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The electronic structure and optical properties of Fe-doped SnS, were investigated using first-principle
calculations. The results suggest that Fe-doped SnS, is half-metal and the band gap decreases due to the Fe

doping, leading to red shift of the absorption edges. The enhancement of the absorption efficiency in the low

energy region is also observed. Furthermore, the absorption coefficient in visible region increases

monotonically with increasing Fe doping concentrations (0% < x < 12.5%), while the intensity of additional

peaks in infrared region increases with small doping concentrations (less than x = 8.33%) and decreases with

heavy doping.

1. Introduction

With the irresistible growing global demand for energy, solar
energy has been paid a great deal of attention due to its
abundant, clean and renewable characteristics. Photovoltaic
device is the most important way to make full use of solar
the the
development and applications of first generation solar cells

energy. Among current photovoltaic devices,
based on crystalline or amorphous silicon have been limited
because of its high cost, complex process of fabrication and low
optical absorption coefficient."” In addition, solar cells based
on CdTe and CulnGaSe, have not been widely used for
containing low abundant and expensive elements Te and In.*”
Up to now, quite a lot of efforts have been concentrated on
searching for new photovoltaic absorber materials based on
metal sulfide, such as ZnS, CdS, FeS,, MoS, and SnS,.5!!' In
this paper, our interest will concentrate on SnS, with the
advantage of high chemical stabilizations, nontoxicity, low cost
and abundance. As an indirect gap semiconductor with a band
gap value of ~2.0 eV, SnS, can absorb most of the ultraviolet
light and a small amount of visible light. Besides, SnS, have
larger specific surface area than conventional materials due to
its hexagonal layered crystalline structure. These excellent
characteristics make SnS, an intriguing material applied in
optoelectronic devices.'?"'®

As is well known, the proportion of visible light in solar

energy is around 45%, while the ultraviolet light is only 5%."
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In addition, great solar cell absorbers should meet the criteria
with closing to optimal band gap value around 1.5 eV and high
than 1.0x10* cm™.
Therefore, to achieve the goal of SnS, as a photovoltaic

optical absorption coefficient more
absorber material, the biggest challenge is to appropriately
narrow its optical band gap and reach a much higher absorption
coefficient in the whole solar range. More recently, many
research works have proved that the impurities and defects
indeed have a significant influence on the optoelectronic
properties such as strong absorption in the low energy region
(including visible and near-infrared light regions) and high-
efficient photocatalytic activity in the visible-light region of the
SnS, host materials.'®! For example, Xia et al. found that Ti
doping into SnS, could narrow its band gap and improve its
absorption coefficient in the visible-light region.?? Kiruthigaa er
al. proved that Zn-doped SnS, could be used as photocatalytic
materials.”® In addition, V-doped SnS, was investigated as a
new intermediate band material to produce an absorption
spectrum in the UV-Vis-NIR range.”** These studies suggest
of SnS,
optoelectronic devices. While the shortage of Ti and Zn doped

that the applications have a bright future in

SnS, is that they could not utilize the sunlight in the infrared
For V-doped SnS,,
appeared lower than that of pure SnS, as photon energy was

region. the photocatalytic efficiency
higher than the SnS, band gap. Thus, in order to utilize the
sunlight more effectively, other elements should be considered
to dope into the SnS, host material.

As is well known, FeS, has a band gap of 0.95 eV,?® and
Fe has been successfully used to improve the optical properties
of InZS3.27 Besides, few research work has been done on the
electronic and optical properties of Fe-doped SnS, until now. In
this work, the first-principle calculations based on density
functional theory (DFT) were performed to systematically
study the electronic and optical properties of Fe-doped SnS,
systems. Meanwhile, five different structure configurations
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corresponding to Fe doping concentrations of x = 0%, 5.56%,
6.25%, 8.33%, 12.50% were adopted to explore the effect of Fe
doping concentrations on these properties of SnS,. The
obtained results show that Fe doping into SnS, could lead to
strong absorption in the full solar spectrum area due to the
formation of impurity bands in the band gap, which is similar to
the results of Fe-doped In,S;. But there is difference between
them. The intensity of emerging peaks in infrared region
increases monotonically with increasing Fe doping
concentrations for Fe-doped In2S3,27 while increases with small
doping concentrations (less than x = 8.33%) and decreases with
heavy doping for Fe-doped SnS,. Theoretical study on the
electronic and optical properties of SnS, host materials is
significant for deeper understanding of photoelectric
mechanism and better applications of these photovoltaic

absorber materials.

2. Methods and computational details

All the calculations carried out using projector augment wave
(PAW) pseudopotentials are based on the DFT method, as
implemented in the Vienna ab initio Simulation Package
(VASP).”® The generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) formula was adopted for
the exchange-correlation potential, plusing the onsite Coulomb
interaction U within GGA.* A cutoff energy of 400 eV was set
for the plane wave expansion, with total energy converging to
lower than 5x10° eV/atom between two steps. Both cell and
atoms were fully relaxed until the residual forces were less than
0.01 eV/A. The valence electron configurations Sn
(4d105s25p2), Fe (3d%s?) and S (3s23p4) were considered in this
work. A grid of 7x7x4 k-point was used for the unit cell. While
for Fe-doped SnS,, four different configurations of SnS,
supercells were considered, which correspond to Fe doping
concentrations of x = 5.56%, 6.25%, 8.33% and 12.50%,
respectively. Besides, Monkhorst-Pack k-point meshes of
3x3x2, 4x4x1, 4x4x2 and 4x4x3 were used for Brillouin zone
sampling.*® Moreover, the van der Waals interaction was
considered by using Grimme’s DFT-D2 method due to the
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3. Results and discussions

It is noteworthy that the method of GGA usually
underestimates the band gap for the static correlation of
common approximations and delocalization error.*> Therefore,
for the sake of accurately describing the electronic structure of
SnS,, it is necessary to use other methods to correct the band-
gap value. Dudarev et al. proved that the method of
determining the value of U in relation to single ion could
correct the error of GGA.>® Therefore, U = 1.7 eV and U = 9.0
eV were chosen for Fe-3d and Sn-4d electrons on the basis of
calculating the band gap values of FeS, and SnS,.?%3

The optimized lattice parameters of pure SnS, are a = 3.519 A
5.839 A, which are in good agreement with
experimental values (¢ = 3.649 A, ¢ = 5.899 A).SS The
calculated band structure and density of states (DOS) of pure
SnS, are shown in Fig. 1 as a reference. It can be seen from Fig.
1(a) that the valence band maximum (VBM) lies at the I" point
and the conduction band minimum (CBM) locates between M
and L points, indicating that pure SnS, is an indirect gap
semiconductor. The calculated band gap is 1.81 eV, which is
close to the experimental value of ~2.00 eV.!® Moreover, as
shown in Fig. 1(b), the conduction band is mainly dominated by
the 5s and 5p orbitals of the Sn atom, and the 3p orbitals of the
S atom. While the lower valence band from -7 to -5 eV mostly
originates from the Ss orbitals of the Sn atom and the 3p
orbitals of the S atom, and the upper valence band from -5 to O
eV is derived from the 3p orbitals of the S atom and a little 5p
orbitals of the Sn atom. These properties have a good
consistency with the previous results presented by Xia er al,?
which suggests that the results of GGA+U method are reliable.

and ¢ =

Table 1 The lattice constants (a and ¢), and the bond length
between the Fe(Sn) atom and its nearest S atoms (d pe(sn)-s) for
pure SnS, and Fe-doped SnS,.

Structural 0% 556% 625% 833% 12.50%
parameters (A)
a 3519 3508 3507 3505 3.498
¢ 5839 5795 5793 5618 5781
dreisys 2449 2360 2367 2369  2.365

characteristic of layer-type lattice.’’ Then all the calculations on
electronic and optical properties were performed on the basis of
the optimized supercells.
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Fig. 1 (a) Band structure and (b) DOS of unit SnS,. The Fermi level is set to 0.
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Fig. 2 The band edge of Fe-doped SnS, with different doping
concentrations of x = 0%, 5.56%, 6.25%, 8.33% and 12.50%.

In order to investigate the effect of Fe doping concentrations on
the electronic structure and search the ideal band gap for
photovoltaic absorber material based on SnS,, the structural
parameters and band gaps of Sn;_Fe,S, (x = 5.56%, 6.25%, 8.33%,
12.50%) are calculated for substituting one Sn atom with Fe in four
different configurations of SnS, supercells. It can be seen from Table
1 that the Fe doping leads to the decrease of lattice parameters of
SnS,, which may originate from the difference of bond length
between Sn-S and Fe-S. The relaxed bond length of Fe-S is shorter
than that of Sn-S. The reason is that the electronegativity difference
between Fe and S atoms (0.75) is larger than that between Sn and S
atoms (0.62). In addition, the CBM and VBM positions of the SnS,
systems are aligned with the core energy level of S-2s orbitals. For
the pure SnS,, the VBM position locates at the Fermi level. Based on
the relative positions as compared with that of pure SnS,, the band

(SO

Energy (eV)
S

majority spin

gaps of doped SnS, are obtained from the CBM and VBM positions
presented in Fig. 2. Obviously, the band gap decreases
monotonically with increasing Fe concentrations in the SnS, host
material, which implies that Fe doping can effectively modify the
band gap of SnS,. One thing should be noticed is that the change
trend of band gap is gradually gentle, especially at the doping
concentrations of 8.33% to 12.50%.

To specifically analyze the origin of the band gap
narrowing of Fe-doped SnS,, Sn;_Fe,S, (x = 6.25%) is selected
as the representative model. Meanwhile, the band structure,
total density of states (TDOS) and partial density of states
(PDOS) of Sn;_,Fe,S, (x = 6.25%) are calculated and illustrated
in Fig. 3 and Fig. 4. Compared with undoped SnS,, the most
notable characteristic of the band structure for Fe-doped SnS, is
that the Fermi level emerges into valence band in the minority
spin channel while the majority spin channel shows an
appreciable gap. This result demonstrates that the material is
half-metal. Meanwhile, as shown in Fig. 4, the 3p orbitals of
the S atom are the most dominant from -6.00 to -0.21 eV in
valence band, while the 5s and 5p orbitals of the Sn atom
mostly locate in the energy range from 1.45 to 3.80 eV and
from 4.56 to 7.00 eV, respectively. It can be found that the
impurity bands in the band gap are mainly composed of Fe 3d
states, which are separated into seven bands. Two minority-spin
bands with highest energy form the bottom of the conduction
band with Sn 5s states. Two minority-spin bands locate across
the Fermi level, forming the top of the valence band with S 3p
states and up-shifting the VBM. In this situation, the energy
difference between VBM and CBM is 1.44 eV, which is
smaller than the band gap value of pure SnS, (1.81 eV). Thus,

(b) 6
4

Energy (eV)

minority spin

Fig. 3 Band structure of Fe-doped SnS, for doping concentration x = 6.25%, with (a) majority spin and (b) minority spin. The

Fermi level is set to O.
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Fig. 4 TDOS and PDOS of Fe-doped SnS, for doping
concentration x = 6.25%. The Fermi level is set to 0.

compared with pure SnS, it requires less energy for electron
transition from the occupied states to the unoccupied states,
which means the absorption edges of Fe-doped SnS, may occur
red shift. The last one minority-spin and two majority-spin
bands are in the energy range between 0.54 and 1.24 eV, which
and then extend the
Full detailed
information will be discussed in the following sections.

can absorb the low-energy photons,
absorption of SnS, into infrared region.

As we all know, optical properties of photovoltaic
absorber materials are very crucial for optoelectronic devices.
The components of optical properties corresponding to parallel
to the ¢ axis (£ // ¢) have been discussed in the present work,
due to the greatest incident optical absorption coefficient along
this direction. Then, the effect of Fe doping on optical
properties of SnS, will be comprehensively studied in the
following part, and the doping concentrations are varied from x
= 0% to 12.50%.

Based on the quantum theory, photons absorbed and
emitted are the reasons for electron transitions between
occupied and unoccupied states, including single-particle
excitations and plasmons. And it should also be noted that the
contribution from the two-band process has been proved strictly
to be zero.*® It is necessary to calculate the dielectric function
e(w) =g (a))+ i&y (w) to completely characterize the optical

properties of bulk materials based on SnS,.*” The imaginary
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part of the dielectric function ¢, (w) not only is related to the

electronic structure of materials, but also presents the optical
properties. It can be given as®®

E )dsk 1

i @ ( )

o) =| 5 i) -1 M,

where i and j are the initial and final states, respectively, M is
the dipole matrix. f; and E; are the Fermi distribution function
and the energy of electron in ith state respectively. The real part

of the dielectric function ¢ (a)) can be evaluated from the

imaginary part &, (w) with Kramers-Kronig transformation.

o'ey 0" )do
& (o )—1+ Py (o )2 )
T icu - )
Then, other optical constants such as absorption

coefficient a(w), reflectivity R(a)), refractivity index n(w)

and energy-loss L(a))can be obtained from ¢; (w) and ¢, (w) R
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The imaginary part spectra of the dielectric function for
Fe-doped SnS, with five different doping concentrations are
presented in Fig. 5(a). For pure SnS,, we can see two primary
peaks. One locates at 3.88 eV, which originates the electronic
transition from the 3p orbitals of the S atom in the upper valence
band to the 5s orbitals of the Sn atom in the lowest conduction band.
The other locates at 7.32 eV, which originates the electronic
transition from the 3p orbitals of the S atom in the valence band to
the 5p orbitals of the Sn atom in the conduction band. In the case of
Fe-doped SnS, systems, the obvious changes are that there appear
new peaks in low energy region, indicating new and distinct
channels for the absorption of photons with energies below the gap
width of SnS, are obtained. The emerging peaks are at 0.29, 0.30,
0.29 and 0.42 eV for Fe doping concentrations of x = 5.56%, 6.25%,
8.33% and 12.50%, respectively, which are due to the electronic
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Fig. 5 (a) The imaginary part of the dielectric function and (b) the absorption coefficient spectra of Sn;_Fe,S, (x = 0%, 5.56%,
6.25%, 8.33%, 12.50%). The inset is the enlarged view of infrared and visible light absorption spectra.
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intraband transition of the impurity Fe 3d states and the Sn 5s states
in the conduction band. Besides, the emerging peaks correspond to
the localized degree of the impurity bands we discussed on
electronic properties above. Obviously, the intensity of emerging
peaks increases with small doping concentrations (less than x =
8.33%) and decreases with heavy doping, which implies that there is
a critical doping concentration for the strongest absorption in
infrared region. In addition, the peaks similar to pure SnS, locate at
around 3.59 to 4.08 eV and 7.19 to 7.27 eV. The former corresponds
to the electronic transition from the S 3p states in the valence band to
the Sn Ss states in the conduction band. While the later corresponds
to the electronic transition from the S 3p states in the valence band to
the Sn 5p states in the conduction band. What is noteworthy is that
for different structure configurations of SnS,, the shape and the
strength of the curves are nearly identical in the high energy region.
These characteristics imply that different doping concentrations of
Fe have a significant influence on the optical properties of SnS,
systems in low energy region, including visible and infrared region,
while the effect is barely noticeable in ultraviolet region, which
demonstrates that Fe-doped SnS, systems are more suitable for long-
wavelength optoelectronic devices compared with pure SnS,.

The absorption spectra of all the SnS, systems are
illustrated in Fig. 5(b). From the overall trend of spectra we can
see that the absorption range is very wide, and the ultraviolet
region is still the main absorption part. Compared with undoped
SnS,, the absorption coefficient of Fe-doped SnS, in visible
region increases with increasing Fe doping concentrations,
which is mainly induced by the enhancement of Fe 3d impurity
states. Meanwhile, the additional absorption part is obtained in
the infrared and visible region which is below the absorption
edges for Fe-doped SnS; systems. This phenomenon is deduced
from the electronic intraband transition of the impurity Fe 3d
states and the Sn 5s states in the conduction band. Chen et al.
found the similar phenomenon when studied the Fe-doped
In,S;.”” Besides, the emerging peaks in low energy region will
improve the utilization efficiency of sunlight in infrared region,
which has a good consistency with the above discussion about
the imaginary part of the dielectric function. What’s more, it
can also be seen from Fig. 4 that the additional Fe 3d states in the
band gap are the main reason that the peaks emerge in low energy
region. In addition, the absorption edges of Fe-doped SnS, systems
monotonically shift to the lower energy with the increase of the Fe
doping concentrations, which is mainly the result of the decrease of
band gaps of Fe-doped SnS, systems. The phenomenon of red shift
is in accordance with the above analysis of electronic structure.
Therefore, the Fe doping will become a crucial factor that affects
optical properties of SnS,. And more notably, Fe-doped SnS, shows
more efficient utilization of solar energy compared with Ti, Zn and
V-doped SnS,. In terms of the optical absorption, compared with

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) The reflectivity, (b) refractivity index, and (c) energy-
loss spectra of Sni,Fe.S, (x = 0%, 5.56%, 6.25%, 8.33%,

12.50%).

undoped SnS,, Fe-doped SnS, can obtain an obvious increase in the
energy range of about 0 to 6.5 eV, while V, Ti and Zn-doped SnS,
enhance the absorption efficiency of solar spectrum in the energy of
about 0 to 3.8 eV, 2.0 to 6.0 eV and more than 3.4 eV,
respectively.”>?* According to the above discussion, it can be
concluded that the Fe doping can make SnS, a potential candidate
for optoelectronic devices.
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Fig. 7 The calculated DOS of Fe-doped SnS, for doping
concentration x = 6.25% with the GGA+U method, where U =
9 eV for Sn-4d, (a) U= 1.7 eV and (b) U = 0 eV for Fe-3d are
used. The Fermi level is set to 0.
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Fig. 8 (a) The calculated imaginary part of the dielectric function and (b) the absorption coefficient spectra of Sn;_Fe,S, (x =
6.25%) with the GGA+U method, where U = 9 eV for Sn-4d, U = 1.7 and U = 0 eV for Fe-3d are used. The inset is the enlarged

view of spectra in the infrared and visible region.

The reflectivity R(w), refractivity index n(w) and
energy-loss Llw different
configurations of SnS, systems are presented in Fig. 6. For the

spectra of five structure
Fe-doped SnS,, the reflectivity and refractivity index enhance
much in the low energy region, which mainly originates from
the impurity bands near the Fermi level. Besides, both of them
show the strongest peaks at around 0.2 eV and decrease
abruptly in the low energy range between 0.2 and 1.2 eV. The
location of reflectivity and refractivity peaks also agree with the
imaginary part spectrum of dielectric function. Moreover, the
energy-loss peaks at around 1.1 eV are related to the plasma
oscillations where the reflectivity decreases rapidly. The above
results indicate that the optical properties of Fe-doped SnS, can
get significantly improved in the low energy region, while the
effect is less obvious in the ultraviolet region.

All the above results are obtained on the basis of the
GGA+U method. It is generally known that the calculated band
gap depends on the U value of Hubbard model adopted in the
calculations. And we have proved that the value of U adopted
for Sn is in great agreement with the experimental band gap of
pure SnS,. However, the gap of Fe-doped SnS, may also rely
on the U value for Fe. In order to explore the effect of the U
value for Fe on the electronic and optical properties of Fe-
doped SnS,, the doped bulk system Sn;sFe;S;, corresponding to
6.25% doping concentration is chosen as a reference. Besides,
the DOS, the imaginary part of the dielectric function and the
absorption coefficient of Sn;sFe;S;, are calculated using the
GGA+U method, where U =9 eV for Sn-4d and U = 0 eV for
Fe-3d are used. The results are presented in Fig. 7 and Fig. 8,
respectively. The band gap obtained from Fig. 7(b) is 0.89 eV,
which is considerably narrower than that of the doped system
with the same structure corresponding to U = 9 eV for Sn-4d

This journal is © The Royal Society of Chemistry 20xx

and U = 1.7 eV for Fe-3d. The reason is that the majority-spin
intermediate states are lifted toward the CBM and then down-
shift the CBM. It can be concluded from Fig. 7 that the
effective Hubbard correction can lower the occupied majority
spin states and raise the unoccupied minority spin states.
Namely, the energy states of the intermediate states of Fe-
doped SnS, are largely determined by the U value for Fe. While
the U value for Fe has little effect on the optical properties of
Fe-doped SnS,. It can be seen from Fig. 8 that the similar
results are obtained with U =0 and U = 1.7 eV for Fe-3d, which
indicates that the results of the GGA+U (U = 9 eV for Sn-4d
and U = 1.7 eV for Fe-3d) method can qualitatively reflect the
properties of Fe-doped SnS, systems.

4. Conclusion

In conclusion, we have systematically studied the electronic
structure and optical properties of Fe-doped SnS, systems in
five different structure configurations with the method of first-
principle calculations. The electronic structures imply Fe-doped
SnS,; systems are half-metal due to the shift of Fermi level from
the VBM into valence band. The band gap of Fe-doped SnS,
can be decreased from 1.81 to 1.44 eV when the Fe doping
concentration is x = 6.25%. Moreover, the absorption edges of
shift.
coefficient in visible region increases monotonically with

Fe-doped SnS, systems show red The absorption
increasing Fe doping concentrations. These characteristics
indicate that Fe-doped SnS, system is a potential candidate for
optoelectronic devices. In addition, the electronic intraband
transition of the impurity Fe 3d states and the Sn 5 states in the
conduction band broadens the sunlight absorption into the
infrared region. The intensity of emerging peaks in infrared

J. Name., 2013, 00, 1-3 | 6
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region increases with small doping concentrations (less than x =
8.33%) and decreases with heavy doping. Our calculations
provide adequate proofs for effective utilization of solar energy,
especially in low energy region. These results not only
contribute to designing novel solar cell based on SnS,; host, but
also promote the further experimental studies.
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The Fe doping can increase the visible absorption of SnS, and extend the absorption

into the infrared region.
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