XPS spectrum of the In 4d core level and the linear
interpolation of the leading edge measured for the InSxOy

thin film reveal that EIn 4d
InSO =18.25 eV and EV

InSO=0.6 eV,
respectively. The In 4d and Sn 4d core levels measured at the
interface of the ECD-SnS / InSxOy heterojunction are equal to
18.26 and 25.41 eV, respectively. Consequently, the band off-
sets are calculated as

�EV
ECD-SnS/InSO = 0.77 eV, �7�

�EC
ECD-SnS/InSO = 0.68 eV. �8�

The estimated energy band diagram of the ECD-SnS / InSxOy

heterojunction is of type I, as shown in Fig. 7.

D. CBD-SnS/InSxOy

The In 4d and Sn 4d core levels �EIn 4d
InSO and ESn 4d

CBD-SnS�
measured at the interface of the CBD-SnS / InSxOy hetero-
junction are equal to 18.01 and 25.34 eV, respectively. Con-
sequently, the band offsets are calculated as

�EV
CBD-SnS/InSO = 0.74 eV, �9�

�EC
CBD-SnS/InSO = 0.71 eV. �10�

The estimated energy band diagram of the CBD-SnS / InSxOy

heterojunction is of type I, as shown in Fig. 8.

The energy band diagrams drawn in Figs. 7 and 8 re-
vealed that the VBM and CBM of CBD-SnS and ECD-SnS
are located at almost the same energy levels with respect to
those of InSxOy. Thus, the transitivity rule31 does not hold for
CBD-SnS and ECD-SnS in our experiment, i.e., the energy
difference in VBM between CBD-SnS and ECD-SnS mea-
sured for SnS / InSxOy is not the same as that measured for
SnS/CdS.

As noted in Sec. III A, the InSxOy films are amorphous,
not crystalline. Differences in the photoelectron spectra be-
tween amorphous and crystalline phases have been investi-
gated in detailed for In-based III-V materials.32 The densities
of the valence band states are remarkably different between
the amorphous and crystalline phases, whereas the In 4d lev-
els measured with respect to VBM are not significantly dif-
ferent between the phases. At present, it is not understood
how much the amorphous nature of the InSxOy films affects
the measured band offset.

E. Consequences for solar cell properties

For a solar cell with n-type window layer and p-type
absorber layer, the best photovoltaic output will be obtained
when the conduction band offset is small and positive
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FIG. 6. Energy band diagram for the CBD-SnS/CdS heterojunction.
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�0 eV	�EC	0.1 eV�. If �EC is negative, the open circuit
voltage is limited by the built-in potential, which is smaller
than the band gap of the absorber material by −�EC. A large
positive �EC will block the electron flow from the absorption
layer to the window layer.

The preceding photoemission measurements of the SnS/
CdS junctions indicated that both the CBM and the VBM at
the interface were lower on the CdS side �i.e., a type II
heterojunction�. This type of junction implies unimpeded
electron transport from the SnS side to the CdS side. How-
ever, a heterojunction of type II may suffer from recombina-
tion of the majority carriers at the interface resulting in de-
crease in the open circuit voltage and the cell conversion
efficiency as well. This could partly explain the low conver-
sion efficiency of the previously reported SnS/CdS-related
solar cells.5,6,14 In fact, reported values of open circuit volt-
age of SnS/CdS cells are generally low �0.2–0.35 V�.

In case of the SnS / InSxOy heterojunctions, the measure-
ments indicated that both the CBM and the VBM of the
narrower energy gap material �SnS� at the interface lie in
between those of the wider energy gap material �InSxOy�
�type I heterojunction�. The estimated value for the conduc-
tion band offset is relatively high ��0.7 eV� compared with
that of the CdS/CIGS ��0.3 eV� and that of the CdS/CdTe
�0.04 eV� heterojunctions.23,13 Such a high spike at the con-
duction band acts as a barrier preventing the flow of the
photogenerated electrons from the SnS side toward the
InSxOy side. We fabricated SnS / InSxOy heterojunction cells
by ECD,26 which in fact showed a small short-circuit current.
In addition, rectification properties were also poor and the
open circuit voltage was very small. Therefore, for the
ECD-SnS / InSxOy cells, the spike is not the only reason for
the low efficiency.

Recently, the band offsets of SnS/CdS heterojunctions
have been calculated on the basis of the density functional
theory.33 According to the calculation, SnS/CdS is a type I
heterojunction, in contrast with the present experimental re-
sults. This discrepancy could be due to the fact that the rock-
salt and zincblende structures were assumed for SnS in the
calculation while the actual crystal structure of SnS is ortho-
rhombic.

IV. CONCLUSION

In the present study, the band alignments at the inter-
faces of SnS/CdS and SnS / InSxOy heterostructures have
been studied by the semidirect XPS technique. For ECD-
SnS/CdS, CBD-SnS/CdS, ECD-SnS / InSxOy, and
CBD-SnS / InSxOy interfaces, the valence band offsets are de-
termined to be 1.34, 1.59, 0.77, and 0.74�0.3 eV, respec-
tively. The conduction band offsets for those heterostructures
have also been calculated. The results show that the SnS/CdS
heterojunctions are of type II while the SnS / InSxOy hetero-
junctions are of type I.
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