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BaTi(O1−xSx)3 chalcogenide perovskite thin films
with band gap ideal for solar cell applications
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BaTi(O1−xSx)3 chalcogenide perovskite thin films were deposited by the spin coating technique, using a solution formed by a powder of
BaTi(O0.5S0.5)3 perovskite compound previously synthesized and ethanol as a solvent. To obtain the powdered BaTi(O1−xSx)3 perovskite
compound used as precursor material, a sulfidization process to barium titanate (BaTiO3) was carried out in a constant flow CS2/Ar atmo-
sphere at a temperature of 600◦C for four hours. After depositing, the films were annealed for one hour in a tube furnace at a temperature
of 400◦C, in an Ar and CS2 reactive atmosphere. EDX-RF, XRD, FTIR and Uv-Vis-NIR techniques were used to analyze the structural,
vibrational, and optical properties of the films. All deposited and annealed films showed the hexagonal crystalline structure typical of BaTiS3

perovskite with an absorption coefficient greater than4×104 cm−1 in the range 600 to 950 nm. The band gap of the BaTi(O1−xSx)3 chalco-
genide perovskite thin films was narrowed as a function of the concentration of sulfur in the sample. The final band gap values obtained were
1.51, 1.45 and 1.35 eV for sulfur percentages of 24.3, 25.3 and 28.7, respectively. These results suggest that BaTi(O1−xSx)3 chalcogenide
perovskites have an ideal band gap for potential applications in perovskite solar cells.
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1. Introduction

In the last seven years, chalcogenide perovskites (perovskites
with oxygen, sulfur, or selenium as anions) have been pro-
posed as promising alternatives for photovoltaic applications
[1–3] to replace organometallic halide perovskites, which, as
is well known, have several problems of phase stability when
exposed to the environment. In addition to the innate toxic-
ity represented by the use of lead [4, 5]. Mostly recent the-
oretical reports, which are based on numerical calculations
and density functional theories (DFT), have predicted proper-
ties for a large number of chalcogenide perovskites, desirable
structural and optical properties for photovoltaic applications,
such as a high degree of thermodynamic and atmospheric sta-
bility, strong absorption in the spectrum of solar radiation, di-
rect and allowed band gap, and tunable band gap in the ultra-
violet, visible and near-infrared region, among others [6–10].

It is well known that the band gap of semiconductors in
photovoltaic device applications should be within the range
of 1.1 to 1.4 eV, according to the Shockley Quessier limit
[11, 12]. In the case of perovskites solar cells, the most effi-
cient solar cells use perovskites with a band gap in the range
of 1.3 to 1.6 eV [13]. Although chalcogenide perovskites
report tunable band gaps from 2.5 to less than 0.5 eV, so
far there have been no experimental reports of the synthe-
sis of chalcogenide perovskites with a band gap between
1.4 and 1.3 eV. In the last five years, several experimen-
tal studies have been conducted on the synthesis of BaZrS3,

Ba(Ti1−xZrx)S3 and BaZr(S1−xSex)3 perovskites [12–15].
However, currently, the average values of the experimental
results report values of 1.9 eV for BaZrS3 [14], while for
Ba(Ti1−xZrx)S3 it is reported that it can be reduced to 1.6 eV,
which limits its application as an active layer in perovskite
solar cells.

For these reasons, theoretical and experimental studies
have recently begun on the chalcogenide BaTiS3, which have
shown excellent optoelectronic properties [16] and thus could
be used in photodetectors, solar cells, etc. The predominant
synthesis of this compound is carried out by chemical vapor
transport (CVT) at temperatures above 900◦C [16, 17], and
this material has also been synthesized using microcrystalline
reconstruction and pulsed laser methods [18, 19]. However,
currently the methods for depositing BaTIS3 thin films are
very scarce, since they require extremely high temperatures;
therefore, the fabrication of thin films by both physical and
chemical methods is quite limited. Another obstacle to using
this material as an active layer in solar cells is the size of the
bandgap, which lies in a range from 0.27 to 0.9 eV [20].

Despite the same objective, a new theoretical proposal
was presented to engineer the band gap of BaTiS3 replacing
sulfur with oxygen [21–24], and recently, an experimental re-
port confirmed that it is effectively possible to take control of
the band gap through the percentage of sulfur and oxygen in
the BaTi(O1−xSx)3 powder [25]. These results completely
opened a new investigation line for experimental investiga-
tion of the fundamental properties of BaTi(O1−xSx)3 thin
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films because it is well known that many times the proper-
ties of a bulk material could change completely when it is
deposited in a thin film. Therefore, the deposition of thin
films of chalcogenide perovskite has been an experimental
challenge.

As already mentioned, there is limited information to
date on the use of the chalcogenide perovskite compound
BaTi(O1−xSx)3 as an active layer in solar cell structures.
Based on the results obtained and presented in this work,
we assess the feasibility of using this material as an active
layer in solar cells. Furthermore, we propose, as future work,
the fabrication of a p-i-n type structure, employing spiro-
MeOTAD as the p-type conductor, the perovskite compound
as the intrinsic layer, and TiO2 as the n-type semiconductor.

This article presents a study of the deposition and the
structural and optical properties of BaTi(O1−xSx)3 chalco-
genide perovskite thin films. These films were deposited us-
ing the spin-coating technique, which is simple and highly
reproducible, and after deposition, an annealing treatment
was carried out at the relatively low temperature of 400◦C
in a reactive Ar/CS2 atmosphere. A complete analysis of
the crystalline structure of BaTi(O1−xSx)3 is presented, as
well as its optical and vibrational properties and the corre-
lation between them. Moreover, the results obtained con-
firm that these chalcogenide perovskite thin films present the
requested high absorption coefficient, and a band gap very
close to the ideal for the S-Q limit, which can be reduced as
a function of sulfur concentration, corroborating in an exper-
imental way the properties reported in recent articles.

2. Experimental details

Thin films of BaTi(O1−xSx)3 perovskite compounds were
deposited using the spin coating technique, for these de-
posits, a solution made up of the perovskite compound
BaTi(O0.5S0.5)3 and ethanol as solvent was used, and the mo-
lar concentration of the solution was 0.5 (128.65 g/L), this
solution was mixed in an ultrasonic bath for 30 minutes. To
obtain the powdered BaTi(O1−xSx)3 perovskite compound
used as precursor material, a sulfidization process to barium
titanate (BaTiO3) was carried out in a constant flow CS2/Ar
atmosphere at a temperature of 600◦C for four hours. All de-
posits were made at a constant rotation speed of 780 rpm on
glass substrates, the amount of solution used in each deposit
varied, these amounts were 1, 2, and 3 drops, each drop of
approximately 50µL. After depositing, all films were heat
treated in a quartz tubular furnace at 400Â◦C, in an atmo-
sphere of Ar and CS2 with a flow rate of 1 lpm, for one hour.

The elemental composition and thickness of the films
were measured using a Rigaku EDX-RF spectrometer NEX
QC+ Quantez model. The crystalline structure present in the
perovskite films was obtained with Bruker D8 ADVANCED
ECO equipment and the diffraction of the films was carried
out at room temperature, using Cu Kα radiation and a wave-
length of 1.54056Å at a 2θ angle. The absorption spectra

were obtained with the Ocean Optics USB4000 Fiber Optic
Spectrometer.

3. Results

3.1. Structural properties

3.1.1. Elemental composition

The elemental composition and thickness of the thin films
of perovskite compounds BaTi(O1−xSx)3 were obtained by
the energy-dispersive X-ray fluorescence spectroscopy tech-
nique. The stoichiometry of the thin films was obtained
using the percentages of mass measured for each element
present in the samples and the thicknesses of each film were
estimated by the NEXT software included as a package of
Rigaku EDX-RF spectrometer. The estimated thicknesses of
the films were 289, 514, and 943 nm, corresponding to the
films deposited by 1, 2, and 3 drops, respectively.

As deposited, the films conserved the same stoichiometry
of the BaTi(O0.5S0.5)3 precursor powder, independently of
the thickness of the sample. However, after reactive anneal-
ing treatment, the films showed an increase in sulfur concen-
tration at the same time that oxygen concentration decreased,
compared to the precursor perovskite compound used to de-
posit the films. In all cases, an inverse relationship was ob-
served between the thickness of the films and the increase in
sulfur in them, that is, at a lower thickness, a greater amount
of sulfur in the films. The percentage in mass of sulfur in-
creased from 16.6 present in the solution deposited to 24.3,
25.3, and 28.7 in films with thicknesses of 943, 514, and 289
nm, respectively. From these data, the stoichiometries of the
films were obtained, which are presented from a smaller to a
greater thickness: BaTi(O0.16S0.84)3, BaTi(O0.26S0.74)3, and
BaTi(O0.29S0.71)3.

3.1.2. Crystal structure

Using the X-ray diffraction technique, it was possible to ob-
tain the crystal structure of the precursor perovskite com-
pound in powder form and of the thin films. Figure 1 shows
the diffractograms belonging to both the precursor powder
and the thin films of the BaTi(O1−xSx)3 perovskite com-
pound. The four diffractograms showed several peaks cen-
tered at 2 =21.57, 26.38, 30.88, 31.51, 34.35, 41.13, 43.89,
45.24 and 46.50, which are related to the (101), (110), (200),
(002), (201), (210), (211), (202) and (300) planes, which be-
long to the hexagonal crystal structure of the BaTiS3 per-
ovskite [26–29]. Therefore, all thin films maintain the hexag-
onal crystalline structure, present in the perovskite precursor
compound. As shown in the four diffractograms, for all sam-
ples there are three intense peaks; however, the most intense
diffraction peak is related to the crystallographic plane (201).
As can be observed, the intensity of the peaks in the diffrac-
tograms of the three thin films increased gradually for each
of them, this effect is directly associated with the thickness
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FIGURE 1. Diffractograms of the thin films and the precursor pow-
der of the perovskites compound.

of the film; that is, the greater the thickness, the greater the
intensity of the peaks. A slight shift to the right of the peaks
in the diffractogram of the precursor powder can also be ob-
served with respect to the diffractograms belonging to the
thin films, which may indicate a larger crystal size in the per-
ovskite powder compound.

To carry out a complete study of the crystalline structure
of the precursor powder and the thin films of the perovskite
compound BaTi(O1−xSx)3, the size of the crystals (D) was
calculated using the Scherrer formulaD = (0.9)λ/β cos θβ ,
whereλ is the wavelength of the X-rays used in diffraction
(1.504Å), β is the full width at half maximum (FWHM) of
the main peak, andθ is the Bragg angle, the interplanar dis-
tances of the most intense peaks in the diffractograms from
the equation of Bragg’s lawdhkl = λ/2 sin θhkl where d is
the interplanar distance andh, k andl are the Miller indices,
and the lattice constants a and c correspond to the hexago-
nal crystalline structure. Crystallographic data obtained by
Eq. (1) are shown in Table I:

1
d2

hkl

=
4
3

h2 + hk + k2

a2
+

l2

c2
. (1)

As can be seen from the values obtained for the lattice
constants, interplanar distances and grain size, for each of the
films, no significant effects of the increase in sulfur are ob-
served on the crystallographic parameters measured in each

TABLE I. The diameters of the crystal, the full width at half max-
imum (FWHM) of the main peak, and the lattice constants, of the
BaTi(O1−xSx)3 compounds.

Perovskite D β(201) a c

(Å) (Å) (Å)

BaTi(O0.50S0.50)3 240.82 0.5885 6.7212 5.7871

BaTi(O0.16S0.84)3 228.79 0.3548 6.5849 5.5334

BaTi(O0.26S0.74)3 225.86 0.3594 6.6050 5.5394

BaTi(O0.29S0.71)3 221.79 0.3660 6.5964 5.5314

FIGURE 2. FTIR normalized absorption spectrum of precur-
sor powder and the thin films of the perovskite compound
BaTi(O1−xSx)3.

sample. As expected, the crystal size, interplanar distances
and lattice constants of the precursor material are slightly
larger. A possible explanation for this is the difference that
exists in the materials when deposited in thin film and in
bulk, but the most important thing is that the four diffrac-
tograms present the same peaks related to a hexagonal crys-
talline structure.

3.2. Vibrational properties

The vibrational properties in the thin films were obtained
from the FTIR spectroscopy technique. The absorption was
measured in the range of 900 to 1700 cm−1. The results are
shown in Fig. 2.

The FTIR absorption spectra of the three perovskites
showed several maximums at 930, 965, 1010, 1135, and 1190
cm−1, the maximums centered at 930 and 965 cm−1 have
been associated with the symmetric vibration band of SO−2

4 ,
the sulfur oxygen S-O bonds have been present in the region
1085-1179 cm−1, and the C2S=O bond is in the range 1150-
1165 cm−1 [30–32]. It can be seen in the image that the
spectrum associated with the BaTi(O0.16S0.84)3 film presents
a greater definition in the maximums compared to the other
two spectra associated with the two films; this behavior cor-
responds to the increase in the sulfur concentration and, at the
same time, the substitution of oxygen by sulfur in the films,
which provokes the formation of a greater number of bonds
between sulfur and oxygen in the samples and therefore a
higher intensity in the bands associated with these bonds.

3.3. Optical properties

3.3.1. Normalized absorbance

The absorption in the three samples of the perovskite com-
pound BaTi(O−1− xSx)3 was obtained from the Uv-Vis-
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FIGURE 3. Normalized absorbance of the three BaTi(O1−xSx)3
thin films.

FIGURE 4. Derived from the normalized absorption of the three
samples of the chalcogenide perovskite compound.

Nir spectroscopy technique in the range of 600 to 950 nm.
The results obtained are shown in Fig. 3. The three sam-
ples have high absorption and show several absorption bands,
those related to the forbidden bands of the films being those
centered at 885, 818, and 750 nm for the BaTi(O0.16S0.84)3,
BaTi(O0.26S0.74)3, and BaTi(O0.29S0.71)3 films respectively;
a clear relationship can be seen between the mass percentage
of sulfur shown in the thin films and a shift of the bands re-
lated to the forbidden band; the higher the percentage of S,
the greater the band shift toward longer wavelengths.

A derivation was made to the absorption spectra with
respect to the energy of the three thin films of the chalco-
genide perovskite compound, the results are shown in
Fig. 4. From the results it was possible to find the
maximum absorption of each sample, this maximum can
be related to the forbidden band width of each film,
the results obtained were 1.37, 1.47 and 1.53 eV, for

the perovskites BaTi(O0.16S0.84)3, BaTi(O0.26S0.74)3, and
BaTi(O0.29S0.71)3, respectively. Among these results, the
sample BaTi(O0.16S0.84)3 stands out because the width of its
forbidden band is in the ideal region for its use as an active
layer in a solar cell.

3.3.2. Absorption coefficient and band gap

The absorption coefficient present in the thin films of the per-
ovskite compound BaTi(O1−xSx)3 was obtained from the ab-
sorption spectrum measured in the range 600 to 950 nm and
using the equationα = 2.303A/t derived from the Lambert-
Beer law, whereA is the absorption,t is the thickness of the
film andα is the absorption coefficient. The absorption coef-
ficients obtained are shown in Fig. 5.

The three thin films show a very high absorption coeffi-
cient [32], sample BaTi(O0.16S0.84)3 presents an absorption
coefficient with a maximum of5 × 104 cm−1 in the range
of 600 to 883 nm, from here on there is an abrupt drop in ab-
sorption, the BaTi(O0.26S0.74)3 sample has a maximum in the
absorption coeffcient of4× 104 cm−1 between 600 and 815
nm, after which it finds a considerable decrease in the absorp-
tion coefficient, and finally the BaTi(O0.21S0.79)3 film has an
absorption coeffcient with a maximum of4×104 cm−1 in the
range of 600 to 775 nm; from this point, the absorption coef-
fcient drops abruptly. From these results, it can be seen that
the three samples have a very high absorption coeffcient in
all three cases with a maximum greater than4 × 104 cm−1,
and as expected from what was observed in the absorbance
curves, there is a direct relation between the sulfur percentage
and the border of the absorption region in the films. Accord-
ing to the image shown in Fig. 3, the absorption range bound-
ary is shifted to larger wavelengths directly proportional to
the amount of sulfur in the sample, for a higher concentration
of sulfur in the films, a broader absorption region was found.

The band gap that belongs to the three thin films of the
perovskite compound BaTi(O1−xSx)3 was calculated from

FIGURE 5. The absorption coefficient and the band gap of the three
samples.
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the Tauc method. The Tauc equation is defined asαhν =
A(hνEg)n where alpha is the absorption coefficient,hν is
the photon energy andn = 1/2 that defines the type of tran-
sition as a direct allowed transition.

In the inset of Fig. 5 the values of the band gaps
obtained from the three thin films are shown. The
values obtained were 1.51 eV, 1.45 eV, and 1.35 eV
for the samples BaTi(O0.29S0.71)3, BaTi(O0.26S0.74)3, and
BaTi(O0.16S0.84)3, respectively. Two interesting properties
can be highlighted from these results; the first is the direct
dependence that exists between the concentration of sulfur
in the samples and the band gap width. The band gap of
BaTi(O1−xSx)3 can be adjusted using sulfur concentration as
a control, with a higher percentage of sulfur, a smaller width
in the band gap. The second important result is that the band
gap values are within the ideal range of the widths for the
band gap of active materials used in solar cells, which is 1.4
to 1.1 eV [15], so the three films and specifically the sample
BaTi(O0.16S0.84)3 has the characteristics for its application
in solar cells.

4. Discussion

A considerable increase in the presence of sulfur is observed
in the three thin films after being subjected to heat treatment
in a CS2 atmosphere, the increase in the sulfur concentration
and the consequent reduction of oxygen in the sample were
proportional to the thickness of the thin films. The film with
a lower amount of material had a greater increase in the per-
centage of sulfur; this can be explained by the Gibbs-Duheim
relation [33] given in Eq. (2). This expression says that when
the temperature and pressure are constant, the chemical ac-
tivation potential is proportional to the amount of annealed
material.

I∑

i=1

Nidµi = −SdT + V dP, (2)

whereN is the number of particles,µ the chemical potential,
S the entropy,T the temperature,V the volume, andP the
pressure. Since all the heat treatments given to the thin films
were carried out at a constant temperature and pressure, we
are left with:

dµ =
1
N

, (3)

the chemical activation potential is inversely proportional to
the amount of annealed material. Therefore, it can be stated
that the chemical potential is the cause of the exchange of S
for O.

The hexagonal crystalline structure typical of the BaTiS3

chalcogenide perovskite and present in the BaTi(O0.5S0.5)3
used as the precursor, was maintained in the thin films de-
posited and annealed. All of the thin films show excellent

crystallinity, with similar sizes of crystallite, and practically
without changes in the lattice parameters, according to the
results obtained.

Furthermore, in direct correlation with the increase in the
percentage of sulfur, the vibrational modes observed in the
three films show larger intensity signals for the bands related
to sulfur-oxygen bonds. The film with a greater amount of
sulfur shows more defined bonds and confirms the formation
of a quaternary material, as previously reported in recent pub-
lications [36], resulting in the formation of oxysulfide as an
anion in the chalcogenide perovskite compound.

Finally, the most novel result of this work was found in
the optical properties of the BaTi(O1−xSx)3 perovskite thin
films; they have a very high absorption coefficient greater
than5 × 104 cm−1 and band gap values in the range of 1.6
and 1.35 eV, which are within the ideal range required for ac-
tive materials in the application of solar cells. With this value
in the band gap of BaTi(O1−xSx)3 perovskite thin films, it
is also demonstrated that chalcogenide perovskites can reach
band gap values between 1.3 and 1.4 eV, as has been the-
oretically proposed and a situation that until now has been
very difficult to achieve in practice using only sulfur or sele-
nium in the anion site. The band gap of the perovskite films
is closely linked to the amount of sulfur and oxygen in thin
films, and this behavior is explained by the differences in the
electronic configuration that exist between oxygen and sulfur,
since the surplus orbitals present in sulfur 3s and 3p generate
a large number of states in the valence band, which reduces
the width of the band gap. It is important to note that the re-
duction in the band gap occurs in a gradual form using the
sulfur and oxygen concentrations as a control, and the hexag-
onal crystalline structure of the perovskite remains for all the
samples [34,35,37].

5. Conclusions

Thin films of the oxysulfide perovskite compound were de-
posited using the spin-coating deposition technique. All
films presented the hexagonal crystalline structure of the per-
ovskite and very advantageous optical characteristics for their
possible application in solar cells, the most important optical
property being a tunable band gap depending on the percent-
age of sulfur incorporated into the sample, which has been
shown to reach values close to the ideal value of 1.3 eV. The
sample BaTi(O0.16S0.84)3, with a thickness of 289 nm, is the
one that stands out the most in this sense, showing an ab-
sorption coefficient greater than4 × 104 cm−1 in the range
of 600 to 883 nm and a band gap of 1.35 eV, which are ideal
properties for perovskites used as active layer in solar cell
structures. Finally, based on these results, we propose the
fabrication of a p-i-n type solar cell structure, using spiro-
MeOTAD, the perovskite compound in the intrinsic layer, as
the p-type conductor and TiO2 as the n-type semiconductor.
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