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ABSTRACT: Chalcogenide perovskites (such as BaZrS3) are gaining
increasing attention for solar cells due to their lead-free nature and superior
environmental stability. However, a major limitation of BaZrS3 is that its
bandgap (∼1.75 eV) is significantly larger than the ideal bandgap (∼1.34 eV)
required to achieve the maximum theoretical efficiency for a single-junction
photovoltaic cell. In this study, we demonstrate the reduction in bandgap
from 1.75 to 1.4 eV through in situ alloying of titanium (Ti) during chemical
vapor deposition growth, forming BaZr1−xTixS3 thin films. Theoretical study
showed good agreement with experimental observations, demonstrating
feasibility of bandgap tuning of BaZrS3 films.
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The United Nation’s World Meteorological Organization
report on the State of the Global Climate reported 2020

to be one of the three warmest on record despite the cooling
effects of La Niña.1 It highlighted the accelerating climate
change indicators and their worsening impact on socio-
economic development, migration, and food security for
land/marine ecosystems. To address this challenge, some
estimates indicate that global greenhouse gas emissions will
need to be cut by 45% by 2030 from 2010 levels.2 To achieve
this target, the increase of the use of renewable energy is a
must. Among available renewable technologies, the photo-
voltaic (PV) solar cell is a promising technology to convert
solar energy into electricity.
Research in organic−inorganic hybrid perovskites for next

generation optoelectronic devices has experienced very rapid
growth.3 The progress to date has been remarkable: from a
solar cell device efficiency of 3.8% in 20094 to 29.5% in 2020,5

exceeding the maximum efficiency achieved by silicon solar
cells. These perovskites offer excellent charge-carrier mobi-
lities6 and lifetimes,7 resulting in high solar cell device
efficiencies8 at low-cost using industry-scalable technologies.9

However, the achievement of their full potential will require us
to overcome certain barriers related to their stability,
environmental compatibility, and toxicity, but if these concerns
are addressed, perovskite-based technology holds a trans-
formational potential for large-scale solar cell deployment.
To address the stability and toxicity issue of organic−

inorganic hybrid perovskites such as methylammonium lead
halides (CH3NH3PbX3), the use of chalcogenide perovskites
ABX3 (X = S, Se; A, B = metals with the combined valence of
6) was proposed through first-principle calculations for

optoelectronic applications.10 Subsequent experimental efforts
were successful in synthesizing a number of chalcogenide
perovskites.11−14 However, only CaZrS3, CaHfS3, BaZrS3, and
BaHfS3 are expected to be suitable for solar cell applications
from the carrier mobility point of view.15,16 Among these,
BaZrS3 perovskite is the ideal candidate for photovoltaic
applications due to its lowest bandgap of ∼1.7 eV out of the
four.17 Wei et al. reported the synthesis of BaZrS3 thin film
with its distorted perovskite structure and strong light
absorption properties.18 Our previous work has also demon-
strated the superior environmental stability of BaZrS3 thin
films when compared to traditional organic−inorganic hybrid
perovskites such as CH3NH3PbI3.

17 The lack of toxic lead
(Pb), its intrinsic stability under photoexcitation, and moisture
made this chalcogenide perovskite a viable candidate for
optoelectronics.17 However, the ∼1.7 eV bandgap of BaZrS3 is
significantly larger than the ideal bandgap required for
photovoltaic applications. To achieve the maximum theoretical
efficiency of ∼33.7% (Shockley−Queisser limit) for a single
junction photovoltaic cell, the bandgap must be ∼1.34 eV.19 It
has been shown theoretically that the bandgap of BaZrS3 can
be tuned through alloying with titanium (Ti), which lowers the
conduction band minimum,15 and device simulations by
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Nishigaki et al. have shown 38% efficiency in the Ba(Zr,Ti)S3/
c-Si tandem structure.20 Some work has been published to
show the reduction in BaZrS3 bandgap with Ti alloying but
through the powder synthesis approach,21 which is not viable
for solar cell device fabrication (thin film synthesis is required
to fabricate a photovoltaic cell). In this work, we have shown
the synthesis of Ti-alloyed BaZrS3 thin films with a reduced
bandgap of ∼1.4 eV, which is near the maximum efficiency
range. We have also observed instability at higher alloying
concentrations and have shown theoretical work on formation

energies to explain the reason. Such alloyed chalcogenide
perovskite thin films with optimized band gap properties could
offer improved photovoltaic solar cell performance.
A schematic illustration of the Ti-alloyed BaZrS3 film

synthesis process is shown in Figure 1a. The Ti-alloyed BaZrS3
films were obtained by sulfurization of Ti-alloyed BaZrO3
oxide films, which were synthesized by chemical solution
deposition on a quartz substrate through spin coating followed
by annealing in air. Additional details of the fabrication process
are provided in the methods (Supporting Information).

Figure 1. Synthesis and characterization of unalloyed and alloyed BaZrS3 thin films. (a) Schematic illustrating the synthesis of BaZrS3-based
perovskite films. (b) Optical images of BaZrO3 (top), BaZrS3 (middle), and Ti alloyed BaZrS3 (bottom). (c−f) XRD pattern of unalloyed and
alloyed BaZrS3 films at different Ti concentrations of (c) 20−55, (d) 24.5−26.0, (e) 35−37, and (f) 44−45.5 (2θ degrees). (g, h) SEM images of
(g) unalloyed BaZrS3 film and (h) alloyed BaZrS3 film. (i, j) FIB cross-sectional SEM images of (i) unalloyed BaZrS3 film and (j) alloyed BaZrS3
film. The Ti concentrations in (c−f) were taken from the molar ratio of the precursors used during film growth.
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Optical images in Figure 1b confirm that, upon sulfurization,

the oxide films changed from colorless to dark brown. In order

to understand the crystal structure of the fabricated Ti-alloyed

BaZrS3 films, X-ray diffraction spectroscopy (XRD) was

employed.

The XRD pattern of BaZrS3 films with different Ti alloying
(0 to 6%) is shown in Figure 1c. The majority of peaks match
with the standard reference pattern of BaZrS3 (ICDD 15-
0327), confirming that the sample was polycrystalline and
possesses an orthorhombic distorted perovskite structure with
the Pnma space group. Secondary phases match ICDD 72-

Figure 2. DFT assisted bandgap calculations. (a−c) Band structures for the BaZr1−x TixS3 perovskite along the X-Γ-Z-Y-Γ-U-S-Γ-R path and
bandgaps (eV) for different Ti-alloying concentrations: red (0% Ti, 100% Zr), yellow (6.3% Ti, 93.7% Zr), purple (8.3% Ti, 91.7% Zr), green
(12.5% Ti, 87.5% Zr), and blue (25% Ti, 75% Zr) using the (a) LDA functional, (b) PBE functional, and (c) SCAN functional. (d) DOS using the
HSE functional for different Ti-alloying concentrations including smaller concentrations shown in yellow (6.3% Ti, 93.7% Zr), orange (5% Ti, 95%
Zr), and black (4.17% Ti, 95.83% Zr). (e) Bandgap variation with Ti concentrations calculated using different functionals. (f) Ti-alloyed BaZrS3
perovskite supercells with one Ti atom introduced into the supercell. The supercell dimensions from top to bottom are 1 × 1 × 1 with no added Ti
atoms, 1 × 1 × 1 with a single Ti atom introduced, and 2 × 1 × 1 with one Ti atom.
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1679 (BaTiS3) and ICDD 01-0562 (TiO2). The background
signal in the pattern originates from the amorphous quartz
substrate. The enlarged view of the (121), (040), and (240)
peaks of Ti-alloyed BaZrS3 can be seen in Figure 1d−f. A peak
shift is observed at lower Ti-alloying concentrations, and an
increase in secondary phases such as TiO2 starts to take place
at higher Ti-alloying concentrations. The increase in intensity
of TiO2 peaks and an increase in fwhm of BaZrS3 peaks with an
increase in Ti concentration indicate a reduced stability of
BaZrS3 at increasing Ti-alloying concentrations, which is
consistent with our theoretical work discussed later. Note that
the Ti concentrations listed in Figure 1c−f were taken from the
molar ratio of the precursors used during film growth.
The morphology of as-synthesized films was studied using

scanning electron microscopy with the assistance of a focused
ion beam (details in the Supporting Information). SEM images
of both BaZrS3 and Ti-alloyed BaZrS3 confirm the films to be
continuous with some rough patches. This indicates that the
sulfurization step did not rupture the oxide films shown in
Figure 1g,h. The cross-section SEM images of BaZrS3 and Ti-
alloyed BaZrS3 confirms that the films were highly dense with a
thickness ranging from 200 to 260 nm (Figure 1i,j). This is the
correct range of thickness for chalcogenide perovskite
optoelectronic device applications8 including single junction
PV cells.
In order to understand the impact of Ti alloying on the band

gap of BaZrS3 perovskites, density functional theory
(DFT)22−27 calculations were done (simulation details are
mentioned in the Supporting Information). Four different
types of functionals, local density approximation (LDA),
generalized gradient approximation (GGA-PBE) with the
DFT-D correction, strongly correlated and appropriately
normed (SCAN), and the Heyd−Scuseria−Ernzerhof (HSE),
were used to calculate the band gap of BaZrS3 perovskites with
different Ti-alloying concentrations. We explored four different
functionals to establish which one most closely replicates the
experimental results. Figure 2f shows the Ti-alloyed BaZrS3
perovskite supercells with dimensions of 1 × 1 × 1 with no
added Ti atoms, 1 × 1 × 1 with a single Ti atom introduced,
and 2 × 1 × 1 with one Ti atom. Table 1 shows the lattice
parameters used for various functionals. The calculated
parameters show a good match with the experimental values
obtained from Rietveld refinement of our XRD data.
For all functionals, the bandgap vs the Ti concentration was

determined, and the band structure along the X-Γ-Z-Y-Γ-U-S-
Γ-R k-point path was calculated except for when HSE was used
due to HSE being computationally expensive. In addition, the
PBE relaxed coordinates were used for the HSE calculation,
and the density of states (DOS) was calculated for HSE
instead, as shown in Figure 2a−d. For all functionals studied,
the bandgap decreases monotonically as a function of
increasing Ti-dopant concentration, as shown in Figure 2e.
For LDA, the bandgap is heavily underestimated, and the
bandgap decreases less rapidly after an 8.3% Ti-alloying

concentration is introduced. In addition, flat electronic bands
occur at the conduction and valence bands along the Γ-Z path
with a Ti concentration of 25%, but lower Ti concentrations
exhibit a direct bandgap at the Γ point (Figure 2a). PBE also
underestimates the bandgap but not as significantly as LDA.
There is a sharp decrease in the bandgap between a 6.3% and
8.3% Ti concentration when using PBE, and similar to LDA, a
flat electronic band occurs along the Γ-Z path but only in the
conduction band for a 25% Ti-alloying concentration (Figure
2b). SCAN gives a better bandgap estimate than both LDA
and PBE, and the bandgap decreases linearly as a function of
the Ti concentration and exhibits a flat electronic band in the
conduction band along the Γ-Z path similar to PBE with a Ti
concentration of 25% (Figure 2c). For HSE, the predicted
pristine BaZrS3 bandgap is the closest to the experimentally
observed bandgap (∼1.7 eV), making HSE the best functional
to estimate the numerical value of the bandgap. The bandgap
decreases asymptotically as a function of the Ti concentration,
which is the closest to the experimental findings (see Figure
3e). When a Ti-alloying concentration of 6.3% to 8.3% is
utilized, the bandgap is ∼1.3 eV, which is nearest to the
maximum efficiency described by the Shockley−Queisser
limit.19 For LDA, PBE, and SCAN, the Ti alloying results in
a roughly linear trend in the bandgap vs Ti concentration
graphs, whereas HSE more closely replicates the asymptotic-
like behavior found in the experimental observations. While
HSE is the most precise, it is also the most computationally
expensive of the functionals examined.
X-ray photoelectron spectroscopy was employed to inves-

tigate chemical bonds in Ti-alloyed BaZrS3 and Ti-alloyed
BaZrO3 films (Figure 3a−c). A C−C bond, observed due to
adsorbed carbon species on films at 284.6 eV binding energy,
was used as a reference. High-resolution Zr 3d XPS spectra of
Ti-alloyed BaZrO3 shows the appearance of three peaks at
∼177.5, ∼181, and ∼184 eV, which can be attributed to Ba 4p,
3d5/2, and 3d3/2 spin−orbital doublets of the Zr−O bond,
respectively (Figure 3a). Similarly, in the case of Ti-alloyed
BaZrS3, three peaks at ∼179, 182.5, and ∼185 eV were
observed, which can be attributed to Ba 4p, Zr−O/Zr-S 3d5/2,
and Zr−O/Zr-S 3d3/2, respectively. The observation of the
slight right shift in the XPS peaks can be due to the loss of
electrons by Zr during sulfurization. An increase in relative
intensity of the Ba 4p XPS peak can be attributed to a decrease
in Zr concentration due to an increase in the amount of Ti
alloying. According to the NIST XPS database, Zr−O and Zr−
S bonds appear almost at the same binding energy, making it
difficult for us to distinguish. High-resolution Ti 2p XPS
spectra of Ti-alloyed BaZrO3 shows the appearance of two
peaks at ∼458 and ∼463.5 eV and can be attributed to the
2p3/2 and 2p1/2 spin−orbital doublet of Ti−O, respectively
(Figure 3b). However, in the case of Ti-alloyed BaZrS3, four
peaks appeared at ∼455, 458.5, ∼463, and ∼465 eV and can be
attributed to Ti−S 2p3/2, Ti−O 2p3/2, Ti−S 2p1/2, and Ti−O
2p1/2, respectively. This confirms the successful alloying of Ti

Table 1. Lattice Parameters (a, b, c) and Unit Cell Angles (α, β, γ) for the BaZrS3 Perovskite from Rietveld Analysis of Our
Experimental XRD Data and Calculation Results for Different Functionals Used

experiment PBE (w/DFT-D) LDA SCAN

a = 7.01 Å a = 7.03 Å a = 6.87 Å a = 7.03 Å
b = 7.04 Å b = 7.15 Å b = 7.03 Å b = 7.11 Å
c = 9.96 Å c = 10.08 Å c = 9.84 Å c = 10.07 Å
α = β = γ = 90° α = β = γ = 90° α = β = γ = 90° α = β = γ = 90°
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in BaZrS3. In the case of high-resolution O 1s XPS spectra, Ti-
alloyed BaZrO3 shows the appearance of two peaks at ∼529
and ∼531 eV, which can be attributed to Zr−O/Ba-O and Ti−
O peaks. However, in the case of Ti-alloyed BaZrS3, only one
peak appears at ∼532.5 eV due to Ti−O. This confirms the
successful sulfurization of the film. Lastly, in the case of Ti-
alloyed BaZrO3, no sulfur presence was observed, whereas Ti-

alloyed BaZrS3 shows a considerable amount of sulfur, further
indicating successful sulfurization. High-resolution S 2p XPS
spectra in Ti-alloyed BaZrS3 shows a very broad peak in
∼160−166 eV and can be deconvoluted into 2p3/2 and 2p1/2
spin−orbital doublets of Zr−S, Ti−S, and Ba−S. The peak
around ∼169 eV can be due to SOx

y−. Overall, XPS analysis
confirms the successful synthesis of Ti-alloyed BaZrS3 thin

Figure 3. (a−c) High resolution X-ray photoelectron spectroscopy of BaTi0.04Zr0.96O3 and BaTi0.06Zr0.94S3 showing Zr (3d), Ti (2p), and S (2p)
spectra. (d) Photoluminescence of BaTixZr1−xS3 films at different Ti-alloying concentrations. (e) Experimental and calculated (using HSE
functional) bandgap variation with Ti concentration. The optimal bandgap range (from Shockley−Queisser theory) for PV materials is shown in
the graph as the gray colored band. (f) Formation energies for the Ti-alloyed BaZrS3 perovskite for different Ti concentrations calculated from the
LDA and PBE functionals. Note that Ti concentration values in (d) are taken on the basis of the molar ratio of the precursors used during growth,
while in (e), the Ti concentrations were obtained from XPS spectroscopy.
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films. The atomic percentage of Ti was also calculated from the
XPS survey by averaging multiple points on the film and is
used in Figure 3e to show the experimental vs HSE bandgap
variation with Ti concentration.
Photoluminescence (PL) spectroscopy was employed to

experimentally verify the change in band gap in BaZrS3 due to
Ti alloying. As shown in Figure 3d, pure BaZrS3 films (with no
Ti alloying) show a broad peak centered at ∼725 nm
wavelength, which corresponds to a band gap of ∼1.75 eV.
This is consistent with previously calculated and reported
values.10,17 With the increase in Ti-alloying concentration (0 to
6%), three major differences in PL spectroscopy were
observed: (1) a red-shift in the wavelength of the maximum
PL intensity indicated a reduction in the bandgap of BaZrS3
from 1.7 to 1.4 eV with Ti alloying. Such variation in the band
gap is consistent with our bandgap calculations using HSE
functional DFT (Figure 3e). The drop in the band gap to 1.4
eV is close to the maximum efficiency range described by the
Shockley−Queisser theory for single-junction solar cells. (2)
Significant quenching of the PL intensity indicated the
formation of recombination centers due to an increase in
defects resulting from Ti alloying and secondary phase
formation. (3) Broadness in the PL peaks further indicated
heterogeneity and defect formation (especially at higher
alloying concentration). Note that the PL peak widths did
not show a clear trend with respect to Ti-alloying
concentration. We expect this is because, as the film quality
becomes more heterogeneous (i.e., less uniform), there will be
changes in peak width depending on the location from which
the PL data is extracted.
No further reductions in the bandgap for Ti-alloying

concentrations above 6% were observed in the experiments
and can be due to phase separation at higher Ti-alloying levels.
For example, the PL spectra of the 8% Ti-alloying film (Figure
3d) shows both quenching of the PL intensity and a slightly
higher bandgap than the 6% sample. Therefore, there is no
further benefit to be gained by going above an ∼6% Ti
concentration. The stability of Ti-alloyed BaZrS3 perovskites
was evaluated by calculating the formation energies (Eform)
using the relation:

= − + −‐E E E E ES Sform Ti BaZr BaZr Zr Ti3 3

where EBaZrS3 is the pristine BaZrS3 energy, ETi‑BaZrS3 is the Ti-
alloyed BaZrS3 energy, and EZr and ETi are the elemental
energies for Zr and Ti, respectively, obtained from the LDA
and PBE functionals. Figure 3f shows that, with an increase in
Ti concentration, the perovskite becomes less stable (i.e., more
prone to defects), which is in agreement with our XRD and PL
results. This explains why increasing the Ti-alloying concen-
tration beyond ∼6% was not possible in the experiments.
To conclude, we have successfully synthesized Ti-alloyed

BaZrS3 thin films through a facile chemical vapor deposition
technique based on the sulfurization of oxide films. At lower
Ti-alloying concentrations (up to 6%), the films show a
reduction in bandgap from 1.75 to 1.4 eV, which is near the
maximum efficiency range described by the Shockley−
Queisser limit.19 In contrast to this, higher Ti-alloying
concentrations (>6%) yield destabilization of the chalcogenide
perovskite phase, which is consistent with our theoretical work.
Optimal bandgap combined with the nontoxicity and high

environmental stability of these films can make Ti-alloyed
BaZrS3 thin films a promising candidate for optoelectronic

devices. Besides Ti, other possible alloying elements (Ca, Hf,
La, etc.) should be considered as part of the future work and
compared to Ti-alloyed BaZrS3 films. A concern, though, is the
high-temperature synthesis, which is not compatible with
device fabrication and also leads to rough film surface
morphology. Therefore, future work should also focus on
reducing the synthesis temperature of these films.
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