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Abstract 

Chalcogenide perovskites are gaining prominence as earth-abundant and non-toxic solar absorber materials, 
crystallizing in a distorted perovskite structure. Among these, BaZrS3 has attracted the most attention due 
to its optimal bandgap and its ability to be synthesized at relatively low temperatures. BaZrS3 exhibits a 
high light absorption coefficient, excellent stability under exposure to air, moisture, and heat, and is 
composed of earth-abundant elements. These properties collectively position BaZrS3 as a promising 
candidate for a wide range of applications, although traditional high-temperature synthesis has primarily 
been a significant challenge. In this review, we provide a critical discussion of the various synthesis methods 
employed to fabricate BaZrS3, including solid-state synthesis, nanoparticle synthesis, and vacuum-based as 
well as solution-based approaches to synthesize thin films. We also comprehensively examine the 
experimentally measured and theoretically calculated optical, optoelectronic, electronic, and defect 
properties of BaZrS3. Furthermore, this review highlights the functional devices based on BaZrS3, 
showcasing applications spanning photovoltaics, photodetection, thermoelectrics, photoelectrochemical 
water splitting, piezoelectricity, and spintronics. Lastly, we propose a future roadmap to maximize the 
potential of this material. Additionally, this review extends its focus to BaHfS3 and BaTiS3, discussing their 
synthesis methods, properties, and explored applications, thereby offering a comparative perspective on 
this emerging family of chalcogenide perovskites. 
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1. Introduction  
 
The demand for innovative semiconductors is growing in response to technological progress across various 
sectors.1–7 A notable area of focus is the expanding photovoltaics market, which calls for high-quality, cost-
effective semiconductors with optimal properties. Photovoltaics are expected to become a primary 
renewable energy source by the 2050s, emphasizing the need to improve existing solar cell technologies' 
efficiency.8–10 Furthermore, there is a push to discover, synthesize, and validate the optoelectronic 
properties of emerging materials. 

Despite the longstanding dominance of single-junction silicon solar cells in the photovoltaic (PV) market, 
concerns about efficiency stagnation have prompted interest in transitioning to tandem solar cells. These 
cells can utilize the solar spectrum more effectively, increasing power output per unit area. Although 
tandem solar cells can theoretically have more than two junctions, the efficiency gains beyond two junctions 
may not outweigh the additional costs.11–15 The ideal bandgap for the bottom layer is between 0.9-1.1 eV, 
while it ranges from 1.6 to 1.9 eV for the top layer. While options for the bottom layer include Cu(In,Ga)Se2 
(CIGSe), and silicon, lead halide perovskites are ideally suited for the top layer. Lead halide perovskites 
offer exceptional potential for optoelectronic applications; however, concerns persist about their toxicity 
and sensitivity to air and moisture.16–18 

Efforts such as encapsulation to contain lead and replacing lead with tin or germanium aim to address 
toxicity concerns associated with halide perovskites. Additionally, surface passivation and using 2D 
perovskites or 2D/3D perovskite composites show promise for enhanced stability.19,20 However, any 
reduction in module lifetime for silicon/perovskite tandems compared to single-junction silicon modules 
after deployment would negate the benefits of transitioning to tandem solar cells from single-junction. Until 
substantial improvements in the stability of lead halide perovskites are achieved, justifying the deployment 
of lead halide perovskite-based tandem PVs remains challenging. 

Chalcogenide perovskites have demonstrated early potential for tandem photovoltaic (PV) applications 
alongside other materials among emerging semiconductors. These materials adopt an ABX3 structure, 
where A generally represents Ba, Sr, Ca, or Eu; B represents Zr or Hf; and X represents S (and in some 
specific cases Se). With bandgaps ranging from 1.7 to 2.4 eV, these materials exhibit corner-sharing 
octahedra similar to lead halide perovskites, facilitating favorable carrier transport properties.21–26 For 
example in BaZrS3, the Zr⁴⁺ cations are coordinated by six S²⁻ anions, forming ZrS6 octahedra. These 
octahedra are corner-shared, forming a 3D network. The Ba²⁺ cations are located in the interstices of the 
network formed by the ZrS6 octahedra. Orthorhombic BaZrS3 exhibits slight tilting and rotation of the 
octahedra (7.027° out-of-phase tilt and 9.0005° in-phase tilt). The absence of this tilting could potentially 
reduce the bandgap by approximately 0.65 eV.27,28 Sopiha et al. compiled the formation energies of several 
of these compounds and predicted that Ba, Sr, and Ca-based perovskites are stable against decomposition 
into binaries, with the perovskite phase being the ground state at room temperature.23 

The ABX3 formula encompasses a range of crystal structures beyond the traditional perovskite 
arrangement, including the hexagonal BaNiO3-type and needle-like NH4CdCl3-type structures, 
characterized by face-sharing and edge-sharing octahedra. However, these structures inhibit efficient charge 
transport, making them less suitable for photovoltaic applications. Nonetheless, BaTiS3 and SrTiS3 in 
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hexagonal structures have shown promise for thermoelectric applications.29–31 The stability of an ABX3 
compound in a perovskite structure can be estimated using tolerance (t) and octahedral (µ) geometric 
factors. A stable octahedral configuration is indicated by a µ factor between 0.41 and 0.73, while stability 
in the perovskite crystal structure corresponds to a t factor between 0.85 and 1.05. Values of t above 1.05 
typically result in a hexagonal BaNiO3-type crystal structure, while t below 0.85 leads to needle-like 
structures.23,26,32–39 However, most chalcogenide perovskites fall short of meeting the octahedral factor 
criteria and only marginally satisfy the tolerance factor requirement. Consequently, chalcogenide 
perovskites often adopt a distorted orthorhombic structure, distinct from the cubic structure of lead halide 
perovskites.23,25 The impact of this structural distortion on the optoelectronic and transport properties of 
chalcogenide perovskites remains an area of ongoing investigation. Figure 1 shows the crystal structures 
of BaZrS3, BaHfS3, and BaTiS3. While BaZrS3 and BaHfS3 exhibit distorted perovskite structures, BaTiS3 
adopts a hexagonal BaNiO3-type structure.40 In BaTiS3, Ti⁴⁺ ions are coordinated by six S²⁻ ions, forming 
TiS₆ octahedra. These octahedra are linked together along the c-axis, creating infinite one-dimensional 
chains. The Ba²⁺ ions are situated between these chains, providing charge balance and structural stability. 

 

Figure 1. Crystal structures of BaZrS3, BaHfS3, and BaTiS3. BaZrS3 and BaHfS3 exhibit distorted perovskite 
structures, while BaTiS3 adopts a hexagonal crystal structure.  

Other than BaZrS3, Sr-based perovskites have also garnered notable interest from the research community 
due to their similarly exciting properties, with SrHfS3 exhibiting strong green emission.41–45 While the term 
"chalcogenide perovskites" is frequently used, this family of compounds predominantly consists of sulfide 
materials, with LaScSe3 being the only selenide perovskite reportedly grown under thermal equilibrium 
growth conditions.46 Additionally, some tellurium-based compounds have been predicted, such as ACeTe3 
(A = Ca, Sr, and Ba), which take on a distorted perovskite phase, though they have not yet been 
experimentally synthesized.47 Beyond ABX3 phases, the Ba-Zr-S system also supports the formation of 
layered 2D Ruddlesden-Popper phases. These phases have been shown to have lower bandgaps compared 
to BaZrS3, with strong photoluminescence and high carrier lifetimes, making them promising for 
optoelectronic applications.27,28,48–51 However, these compounds have primarily been reported as phase-pure 
only at high temperatures, and their challenging synthesis remains a bottleneck.48 Moreover, some first-
principle studies have reported exciting combinations of double chalcogenide perovskites, though their 
syntheses have not yet been achieved.52–54 

The lower electronegativity of chalcogenides compared to oxides or halides leads to reduced 
electronegativity differences between the cations and anions, thereby decreasing the ionic nature of the 
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bonds and increasing covalency. This increased covalency contributes to achieving bandgaps in the visible 
range for chalcogenide perovskites. Jess et al. and Turnely et al. argued that due to the increased covalency 
in chalcogenide perovskites, using Shannon ionic radii derived from oxide materials in geometric factors is 
not ideal for predicting the structure of chalcogenide perovskites. They have proposed modifications to the 
existing rules to determine the correct phase, such as including the electronegativity differences between 
the cation and anion in predictions and utilizing ionic radii derived from a sulfide dataset instead. Their 
studies have also led to the prediction of a host of new possible chalcogenide perovskites, which should be 
further explored.55,56  

 

Figure 2. Schematic highlighting the notable properties of chalcogenide perovskites. 

All synthesized chalcogenide perovskites exhibit promising properties, and their varying bandgaps make 
them suitable for various applications (see Figure 2). Notably, these materials feature tunable bandgaps, 
which can be adjusted by changing the elements in the structure or by alloying different elements, resulting 
in a wide range of bandgap values.23,57–61 Despite crystallizing in the perovskite structure, they offer 
enhanced stability against air, moisture, and heat, combining the attractive features of the perovskite crystal 
structure with the robustness of chalcogenide semiconductors.48,62–65 Composed of earth-abundant elements 
primarily sourced from the top 20 elements in the Earth's crust, they align with sustainability goals (see 
Figure 3 for the relative abundance of elements).23,66 DFT-predicted high absorption coefficients on the 
order of 105 cm-1 have been experimentally confirmed.67,68 Additionally, properties such as high dielectric 
constant, low thermal conductivity, and high Seebeck coefficient suggest potential applications beyond 
photovoltaics.66,69 Figure 4 shows the high dielectric constant observed for cold-sintered BaZrS3 powder 
and BaZrS3 single crystals, among the highest reported for chalcogenide semiconductors. While other 
expected properties, such as strong photoluminescence, defect tolerance, and high carrier mobility, require 
further experimental validation, chalcogenide perovskites remain in the early stages of research and 
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development. The only reported device utilizing chalcogenide perovskites in a typical thin film architecture 
has been demonstrated for LaYS3, indicating significant opportunities for other chalcogenide perovskite 
materials.70 Additionally, other notable candidate of this family Ca3Sn2S7 has been predicted to possess 
graphene-like linear electronic dispersion, an ultrasmall effective mass, and high carrier mobility. 71  

 

Figure 3. Schematic illustrating the relative abundance of Ba, Zr, and S in comparison to other key elements utilized 
in thin-film photovoltaic applications. Reproduced with permission.66 Copyright 2024, Elsevier.  

The synthesis of these materials has been reported in the literature with varying levels of difficulty, with 
BaZrS3 and BaHfS3 being synthesized at the lowest temperatures.62,72–74 Among these, BaZrS3, with its ideal 
bandgap of 1.7-1.9 eV for photovoltaic applications, has exhibited defect tolerance and a high dielectric 
constant. However, a deeper understanding of the key factors for achieving phase-pure synthesis is required. 
Despite significant progress in synthesizing BaZrS3 at high temperatures, efforts to replicate this success at 
lower temperatures (<600°C) more suitable for practical applications have been challenging. Although 
many reports have successfully produced contiguous BaZrS3 films at high temperatures, none have 
achieved this at lower temperatures, highlighting a significant hurdle. 48,62 Figure 5 summarizes the 
strengths of chalcogenide perovskites (especially BaZrS3) and the areas where further work is needed. 
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Figure 4. Dielectric constant of BaZrS3 and other inorganic materials. a) Comparison of the dielectric constant for 
densified BaZrS₃ obtained through cold-sintering and single crystal BaZrS₃. b) Plot illustrating the relationship 
between the dielectric constant and bandgap for various inorganic materials. a) and b) Reproduced with permission.69 
Copyright 2021, Springer Nature. 

Due to the high potential of BaZrS3 in photovoltaic applications and significant interest from the research 
community in advancing this material, this report aims to review successful synthesis methods for BaMS3 
(M = Ti, Zr, Hf) compounds and their intriguing properties and applications. Additionally, it provides 
insights to bridge the gaps in synthesis methods, paving the way for the fabrication of contiguous BaMS3 
films at low temperatures within practical time frames. 

 

Figure 5. Schematic depicting the current status of chalcogenide perovskites, with a particular focus on BaZrS₃, in 
photovoltaic applications. 

2. Synthesis of BaMS3 compounds  

Chalcogenide perovskites, often seen as potential high-performing alternatives to halide perovskites, have 
struggled to match the rapid advancement of their halide counterparts, primarily due to the harsh growth 
conditions required for their synthesis. BaZrS3 is one of the most extensively studied chalcogenide 
perovskites, owing to its optimal bandgap and relative ease of synthesis compared to other chalcogenide 
perovskites. However, the synthesis temperatures for BaZrS3 have typically been much higher than those 
required for other chalcogenide semiconductors such as Cu(In,Ga)Se2, Cu2ZnSnSe4, and AgInSe2.75–79 
Nonetheless, recent years have witnessed the development of numerous methods for the synthesis of BaZrS3 
and other chalcogenide perovskites. These methods range from flux-driven solid-state synthesis and 
epitaxial-based film growth techniques to solution-processing approaches, among others (see schematic in 
Figure 6 for the four broad class of synthesis methods).  

2.1. High-Temperature Synthesis  

2.1.1. Solid-state Synthesis 
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The challenges of high-temperature synthesis have resulted in a wealth of literature focusing on BaMS3 
powders rather than thin films. The first reported synthesis of BaZrS3 occurred in 1956 when Hahn and 
Mutschke combined binary sulfides and heated the powder mixture to temperatures exceeding 1000°C for 
several weeks to produce BaZrS3.80 The high stability of starting materials such as metal sulfides, oxides, 
and carbonates, coupled with the lack of flux, necessitated elevated temperatures for the growth of BaMS3 
powders, often surpassing 900°C.62,67,68 Early transition metals like Ti, Zr, and Hf, known for their high 
oxophilicity and strong metal-oxygen bonds, have further complicated the synthesis conditions.81,82 

Despite these challenges, the preferred method for the solid-state synthesis of BaMS3 compounds has been 
the CS2 sulfurization of oxide powders. This process involves continuously flowing CS2 through oxide 
powders maintained at temperatures exceeding 1000°C for several hours to days.40,48,83–86 In this method, 
oxide materials were reduced to their sulfide forms. According to thermodynamic calculations by Agarwal 
et al., CS2 sulfurization of oxides is thermodynamically feasible at lower temperatures (<600°C) but may 
not be kinetically feasible at these temperatures.73 Nishigaki et al. demonstrated a synthesis approach that 
involved mixing binary sulfide powders, pelletizing them, and subsequently annealing at temperatures 
exceeding 1000°C for several days.67 Additionally, single crystals of BaZrS3 have been produced using the 
BaCl2 flux and I2 vapor transport methods.27,28,64 In both instances, barium sulfide, zirconium powder, and 
sufur pieces were combined with flux to accelerate mass transfer, resulting in several microns in size 
crystals. While these methods successfully achieved the desired crystal sizes, they pose a risk of leaving 
behind chlorine or iodine impurities in the growing crystals due to the high affinity of alkaline earth metals 
for halides. This could impact the material's intrinsic properties, which are not yet fully understood. 
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Figure 6. Schematic illustrating the various synthesis methods used for the preparation of BaZrS₃ and related 
compounds. 

In an attempt to create dense pellets of BaZrS3, Filippone et al. achieved high densification of BaZrS3 
powders at 450°C and 425 MPa by adding approximately two wt% iodine.87 Their method, conducted under 
ambient conditions, did not lead to significant oxidation. Moreover, the boron-chalcogen method has 
previously been shown to convert various metal oxides into metal sulfides at moderate temperatures. 
Bystricky et al. extended this method to chalcogenide perovskites, using metal oxides and carbonates as 
precursors to form ternary compounds.88 Notably, they obtained nearly phase-pure BaZrS3 from oxide 
precursors at 600°C within a few hours of heat treatment using their flowing tubular furnace (see Figure 
7.a). However, this method can introduce residual boron impurities into the target material. Although boron 
oxide is water soluble and can be removed with a light water wash, some water-insoluble boron oxysulfide 
impurities may remain. 

 

Figure 7. a) Schematic illustrating the conversion of binary and ternary oxide powders into ternary chalcogenides 
using boron and sulfur. a) Adapted with permission.88 b) Schematic depicting the conversion of ZrO₂ into ZrS₃ using 
HfH₂ and sulfur. b) Reproduced with permission.73 Copyright 2023, Royal Society of Chemistry. 

In another significant contribution, Agarwal et al. used HfH2 and sulfur in ampule sulfurization to create an 
H2S-HfS3 oxygen shuttle-sink system that converts oxide materials into sulfides at temperatures up to 600°C 
(schematic shown in Figure 7.b).73 This approach is notable because Hf does not interact with the BaZrS3 
film, thus avoiding potential impurity contamination. 

2.1.2. Thin Films 

The Ravichandran, Koratkar, and Zeng groups have been pioneers in the thin-film synthesis and 
characterization of BaZrS3, playing a pivotal role in showcasing its potential. Despite the potential of 
BaZrS3, there have been few reports on its thin-film synthesis, and most of these involve high temperatures 
(>800-900°C), making them unsuitable for monolithic integration with the bottom layer in silicon solar 
cells. Successful thin-film synthesis of BaZrS3 requires closely packed, oriented grains on an affordable 
substrate, potentially a type of glass that can withstand optimized temperatures. However, thin-film 
synthesis in the field of chalcogenide perovskites has faced numerous challenges due to barriers in the 
synthesis process. Operating at high temperatures can alleviate some of these challenges, but the drawbacks 
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of high-temperature methods in solar cell fabrication necessitate learning from these methods to inform the 
development of lower-temperature alternatives.  

In recent notable advancements, the Jaramillo group at MIT successfully grew BaZrS3 films on LaAlO3 
substrates using molecular beam epitaxy with an atomically sharp interface. Figure 8.a shows the lattice 
constants of commonly available commercial substrates and chalcogenide perovskites. They deposited thin 
films using elemental Ba and Zr alongside H2S gas with the substrate temperature maintained at 900°C.89 
The films grew through two different mechanisms: buffered epitaxy, which creates a specific interface layer 
to alleviate strain, and direct epitaxy, in which the layers rotate to align despite significant differences in 
lattice size between the oxide and sulfide perovskites (shown in Figure 8.b). However, the epitaxially 
grown films exhibited planar defects, including antiphase boundaries, as demonstrated in Figure 8.c. 
Nonetheless, this method holds the potential for tuning the structure of sulfide perovskites and investigating 
the resulting properties. The group also expanded this technique to become the first, and currently the only, 
method to synthesize BaZr(S,Se)3 films.90 

Previously, Ravichandran group developed epitaxial BaZrS3 thin films using pulsed laser deposition (PLD) 
on LaAlO3/SrLaAlO4 substrates (see Figure 8.d).72 They employed BaZrS3 as the target material and 
deposited films with a background of H2S-Ar, depositing films in a single step at relatively low temperatures 
of 700-850°C. The significant variations in vapor pressure between the cations and sulfur source presented 
challenges, which their approach sought to address. While the films displayed epitaxial qualities near the 
film-substrate interface (as can be seen in Figure 8.e), they exhibited extended defects such as grain 
boundaries and Ruddlesden-Popper faults further from the interface. Surendran et al. also attempted to grow 
epitaxial films of quasi-1D BaTiS3 using the same method, finding that the films exhibited weak epitaxial 
growth near the interface but were highly textured in the out-of-plane direction.91 

The CS2 sulfurization of oxide powders has proven successful in converting oxide powders into sulfides. 
However, the process is energy-intensive and typically requires high-temperature treatments. Koratkar 
group adapted CS2 sulfurization to films by depositing oxide films using solution deposition and heating 
them with a flowing mixture of CS2 and nitrogen at temperatures exceeding 1050°C (depicted in Figure 
9.a).62,92 This approach resulted in relatively uniform polycrystalline BaZrS3 thin films on quartz substrates. 
While notable, this method may lead to some oxide impurities in the film and thus requires careful 
evaluation. 

Similarly, Zeng group deposited BaZrO3 film and amorphous Ba-Zr-S film using pulsed laser deposition 
(PLD) and converted them to BaZrS3 using CS2 sulfurization.57,86,93 In another study, Dhole et al. used an 
aqueous solution route via polymer-assisted deposition (PAD) and sulfurized polymer-chelated cation 
precursor films with a flowing mixture of CS2 and argon at 900°C.94 Although their approach is significant, 
the resulting films exhibited a polycrystalline texture with nanometer-sized grains. 
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Figure 8. Epitaxially grown BaZrS3. a) Comparison of pseudocubic lattice constants for chalcogenide perovskites 
and commercially available crystal substrates: d, diamond; YSZ, yttria-stabilized zirconia. Orange represents 
selected chalcogenide perovskites, gray denotes pseudocubic lattice constants of commercially available substrates, 
and blue indicates pseudocubic lattice constants scaled by a factor of sqrt 2. b) HAADF STEM images of a BaZrS3 
film grown on an LaAlO3 substrate, showing two distinct epitaxial growth modes: b1) the predominant mode with 
pseudocubic edges aligned (growth mode M1), and c1) the rotated cube-on-cube mode with direct bonding (growth 
mode M2). Insets display magnified images with overlaid atomic species. c) STEM HAADF images revealing 
planar defects, including antiphase boundaries located at substrate step edges. Yellow and blue squares denote 
dimmer (Zr/S) and brighter (Ba) atom columns, respectively, adjacent to the antiphase boundary. Atom columns 
associated with growth mode M2, which may nucleate at substrate steps, are also faintly visible in the left-center 
region of the image. a), b) and c) Reproduced with permission.89 Copyright 2021, Wiley. d) HAADF image of 
BaZrS3 (BZS) film grown on an SLAO substrate, along with an image showing the polycrystalline nature of the 
BZS film. e) Atomic-resolution HAADF images of the BZS/SLAO interface, indicating the orientation of the BZS 
film in this region. d) and e) Reproduced with permission.72 Copyright 2021, American Chemical Society. 

While CS2 sulfurization is a more common method for converting oxide films into ternary sulfides, H2S 
sulfurization has also been explored in some studies. Marquez et al. sulfurized their amorphous Ba-Zr-O 
films at temperatures ranging from 700-1000°C under a continuous flow of 5% H2S, finding increased 
crystallinity and sulfur content at higher temperatures.68 However, the sulfurized films contained notable 
oxide impurities along with ternary BaZrS3, with the sulfur content reaching a maximum of 0.85 S at%/(S 



11 
 

at% + O at%). They also reported that no solid solution of BaZrO3 and BaZrS3 was observed, and separate 
diffraction peaks for BaZrO3 and BaZrS3 were present. 

Ramanandan et al. investigated the sulfurization mechanism of amorphous Ba-Zr-O films using H2S 
treatment.95 They found that the initial amorphous Ba-Zr-O film converted into crystalline BaZrO3 and 
amorphous Ba-Zr-S at 700°C. The crystalline BaZrO3 became amorphous at higher temperatures, forming 
an amorphous Ba-Zr-O-S phase from which crystalline BaZrS3 nucleated alongside ZrO2 at temperature 
increased above 900°C (see Figure 9.b). Their study suggests that the diffusion of sulfur-containing species 
is the rate-limiting step, necessitating high-temperature synthesis. It also highlights that low partial 
pressures of H2S may not completely sulfurize the oxide film in a reasonable time due to slow kinetics. A 
mixture of H2 and H2S could be tested, as H2 could aid in removing oxides while H2S sulfurizes the film. 
However, concentrations of H2S exceeding 4.3% in air become flammable and pose a safety hazard, so 
proper protocols must be followed. 

 

 

Figure 9. Conversion of Ba-Zr-O into BaZrS3 at temperatures exceeding 900°C. a) Schematic illustrating the 
synthesis of BaZrS3 film from an oxide precursor film, which is sulfurized in a CS2 environment. a) Reproduced 
with permission.96 Copyright 2021, American Chemical Society. b) Schematic depicting the synthesis of BaZrS3 
film from a pulsed laser deposited amorphous Ba-Zr-O film, followed by sulfurization with H2S. b) Reproduced 
with permission.95 Copyright 2023, IOP Science. 

In a notable achievement, Comparotto et al. synthesized BaZrS3 films by annealing amorphous Ba-Zr-S 
films, initially deposited via physical vapor deposition (PVD) at varying temperatures starting at 600°C. 
They found that the phase purity of BaZrS3 films improved as annealing temperatures increased to 900°C, 
after which secondary oxide phases were observed at 1000°C. 97  
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All the above methods relied on a mixed precursor film to synthesize BaZrS3. In an alternative approach, 
Freund et al. proposed a bilayer strategy in which they deposited a BaS layer onto zirconium foil and then 
sulfurized it in a flowing sulfur vapor environment at temperatures below 500°C.98 However, this process 
resulted in the formation of BaS3 film without the nucleation of ternary BaZrS3, potentially due to surface 
oxidation of the Zr foil or diffusion limitations at the operating temperatures, which prevented the reaction 
of BaS3 with Zr to form a ternary phase. Similarly, Jamshaid et al. applied a 300-600 nm layer of BaS onto 
a zirconium layer on a SiC substrate and sulfurized it under flowing sulfur at 1000°C, resulting in BaZrS3 
nucleation.99 

Overall, these high-temperature methods provide valuable insights into the reactivity of various sulfur 
sources in converting oxides into sulfides. They also emphasize the challenges of sulfurizing highly stable 
oxide phases and underscore the need for using more reactive precursors to achieve faster kinetics and 
complete conversion. 

 

Figure 10. Schematic illustrating the working principles of: (a) S2Cl2 vapor transport agent, (b) BaS3 liquid flux, and 
(c) BaSx (x>3) liquid flux. a) Reproduced with permission.100 Copyright 2023, American Chemical Society. b) 
Reproduced with permission.101 Copyright 2023, Wiley. 

2.2. Low-Temperature Synthesis 

2.2.1. Flux-assisted solid-state synthesis 

As noted earlier, most initial studies on BaZrS3 synthesis involved high temperatures (>900°C) to produce 
bulk powders and thin films. The necessity for high temperatures was driven by using highly stable 
precursors such as oxides and carbonates, followed by sulfurization with CS2 and H2S. In many cases, the 
lack of flux resulted in slow mass transfer and required prolonged high-temperature reactions. It is essential 
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to recognize that while a compound may be thermodynamically stable compared to binary compounds at 
lower temperatures, it may still require annealing at higher temperatures to overcome kinetic barriers. 
Introducing a liquid flux, a transport agent, or a sulfur source can help lower kinetic barriers, facilitating 
faster synthesis at lower temperatures. 

Wang et al. achieved a notable milestone by synthesizing BaZrS3 at 500°C using a BaCl2 flux in the 
presence of excess sulfur, representing the lowest reported temperature for producing phase-pure BaZrS3 
in bulk form.102 Yang et al. later elucidated the mechanism of this reaction, explaining that sulfur interacts 
with chlorine from BaCl2 to form S2Cl2 vapor, which acts as a transport agent and reduces the synthesis 
temperature. Confirming their hypothesis, they sealed binary sulfide precursors in an ampule with S2Cl2 
liquid and reacted them at 500°C for 3 hours, successfully producing phase-pure BaZrS3 (see Figure 
10.a).100 Similarly, Ravi et al. synthesized BaZrS3 nanopowder using BaS, Zr, and stoichiometric sulfur at 
600°C with the assistance of an I2 transport agent.65 Despite the benefits of lowering the synthesis 
temperature, both S2Cl2 and I2 may introduce chlorine and iodine impurities, respectively, which could 
adversely affect the intrinsic properties of emerging semiconductors that are not yet fully understood. We 
performed thermodynamic calculations to validate this hypothesis, confirming that barium possesses one 
of the highest affinities for halide atoms among all elements in the periodic table.103 

An ideal flux would consist of the same elements that form the desired compound, minimizing the potential 
for unwanted impurities. In this context, Vincent et al. identified a liquid flux of BaSx (x > 3) that forms at 
temperatures above 525°C in a saturated sulfur environment, suitable for synthesizing BaMS3 
compounds.101 They demonstrated the efficacy of this method on thin-film samples prepared using a hybrid 
precursor solution-processing route previously established by the Agarwal group74, verifying the formation 
of a liquid BaSx flux that reacted with in-situ generated ZrS3 from ZrH2, enabling the nucleation of BaZrS3 
within 5 minutes at 575°C (see Figure 10.c). They further applied this approach to the bulk solid-state 
synthesis of BaZrS3 using BaS, ZrS2, and excess sulfur, achieving synthesis within 15 minutes at 575°C. 
This starkly contrasts with previous solid-state reactions at temperatures above 900°C over several hours 
to days. 

Building on these advances, Yang et al. suggested that BaS3 could act as a liquid flux in the synthesis of 
BaMS3 compounds, as BaS3 melts between 540°C and 560°C. However, according to the Ba-S phase 
diagram, BaS3 dissociates into BaS2 and a sulfur-rich BaSx at 554°C.104 Thus, it is likely that BaSx provides 
the actual liquid flux. Interestingly, they loaded large amounts of stoichiometric BaS3 and ZrS2 into an 
ampoule and heated the mixture to 540°C, forming BaZrS3 within 5 minutes (as shown in Figure 10b). 
During this process, BaS3 likely dissociated into BaS2 and then into BaS, creating a saturated sulfur 
environment at 540°C while simultaneously providing a BaSx liquid flux, which accelerated the growth of 
BaZrS3. 100 

In a recent noteworthy report, our group demonstrated that selenium can also provide a liquid flux and 
lower the synthesis temperatures of BaMS3 compounds.105 Using an excess of selenium liquid flux, we 
successfully synthesized BaMS3 compounds at 575°C starting from binary metal sulfide precursors. 
Although small amounts of BaSe3 impurities were observed, they were found to be water-soluble. 
Consequently, a slight water wash of the synthesized powder resulted in seemingly phase-pure BaMS3 
compounds. 



14 
 

Overall, these low-temperature methods have significantly advanced the research on BaMS3 compounds 
and paved the way for synthesizing them into thin films at lower temperatures. 

2.2.2. Molecular precursor approaches: Group 4 binary and ternary perovskite synthesis 

While high-temperature methods have been instrumental in experimentally validating the properties of 
BaMS3 compounds as predicted by computational studies, their practical application in photovoltaics hinges 
on successfully fabricating low-temperature thin films while preserving their desirable properties. Among 
various techniques, solution processing is generally regarded as a low-temperature approach for thin film 
fabrication.79,106,107 The success of halide perovskites is attributed, in part, to their facile solution 
processability at low temperatures. Solution processing has already been employed in the successful 
synthesis of several chalcogenide semiconductors, including Cu(In,Ga)Se2, Cu2ZnSnSe4, and Sb2Se3, 
among others, resulting in device efficiencies comparable to those achieved through vacuum processing 
methods.79,108–111 However, the adaptation of solution processing for chalcogenide perovskites has 
encountered challenges due to the strong affinity of alkaline earth metals to halides, the high oxophilicity 
of early transition elements, and the limited solubility of pure metals and metal sulfides in commonly used 
sulfide solution chemistries.  

 

Figure 11. Plot showing the Pearson hardness and oxophilicity of common transition elements. Reproduced with 
permission.81 Copyright 2023, Royal Society of Chemistry. 

Kepp proposed an oxophilicity scale, which is a relative measure of an element's affinity for oxygen 
compared to the most oxophilic element in the periodic table.82 Zilevu et al. noted that group IV elements 
rank among the most oxophilic elements in the periodic table with the highest oxophilicity, readily 
oxidizing upon exposure to air and moisture (shown in Figure 11). 81 Pearson hardness is another parameter 
that accounts for the high oxophilicity of early transition metals. It is derived from the hard and soft acids 
and bases (HSAB) theory, which states that hard acids, such as cations with small size and high charge, 
preferentially bond with hard bases, which are typically anions with small size, high charge, and high 
electronegativity. As a result, hard acids (early transition metals) exhibit a strong affinity for hard bases 
(such as oxygen), explaining the high oxophilicity of early transition elements (see Figure 11). This 
oxophilicity poses a significant challenge when dealing with molecular precursors, as their susceptibility to 
interaction with oxygen and moisture increases, leading to the formation of undesired oxides. Addressing 
this issue, Agarwal et al. introduced the aforementioned HfS3-H2S shuttle system to eliminate secondary 
oxides from molecular precursor films during sulfurization.73 In their approach, they sulfurized the Ba-Zr-
O film with excess sulfur in the presence of HfH2. HfH2 reacted with sulfur vapor, generating HfS3 and in-
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situ H2S gas. The produced H2S gas then reacted with Ba-O and Zr-O species in the film, forming Ba-S and 
Zr-S species while releasing H2O. The generated H2O was transported to HfS3, leading to the formation of 
HfO2 and the regeneration of H2S. Due to the discrepancy in oxophilicity between Hf and Zr, oxygen was 
effectively transferred from the Ba-Zr-O film to HfS3. Concurrently, the surplus sulfur vapor in the film 
facilitated the production of BaSx liquid flux, reducing the diffusion barrier between Ba and Zr species and 
promoting rapid nucleation and growth of BaZrS3 grains. This HfS3-H2S shuttle has been employed in the 
low-temperature, oxide-free, solution-processed synthesis of BaZrS3 (Figure 7b). 

Metal chlorides are commonly used as precursors in the solution-processed synthesis of other chalcogenide 
semiconductors.78,112 However, we previously observed an abundance of residual crystalline alkaline earth 
metal chloride impurities in the film following the dissolution of alkaline earth metal chlorides in N, N-
Dimethyl Formamide – Thiourea chemistry, annealing on a hot plate, and sulfurization in a sulfur 
environment.113 This phenomenon likely stemmed from the greater stability of metal-chlorine bonds 
compared to metal-sulfur bonds for alkaline earth metals at operational temperatures. This is particularly 
interesting, as Yang et al.100 used S2Cl2 as a vapor transport agent to synthesize BaZrS3. We believe the key 
is to maintain a much lower molar fraction of chlorine-containing species to prevent the significant 
formation of Ba-Cl compounds, which could interfere with the formation of BaZrS3.However, existing 
literature on other chalcogenide semiconductors advocates using impurity-free metal precursors in absorber 
material synthesis, as metal salt precursors may leave behind anionic impurities in the film, potentially 
altering its intrinsic properties uncontrollably.76,114,115 Consequently, Pradhan et al. explored the dissolution 
of ZrS2 and HfS2 in various amine-thiol combinations, such as 1,2-ethanedithiol-1,2-ethylenediamine and 
1,2-ethanedithiol-butylamine, among others, with no success.113 Additionally, attempts using hydrazine 
chemistry to dissolve sulfides of various early transition metals including ZrS2 and HfS2 proved futile. 
Similar efforts with pure zirconium and hafnium nanoparticles in amine-thiol solutions yielded no positive 
outcomes.113 Moreover, there is a dearth of reports on the successful dissolution of pure alkaline earth 
metals and their binary sulfides, raising uncertainty about their compatibility with common sulfide 
chemistries or the extent of rigorous testing. Despite these challenges, one study noted the co-dissolution 
of BaS alongside Cu2S and SnO in an ethanedithiol-ethylenediamine mixture at 60°C for 11 days.116 
However, whether BaS alone would dissolve in the amine-thiol mixture remains unclear, as subsequent 
research has not explored BaS dissolution. In a recent report, our group successfully dissolved BaS and SrS 
using a different solution chemistry, which will be discussed later.105 In summary, common precursors 
utilized in the solution-based synthesis of chalcogenide semiconductors for the late transition and p metals 
face obstacles in synthesizing chalcogenide perovskites. It is worth noting that during the peer-review stage 
of this study, another work of ours was published, where we demonstrated a method to synthesize BaMS3 
compounds using single-phase metal chloride precursor solutions.103 This approach leveraged the higher 
affinity of potassium for chlorine compared to barium, enabling the transfer of residual chlorine in the film 
to a potassium sink during the annealing process via an H2S-HCl shuttle. This method effectively resulted 
in chloride impurity-free BaZrS3. Readers are encouraged to refer to the publication for further details. 

The reactivity of starting precursors plays a crucial role in determining the success and efficiency of material 
synthesis processes. Highly reactive precursors tend to undergo chemical reactions more readily, leading to 
faster kinetics and potentially more complete conversion to the desired product. This can result in shorter 
synthesis times and higher yields. Conversely, less reactive precursors may require longer reaction times 
or higher temperatures to achieve the desired transformation, and they may also yield lower product yields. 
Additionally, the reactivity of precursors can influence the formation of by-products or impurities during 
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the synthesis process. Therefore, selecting precursors with appropriate reactivity levels is essential for 
controlling the synthesis conditions and obtaining the desired material properties. 

Focusing on precursor reactivity, our group utilized organobarium 
bis(pentamethylcyclopentadienyl)barium (Cp*2Ba) as the barium precursor, reacting it with branched 
primary thiol 2-methyl-2-propanethiol to form Ba(SC(CH3)3)2, which were found to be readily soluble in 
primary amines like propylamine and butylamine.74 However, it remains unclear whether other primary and 
secondary thiols would react similarly with Cp*2Ba to form soluble thiolate species. It is plausible that the 
branched thiol aided solubility in less polar amine solvents. Further experiments are needed to confirm this 
hypothesis. Turnley et al. also employed ZrH2 as the zirconium precursor, suspending it in a barium solution 
in butylamine and sonicating it to create a uniform suspension for depositing Ba-Zr precursor films.74 The 
choice of zirconium precursor is somewhat peculiar, given the availability of more common metal-organic 
precursors for zirconium used in chemical vapor deposition processes. The possible reason for not using a 
metal-organic precursor may be attributed to zirconium's oxophilicity, as metal-organic species are highly 
reactive and prone to oxide formation. The Zr-H bonds are relatively stable and do not oxidize immediately 
upon air exposure. Using the hybrid precursor method, the solution was drop-cast onto a glass substrate and 
then sulfurized at 575°C for 2 hours in a borosilicate ampule (schematic shown in Figure 12.a). 
Subsequently, we followed a similar method and synthesized BaZrS3 in as little as 5 minutes at 575°C with 
excess sulfur. It was proposed that the drop-cast film formed a mixture of BaS and ZrH2, which upon 
sulfurization with excess sulfur, transformed into BaSx liquid and ZrS3, facilitating rapid BaZrS3 synthesis. 
While both studies demonstrated BaZrS3 synthesis at moderate temperatures, the hybrid precursor route 
yielded non-contiguous thin films.101 A potential approach to contiguous films could involve 
functionalizing the surface of ZrH2 nanoparticles to achieve colloidal stability in the same bulk solvent as 
the soluble barium precursor, albeit no reports on this have surfaced yet, making it an area worthy of 
exploration.  
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Figure 12. Schematic representation of the synthesis of solution-processed BaMS3 (M = Ti, Zr, Hf) films. a) 
Synthesized from a precursor slurry containing soluble barium thiolate and suspended transition metal hydride 
precursors. Reproduced with permission.74 Copyright 2022, American Chemical Society. b) Synthesized from a 
stacked precursor film of BaS and transition metal sulfides. Reproduced with permission.105 Copyright 2024, Royal 
Society of Chemistry. c) Synthesized from soluble barium dithiocarboxylate and transition metal dithiocarbamate 
precursors. In all cases, the precursor films underwent a sulfurization step in a sulfur-rich environment to induce the 
crystallization of the ternary chalcogenides. Reproduced with permission.117 Copyright 2023, Wiley. 

In other noteworthy synthesis methods from our group, we reacted propylamine with CS2 to form 
propyldithiocarbamic acid and used pyridine as a buffer solvent to dissolve the acid. This highly reactive 
dithiocarbamic acid species formed soluble complexes with BaS and SrS at room temperature, resulting in 
fully dissolved molecular precursor inks.105 While ZrS3 could not be dissolved, it was suspended in pyridine 
and sonicated to break down the smaller flakes, creating a stable suspension. The BaS and ZrS3 solutions 
in pyridine were mixed to create a solution containing both barium and zirconium sulfide precursors. Upon 
coating on a glass substrate and sulfurization, this solution yielded phase-pure BaZrS3, marking the first 
report of synthesizing BaZrS3 using metal sulfide precursors at lower temperatures. In another method, we 
created a bilayer stack of BaS and ZrS3 from the molecular precursor inks on a substrate. The ZrS3 was 
synthesized from the molecular precursor solutions utilizing zirconium halide precursors, and the stacked 
film was sulfurized in a sulfur environment, accessing BaSx liquid flux and forming BaZrS3 (see Figure 
12.b). This method represents the first synthesis of BaZrS3 using Zr halide precursors.105 

In a significant breakthrough, our group employed tetrakis amide precursors of zirconium as the metal 
source for synthesizing BaZrS3. These precursors are commercially available and widely used in chemical 
vapor deposition processes.117 Previously, Thompson demonstrated the utility of these precursors in his 
thesis, employing various sulfur sources such as carbon disulfide and ethyl isothiocyanate to form single-
source metal-sulfur bonded precursors, ultimately synthesizing ZrS2 via chemical vapor deposition.118 
Pradhan et al. utilized Zr[N(MeEt)4] as the zirconium precursor and inserted carbon disulfide in the metal 
amide bond to form zirconium dithiocarbamate species. Additionally, carbon disulfide was inserted into 
Cp*2Ba to generate a barium dithiocarboxylate precursor. While barium dithiocarboxylate proved soluble 
in pyridine, independent dissolution of tetrakisamido ethylmethylzirconium dithiocarbamate in pyridine 
was not feasible. However, co-dissolving barium and zirconium precursors in pyridine along with CS2 
resulted in the first reported fully dissolved molecular precursor ink at room temperature for the synthesis 
of BaZrS3. However, similar success was not achieved with the dimethyl amide precursor of zirconium. 
The fully dissolved ink was then blade-coated and annealed on a hot plate, resulting in an amorphous matrix 
of Ba-Zr-S. Subsequent sulfurization with excess sulfur in the presence of HfH2 at 575°C for as little as 20 
minutes yielded BaZrS3, marking a significant improvement over previous high-temperature synthesis 
methods (>900°C) (schematic shown in Figure 12.c). Pradhan et al. also observed increased crystallinity 
of BaZrS3 grains, as indicated by the reduced full width at half maximum (FWHM) of the 25.2 peak, with 
longer sulfurization times. 117 Although not explicitly stated, the localized formation of BaSx liquid flux 
likely facilitated BaZrS3 nucleation and grain growth. Despite these advancements, further refinement is 
needed to address irregularly oriented agglomerates of cubic-shaped crystals and excessive carbon content 
known to influence grain size and composition during growth. Rigorous optimization of annealing 
parameters, sulfur amount, and substrate choice may be necessary to produce device-grade continuous 
films. 
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These reports have played a pivotal role in achieving thin films of BaZrS3 via solution processing. However, 
several challenges persist. All the aforementioned methods relied on BaSx liquid flux for crystal growth, 
resulting in rapid, uncontrolled growth and the formation of large micron-sized grains (see Figures 13.a 
and 13.b). Thus, there is a pressing need to develop strategies to mitigate uncontrolled growth. During the 
revision stage of this work, another manuscript from our group was published, introducing several novel 
methods for synthesizing BaZrS3 thin films, some of which successfully produced contiguous films.119 
Notably, one method utilized metal thiolate precursors to synthesize BaZrS3 without the need for HfH2, and 
also prevented the overgrowth of BaZrS3 grains. Further details can be found in the published article. 
Nonetheless, several challenges remain to be addressed. Due to BaZrS3's high absorption coefficient, a thin 
film as thin as 200 nm should suffice to fully absorb incoming light. However, the solution methods 
discussed have so far yielded films several microns thick, that could potentially impede the collection of 
light-generated charge carriers and impact performance of fabricated devices. Moreover, these films were 
grown on non-conductive substrates, necessitating further efforts to replicate them on conductive substrates. 
This endeavor presents challenges, as the metal back contacts used in many device architectures may 
sulfurize to their sulfides when exposed to prolonged sulfur environments. Consequently, additional 
research is required to identify a suitable, cost-effective, conductive back contact capable of withstanding 
prolonged exposure to sulfur environments. 

 

Figure 13. Uncontrolled growth of crystals synthesized from solution-processing routes and phase stability of BaZrS3. 
Scanning electron microscope image of BaZrS3 synthesized from a) a mixed slurry of BaS-ZrS3 and b) bilayer stack 
of BaS-ZrS3 and sulfurized in the presence of HfH2-sulfur at 575°C. a), b) Reproduced with permission.105 Copyright 
2024, Royal Society of Chemistry. c) Binary convex hull for the BaS-ZrS2 system. c) Reproduced with permission. 48 
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Copyright 2023, Wiley. d) Gibbs free energy (ΔG) plotted as a function of temperature. ΔG is calculated for the 
decomposition of BaZrS3 into: 1) Ba4Zr3S10 and ZrS2; 2) Ba3Zr2S7 and ZrS2; 3) Ba2ZrS4 and ZrS2. For comparison, all 
materials are assumed to be in the I4/mmm phase. a) Reproduced with permission. 120 Copyright 2023, Elsevier. 

2.2.2.1. Role of sulfur pressure: 

BaSx/BaS3 liquid flux has been a crucial intermediate in lowering the synthesis temperatures of BaZrS3. 
However, achieving these liquid fluxes requires maintaining a significantly high sulfur pressure. Our 
group’s previous work has reportedly used around 1 bar of sulfur pressure to form in situ liquid flux during 
the synthesis of BaZrS3 from either binary sulfide powders or a molecular precursor film.101 Kayatha et al. 
also confirmed through their calculations that high sulfur pressure in this range is necessary to obtain the 
BaS3/BaSx phase.121 As synthesis pressures decrease, the crystallinity of the ternary material diminishes, as 
evidenced by the FWHM of the <121> peak. Reducing the sulfur pressure below 0.3-0.4 bar results in a 
mixture of BaZrS3 and Ruddlesden-Popper phases (predominantly Ba3Zr2S7), regardless of the starting 
Ba:Zr ratio. This phenomenon is explained by the limited presence of a liquid flux at these low pressures, 
leading to a sluggish reaction and metastable intermediate Ruddlesden-Popper phases at temperatures 
below 600°C. At even lower sulfur pressures, binary sulfides remain unreacted. 101 Kayastha et al. and Han 
et al. also suggested that at high temperatures, BaZrS3 and Ruddlesden-Popper phases have similar Gibbs 
free energies of formation, potentially resulting in a mixture of these phases regardless of the initial Ba:Zr 
ratios 48,120 Han et al. demonstrated that Ba3Zr2S7 and BaZrS3 lie on the convex hull, indicating their stability 
(see Figure 13.c).48 Previously, Li et al. also showed that Ba3Zr2S7 is the most stable Ruddlesden-Popper 
phase in the Ba-Zr-S system.27 However, Kayastha et al. found that Ba4Zr3S10 has the lowest formation 
energy among all the Ruddlesden-Popper phases (shown in Figure 13.d). They confirmed this by mixing 
binary sulfides and heating them together at 900°C for 5 days, showing that a mixture of BaZrS3 and 
Ba4Zr3S10 formed irrespective of the metal ratios.120 These Ruddlesden-Popper phase impurities can become 
a bottleneck due to their similar X-ray diffraction patterns to BaZrS3. Therefore, a secondary structural 
characterization technique, such as Raman spectroscopy, needs to be employed. This discussion 
underscores the need to maintain sufficiently high sulfur pressure during synthesis to achieve rapid 
synthesis and avoid the formation of Ruddlesden-Popper phases. However, high sulfur pressure could also 
result in the formation of sulfur interstitials, which have been shown to be low-energy deep defects for 
BaZrS3.122 

Moreover, our group’s research shows that BaZrS3 does not decompose into binary compounds under sulfur 
pressures up to 1 bar. 101 We also demonstrated that ZrS3 can be used as a starting precursor for the synthesis 
of BaZrS3 rather than being considered a decomposition product. Additionally, Kayastha et al.’s first-
principles calculations predict that BaZrS3 would not decompose into sulfur-rich binaries at sulfur pressures 
up to at least 100 bar. 121 

2.2.2.2. Challenges with molecular precursor routes for BaMS3 compounds 

Our group recently summarized the key challenges in the low-temperature, solution-processed synthesis of 
BaMS3 compounds.123 While we have successfully synthesized BaMS3 compounds using fully dissolved 
molecular precursor inks and incorporating a second sulfurization step in a controlled sulfur environment, 
a gap remains in achieving grain nucleation directly after annealing the film on a hotplate. Several factors 
may hinder this, including excessive carbon, trace amounts of oxygen leading to the formation of 
amorphous metal oxysulfides, premature breakdown of metal-sulfur complexes forming an amorphous Ba-
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M-S sulfide matrix, or rapid solvent evaporation causing premature nucleation of metal-sulfur complexes, 
which also result in an amorphous Ba-M-S sulfide matrix. 

To address these issues, we developed the H2S-HfS3 oxygen shuttle-sink system to remove oxygen from 
the film during sulfurization. However, maintaining sufficient sulfur pressure is crucial to ensure phase-
pure BaZrS3 synthesis, as inadequate pressure can lead to Ruddlesden-Popper phase impurities. 
Additionally, the use of a liquid flux in low-temperature BaMS3 synthesis has been effective in reducing 
mass transfer barriers and promoting crystal growth, but it has also led to uncontrolled, randomly oriented 
micron-sized grains with planar defects. This rapid growth can result in the entrapment of oxide impurities 
within the crystals. Controlling grain growth remains a key challenge that requires strategic approaches. 

 

Figure 14. BaTiS3 nanoparticles synthesis. (a) Reaction scheme for the synthesis of BaTiS3 nanoparticles, (b) reaction 
conditions employed for the hot injection and heat-up synthesis of BaTiS3 nanoparticles, (c) and (d) TEM images of 
nanoparticles synthesized using the hot injection method, (e) TEM image of nanoparticles synthesized using the heat-
up method, (f) X-ray diffraction pattern and TEM images of BaTiS3 nanoparticles synthesized from barium 
dithiocarbamate precursors with varying alkyl chains. a), b), c), d) and e) Reproduced with permission.124 Copyright 
2021, American Chemical Society. f) Reproduced with permission.125 Copyright 2021, Royal Society of Chemistry. 

Furthermore, substrate selection plays a critical role, as glass substrates often release cationic species during 
prolonged sulfurization, potentially leading to secondary phases in the film. While quartz may seem 
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appealing, it presents the opposite issue, as cations can diffuse into the quartz during annealing, as observed 
with Ba diffusion. Finally, while our H2S-HfS3 system effectively removes oxide impurities, it is less 
efficient in the presence of excessive moisture, as it interferes with the capacity of H2S-HfS3 system to 
remove oxygen present in the film. Therefore, careful handling is necessary to prevent moisture exposure 
to samples or ampoules before sulfurization. 

Addressing these challenges is essential for developing high-efficiency optoelectronic devices from 
solution-processed BaMS3 compounds. 

2.2.3. Nanoparticle synthesis: Group 4 binary and ternary perovskite synthesis 

Molecular precursor routes offer a straightforward method for synthesizing chalcogenide semiconductor 
films, yet there is potential for utilizing colloidally stable semiconductor nanoparticle solutions to deposit 
thin films. Nanoparticle inks afford greater flexibility in choosing device architectures for solar cells, 
underscoring their significance. Parameters such as ink concentration, particle size, morphology, and 
surface ligands can be adjusted to meet specific requirements. Additionally, varying synthesis temperatures, 
reaction times, and the synthesis procedure (e.g., hot injection vs. heat-up) may reveal intriguing features. 
Several high-efficiency chalcogenide solar cells have already been developed using nanoparticle inks, 
including Cu(In,Ga)Se2 and Cu2ZnSnSe4.126–129 However, challenges related to precursor dissolution, 
precursor purity, and the oxophilicity of early transition metals have rendered nanoparticle synthesis 
difficult for chalcogenide perovskites. 

The initial instance of nanoparticle synthesis within the chalcogenide perovskite family involved the 
synthesis of BaTiS3 nanoparticles utilizing reactive metal organoamide precursors. BaTiS3 is known for its 
quasi-1D hexagonal structure, exhibiting distinct properties like optical anisotropy, mid-IR birefringence, 
and thermal transport characteristics.30,91,130–132 Zilevu et al. indicated that controlling the morphology 
(nanoparticle versus nanorod) could be achieved by alternating between heat-up and hot injection methods 
during crystal growth (see Figures 14.a and 14.b). Furthermore, size regulation was attainable by adjusting 
reaction time and temperature, with a hot injection reaction at 360°C yielding nanorods with an aspect ratio 
of 8:1 (50 nm length, 6 mm width). Reactions were conducted in oleylamine, which with a boiling point of 
364°C, provides a broad reaction temperature range. Although not explicitly demonstrated, the ligand on 
the nanoparticle surface may also influence the process. Oleylamine's π bond in its chain prevents chain 
folding and stacking, thereby averting agglomeration and facilitating stable suspensions.133 To avoid 
undesired by-products, they employed reactive Ba[N(SiMe3)2]2(THF)2 and Ti(NMe2)4 metal precursors, 
combined with oleylamine and N,N′-diethylthiourea as the sulfur source. While testing various sulfur 
sources, such as elemental sulfur, carbon disulfide, thioacetamide, and different thioureas, nanocrystals 
were found to most readily synthesize with thioureas, known for their decomposition upon heating and 
liberation of H2S, interacting with the metal precursors to form the desired compounds. Maintaining 
reaction conditions devoid of water, oxygen, or any oxygen-containing ligands was emphasized to prevent 
oxide impurity formation. In heat-up reactions, metal precursors, N,N′-diethylthiourea, and oleylamine 
were added to the reaction vessel and then heated to 360°C. Conversely, for hot injection reactions, metal 
precursors and oleylamine were heated to 360°C, while a preheated N,N′-diethylthiourea, and oleylamine 
solution at 60°C was injected into the reaction vessel. Despite testing different reaction temperatures, 
crystalline BaTiS3 was not achieved below 290°C. However, the pXRD pattern of the synthesized nanorods 
slightly deviated from the reported bulk XRD pattern due to potential sulfur deficiency, resulting in a partial 
off-stoichiometric phase with a commensurate structure.124 This structure, resembles that of SrxTiS3, which 
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features two interpenetrating subcells based on TiS3 and Sr lattices, causing additional peaks in the 
diffraction pattern and shifting the main peaks.134 A clear difference in the morphology of BaTiS3 
nanoparticles grown using two different methodologies is evident in Figures 14.c, d, and e. Notably, the 
synthesized nanoparticles exhibited sufficient stability in air but degraded rapidly in water, potentially 
limiting their utility in water-based applications. Nevertheless, their air stability offers promise for 
utilization in optoelectronic applications. 

Ingram et al. reported the synthesis of BaTiS3 nanoparticles using single-phase precursors of barium and 
titanium dithiocarbamates.125 The synthesis began with the preparation of barium N,N-dialkyl 
dithiocarbamate by forming a dithiocarbamate ion solution in water/ethanol through the combination of 
dialkylamine and carbon disulfide, followed by the addition of pure barium metal chunks. After stirring at 
room temperature for 30 minutes, the mixture was heated to 350°C for 30 minutes (where alkyl groups = 
isopropyl, isobutyl, benzyl, cyclohexyl), barium dialkyl dithiocarbamate formed in the solution. 
Subsequently, crystals were recrystallized by adding ether/tetrahydrofuran and dried under vacuum at 80°C 
to eliminate moisture and obtain anhydrous barium dithiocarbamate. Titanium dithiocarbamate species 
were obtained by introducing carbon disulfide to Ti(NiPr2)4, where carbon disulfide was inserted into the 
metal-amide bond to form dithiocarbamate species. The resulting barium and titanium dithiocarbamate 
precursors were co-added in a 2:1 molar ratio in an oleylamine solution and heated to 350°C to produce 
BaTiS3 nanocrystals (See Figure 14.f). It was observed that excess Ba precursor was crucial for obtaining 
phase-pure BaTiS3 nanocrystals and preventing TiS2 impurities. However, the resulting nanorods exhibited 
poorer crystallinity compared to nanoparticles synthesized by Zilevu et al. The exact cause of this 
phenomenon is not fully understood but could stem from inherent impurities during barium dithiocarbamate 
synthesis, or the decomposition temperature of barium dithiocarbamate may not align with the ideal 
conditions for ternary BaTiS3 synthesis. Additionally, some pXRD peaks were slightly shifted compared to 
the diffraction spectra of bulk BaTiS3, indicating a sulfur-poor composition. While this method utilizes 
direct single-source precursors for BaTiS3 synthesis, it offers less control over material properties compared 
to the hot-injection method previously developed by Zilevu et al. Nonetheless, this approach may hold 
promise for synthesizing BaZrS3 nanocrystals.125 

While BaZrS3 has emerged as one of the most extensively studied chalcogenide perovskites, limited 
attention has been devoted to the direct nanoparticle synthesis of BaZrS3, with only two reports available 
in the literature. Furthermore, both studies encountered challenges in producing colloidally stable 
nanoparticles, preventing the fabrication of BaZrS3 films using such nanoparticles. The primary hurdle lies 
in effectively utilizing reactive metal precursors while maintaining oxygen and moisture-free conditions 
during synthesis. Addressing these challenges, Yang et al. employed metal dithiocarbamate precursors for 
BaZrS3 nanoparticle synthesis. Barium dibutyl dithiocarbamate was synthesized from the reaction of 
Ba(OH)2 with carbon disulfide and dibutylamine, while zirconium diethyldithiocarbamate was obtained by 
reacting ZrCl4 with diethylamine and carbon disulfide. These dithiocarbamates were then added to 
oleylamine in a 1:1 metal ratio at a total concentration of 0.488 M. No additional sulfur source was 
necessary, as the thermal decomposition of the dithiocarbamates yielded metal-sulfur monomers. The 
solution was heated to 330°C and maintained for 18 hours to form BaZrS3 nanocrystals (shorter reaction 
times of 30 minutes also resulted in BaZrS3 nanocrystals). However, their powder X-ray diffraction (pXRD) 
pattern exhibited multiple impurity peaks that did not correspond to the perovskite crystal structure, which 
were attributed to zirconium-rich regions and oxide impurities (see Figure 15.a).135 The TEM images reveal 
agglomerates of nanoparticles rather than distinct, isolated particles, indicating that the nanoparticles did 
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not disperse well in the solution (shown in Figure 15.b). The lattice spacing observed in the HRTEM image 
corresponded to BaZrS3 (illustrated in Figure 15.c). Without STEM-EDX measurements, confirming the 
presence of zirconium-rich regions in the nanoparticles remains challenging, necessitating further 
investigation to accurately assign these peaks. Conversely, tighter control over oxygen and moisture 
exposure during nanoparticle synthesis could mitigate oxide impurities. 

Similar to Yang et al., Zilevu et al. also synthesized BaZrS3 nanoparticles, albeit using different precursors 
and sulfur sources. However, they encountered similar challenges with extra peaks in the diffraction pattern. 
Their method involved utilizing Ba[N(TMS)2]2(THF)2 and Zr[N(CH3)2]4 as the metal precursors, along with 
N,N-diethyl thiourea as the sulfur source. These precursors were combined in a 1:2:60 mole ratio to the 
dried oleylamine (shown in Figure 15.d). The reaction mixture was then heated to the desired temperature 
and maintained for 30 minutes. They observed additional peaks in the nanoparticles synthesized at 
temperatures around 275°C, which they attributed to a low-temperature phase. Upon increasing the reaction 
temperature to 365°C, they observed BaZrS3 nanoparticles without structural distortions, indicating a high-
temperature phase.136 However, they encountered difficulties in consistently reproducing the high-
temperature reaction. Variability in critical synthesis parameters, potentially due to the use of home-built 
setups relying on heating tape for temperature control, may contribute to this inconsistency. Thus, tighter 
control of synthesis parameters is necessary to ensure reproducibility when incorporating these 
nanoparticles into optoelectronic devices. Consistent with Yang et al., they also observed significant 
agglomeration of the nanoparticles, indicating poor dispersion (see Figure 15.e). Notably, Zilevu et al. 
found that the synthesized nanoparticles exhibited reasonable stability in air and water.136 

Recently, our group published a study demonstrating a solution-based method for synthesizing impurity-
free BaZrS3 nanoparticles.137 These nanoparticles exhibited no additional unassigned peaks previously 
observed by Zilevu et al.136 and Yang et al135 using heat-up synthesis method. While Yang et al.135 attributed 
the extra peaks to impurities, Zilevu et al.136 suggested that nanoparticles synthesized below 365 °C 
represented a distinct phase of BaZrS3, which they termed low-temperature BaZrS3. In our study, 
commercially available cyclopentadienyl barium and tetrakisethylmethylamido zirconium were utilized as 
zirconium precursors. During the standard heating procedure, these precursors were added to a round-
bottom flask and reacted with a tenfold molar excess of CS2 to form metal-sulfur-bonded intermediates. 
Subsequently, oleylamine was introduced as both a coordinating solvent and reaction medium. A portion 
of the oleylamine also reacted with the excess CS2 in the flask to form oleyldithiocarbamate species. 
Heating this system to temperatures between 290–340 °C under a constant flow of argon yielded BaZrS3 
nanoparticles with additional peaks, similar to those previously reported in the literature. To address this 
issue, we hypothesized that rapid heating of the metal-sulfur-bonded precursors to temperatures 
significantly higher than 340 °C could produce phase-pure BaZrS3 nanoparticles. To test this hypothesis, a 
hot-injection method was developed, marking the first application of this approach in the synthesis of 
chalcogenide perovskites. Using oleylamine as the primary solvent posed a challenge, as its excessive 
refluxing limited the reaction temperature to approximately 340 °C. To overcome this, mineral oil, 
consisting of long-chain alkanes, was employed, enabling the system to reach temperatures as high as 375 
°C. For the hot-injection synthesis, mineral oil was used as the bulk solvent in the reaction flask and heated 
to 370–375 °C. Once the temperature stabilized, a slurry containing organobarium and metal-organic 
zirconium precursors in excess CS2 and oleylamine was introduced into the flask via a Merlic adapter. This 
hot-injection method successfully and reproducibly synthesized phase-pure BaZrS3 nanoparticles at the 



24 
 

lowest temperature reported in the literature. This breakthrough opens new avenues for exciting 
applications of BaZrS3. 

The same method was applied to synthesize BaHfS3 nanoparticles. However, similar to earlier reports for 
BaZrS3, the BaHfS3 nanoparticles exhibited additional diffraction peaks, suggesting that a reaction 
temperature of 375 °C might still be insufficient for achieving phase-pure BaHfS3. While we also 
synthesized other chalcogenide perovskites, such as α-SrZrS3 and α-SrHfS3, these materials fall outside the 
scope of this work. Readers are encouraged to consult our publication for further details. 

Ravi et al. previously achieved a significant advancement by synthesizing BaZrS3 nanocrystals at 600°C 
using the I2 flux method initially developed by Niu et al. They functionalized the nanocrystal surfaces with 
N-methyl-2-pyrrolidinone to create a colloidally stable nanocrystal ink. Additionally, they capped the 
nanocrystals with non-polar oleylamine, resulting in a stable dispersion in chloroform (shown in Figure 
15.f). The TEM image in Figure 15.g displays cubic crystals on the nanometer scale. This stable ink in 
chloroform was then used to coat a thin film of BaZrS3, demonstrating a functional field-effect transistor.65 

 

Figure 15. BaZrS3 nanoparticles synthesis. a) X-ray diffraction pattern of BaZrS3 nanoparticles synthesized from 
metal dithiocarbamate precursors, b) and c) TEM and HRTEM images of BaZrS3 nanoparticles synthesized by Yang 
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et al.135, d) reaction conditions used by Zilevu et al. 136 for synthesizing BaZrS3 nanoparticles, e) TEM image of the 
synthesized nanoparticles, f) procedure for capping ligands on solid-state synthesized BaZrS3 nanoparticles, g) TEM 
image of BaZrS3 nanoparticles synthesized by Ravi et al.65 a), b) and c) Reproduced with permission.135 Copyright 
2022, American Chemical Society. d) and e) Reproduced with permission.136 Copyright 2022, Royal Society of 
Chemistry. f) and g) Reproduced with permission.65 Copyright 2021, Royal Society of Chemistry. 

Although substantial advancements have been achieved in synthesizing BaZrS3 and hexagonal BaTiS3 
nanoparticles, further efforts are necessary to establish their colloidal stability in benign solvents. 
Additionally, exploring ligand exchange methods could enhance the attachment of desirable organic or 
inorganic ligands onto the surface of the nanoparticles. Efforts should be made to synthesize nanoparticles 
from cost-effective metal precursors such as metal acetylacetonates and metal halides. However, this 
process pose challenges due to the strong affinity of early transition metals for oxygen and alkaline earth 
metals for halides. Ravi et al.65 reported attempts to synthesize BaZrS3 nanoparticles from metal 
acetylacetonate and metal halide precursors but were unsuccessful in achieving ternary phases. 
Nonetheless, developing specific traps in solution that selectively react with these impurities could enable 
the phase-pure synthesis of ternary chalcogenides and should be pursued. 

2.2.4. Vacuum-processed synthesis 

While previously reported high- and low-temperature methods have been effective in synthesizing thin 
films of BaZrS3, these methods often use non-conductive substrates, which limits their utility in 
optoelectronic applications. For efficient transport of charge carriers to and from the external circuit, 
smooth, contiguous semiconductor films must be deposited on conductive substrates. The rigorous 
synthesis conditions, such as high temperatures above 1000°C or moderate temperatures with long 
sulfurization times in the presence of sulfur, have rendered commonly used conductive substrates like 
molybdenum, TiO2 and ITO ineffective. 
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Figure 16. Morphology of BaZrS3 films synthesized using various methods: (a) Gupta et al.62 via CS2 sulfurization of 
an oxide precursor film, (b) Han et al.48 using magnetron sputtering from a BaZrS3 target followed by annealing, (c) 
Sharma et al.92 through CS2 sulfurization of an oxide precursor film, and (d)-(g) Ramanandan et al.95 via H2S 
sulfurization of an oxide precursor film. a) Reproduced with permission.62 Copyright 2020, Wiley. b) Reproduced 
with permission.48 Copyright 2023, Elsevier. c) Reproduced with permission.92 Copyright 2023, American Chemical 
Society. d), e), f) and g) Reproduced with permission.95 Copyright 2023, IOP Science. 

To address this issue, Comparotto et al. co-sputtered Ba-Zr onto a molybdenum deposited silicon substrate 
and capped the film with a 100 nm thick SnS layer to prevent oxidation before sulfurization in a flow-tube 
furnace. Surprisingly, they synthesized BaZrS3 film at 590°C with sulfur pressures between 2-4 Pa within 
20 minutes, achieving high crystallinity as measured by the FWHM of the 121 XRD peak.138 This contrasts 
with Vincent et al., who reported the need for high sulfur pressures (>0.4 bar) for high crystallinity, 
attributing the success to the presence of BaSx liquid flux.101 

Comparotto et al. speculated that they achieved an intermediate flux, such as BaS3, which reduced diffusion 
barriers and accelerated kinetics. However, given the low pressures used, it is unlikely they achieved 
BaS3.104 They also suggested that the absence of metal-sulfur bonds in their precursor film provided an 
alternative nucleation pathway compared to metal-sulfur bonded precursor films. 

Interestingly, their synthesis method, possibly due to lower sulfur pressures, allowed the molybdenum back 
contact to survive, forming only a thin layer of MoS2, thereby potential opening the door for solar cells and 
other optoelectronic devices using this approach. Further research into the reaction mechanism of this 
method is needed to enable its application to other synthesis techniques. 

 

Figure 17. Surface oxide impurities in BaZrS3. a) Schematic representation of phase distribution in the BaZrS3 film 
over time upon exposure to air. a) Reproduced with permission.97 Copyright 2020, American Chemical Society. b) 
Schematic illustrating the different phases present in the near-surface layers, as identified by hard X-ray photoelectron 
spectroscopy. b) Reproduced with permission.139 Copyright 2024, American Chemical Society. 

2.3. Film Morphology and Composition 

Achieving a smooth, well-oriented film with a homogeneous composition and no secondary phases is 
crucial for synthesizing high-performance devices. Although BaZrS3 films synthesized using CS2 
sulfurization of oxide precursor films have shown reasonable continuity with thicknesses ranging from 200 
to 500 nm, they have been deposited on non-conductive substrates, limiting their applicability. Additionally, 
Gupta et al. observed that their sulfurized films exhibited relatively low crystallinity, with grains embedded 
in an amorphous matrix.62 Similarly, Sharma et al., Wei et al., Han et al., and Xu et al., employing similar 
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sulfurization methods, confirmed the presence of significant oxide impurities on the surface, with species 
bonded to sulfur and oxygen (S-O) (see Figures 16.a-c).48,57,86,92,140 

Marquez et al. used H2S to sulfurize oxide precursor films, noting a gradual increase in sulfur incorporation 
with increasing sulfurization temperature. However, the S/(S+O) ratio plateaued at 0.85 at 1000°C, 
indicating the presence of substantial oxygen impurities. Despite containing closely packed grains with 
sizes around 100 nm, the annealed films exhibited cracks, attributed to thermal expansion mismatch 
between the BaZrS3-BaZrO3 film and the quartz substrate.68 Ramanandan et al. followed up on Marquez et 
al.'s film deposition method and found that all sulfurized samples were Zr-rich and Ba-poor, with sulfur 
content increasing with temperature. They also observed higher sulfur content on the film surface than the 
bulk due to the diffusion limitation of sulfur-containing species. Unfortunately, the films displayed a Ba-S-
O phase in the top layer, a common occurrence in BaZrS3 films derived from oxide precursor sulfurization. 
Nonetheless, films produced using this method appeared relatively continuous and densely packed (shown 
in Figures 16.d-g).95 

Comparotto et al. reported around 4% oxygen in the bulk of BaZrS3 film, with a nearly stoichiometric Ba:Zr 
composition. Figure 17.a illustrates their hypothesis regarding the occurrence of oxygen contamination 
during the synthesis steps. 97 Mukherjee et al. conducted detailed compositional measurements on similarly 
rapid annealed films, noting compositional fluctuations near the surface, including various sulfur-
containing species such as BaSO3 and BaSO4.141 Riva et al. utilized Al K-α and Ga K-α x-rays to probe 
different film depths, identifying a BaSO4 and Zr-O-rich layer up to a depth of 3 nm, followed by a Zr-O-
rich layer up to a depth of 15 nm (see Figure 17.b).139 Comparotto et al. also observed compositional 
fluctuations in their Sn-capped BaZrS3 film.138 

While detailed compositional analysis has not yet been conducted for low-temperature solution-processing 
methods, these samples indicate compositional fluctuations and non-stoichiometric compositions. Across 
all BaZrS3 synthesis methods, challenges persist with substantial oxide impurities at the surface, notable 
oxygen content in the bulk, and significant compositional fluctuations and non-stoichiometries throughout 
the film. These issues may stem from the high oxophilicity of Zr, Ba's tendency to form stable sulfite and 
sulfate species, and mass transfer limitations during film growth. Grain size and composition vary 
depending on the method: solution-processing methods that rely on excess sulfur to access BaSx flux have 
produced relatively large cubic grains (>1 µm). At the same time, CS2 and H2S sulfurized films exhibit 
more modest grain sizes. Controlling the composition is essential, as insufficient precision can lead to 
unwanted defects and impact film properties; addressing these issues is critical. Etching away a few layers 
from the film may help mitigate surface contaminants, but careful handling is necessary to avoid further 
contamination from the etchant. 

Our group recently demonstrated that BaZrS3 can accommodate barium-poor off-stoichiometric 
compositions similar to other chalcogenides, such as Cu(In,Ga)Se2. Binary sulfide powders were mixed in 
various molar ratios with elemental sulfur and heated to a constant temperature of 575°C for 12 hours. No 
secondary phases were observed up to a Ba:Zr ratio of 0.7. Secondary impurities of ZrS3 were observed for 
Ba:Zr ratios lower than 0.7. As expected, the BaS3 secondary phase was observed for Ba:Zr ratios greater 
than 1. Since BaS3 is water-soluble, a gentle water wash dissolved away the secondary phase, resulting in 
phase-pure BaZrS3. Thus, phase-pure BaZrS3 is attainable for Ba:Zr ratios greater than 0.7. 105 However, 
the different compositions may have implications on the electronic and optoelectronic properties of BaZrS3, 
which need further study. 
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Table 1 summarizes the synthesis conditions for all film deposition methods used to prepare BaZrS3. 

Table 1. BaZrS3 thin film deposition methods and synthesis conditions. 

Synthesis method Annealing 
temp (°C) 

Annealing 
time 

Annealing 
atmosphere 

Substrate 
used References 

      
Reactive co-sputtering of 

Ba-Zr-S precursor films at 
ambient temperature 
followed by a thermal 
treatment to induce 

crystallization 

900 1 min Ar Si wafer Comparotto 
et al.97 

Polymer-assisted aqueous 
solution of metal 

precursors was spincoated 
followed by sulfurization 

in a mixed CS2 and Ar 
atmosphere 

900 3 h CS2+Ar Sapphire Dhole et 
al.94 

CS2 sulfurization of 
solution deposited BaZrO3 

film 
1050 4 h CS2+N2 Quartz Gupta et 

al.62 

Magnetron sputtering 
from the synthesized 

BaZrS3 target followed by 
annealing 

1000 1-16 h CS2 Quartz Han et al.48 

PLD deposited Ba-Zr-O 
films were annealed at 

temperatures between 700 
and 1100 °C under a 

continuous flow of H2S gas 
(5%) 

900-1000 30 min H2S+Ar Quartz Marquez et 
al.68 

Doctor blade coating of 
soluble mixed precursor 

ink utilizing CS2 insertion 
chemistry  followed by 

sulfurization of film in an 
ampule 

575 20 min - 16 
h sulfur+HfH2 

Eagle XG 
glass 

Pradhan et 
al.117 

Coating of colloidal 
BaZrS3 nanocrystals ink in 

chloroform followed by 
annealing 

150-250 20 min N2 Si wafer Ravi et al.65 

Drop cast of hybrid 
precursor ink  followed by 
sulfurization of film in an 

ampule 

575 2 h sulfur 

Al2O3 
coated 

Eagle XG 
glass 

Turnley et 
al.74 
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Epitaxial growth using 
Pulsed laser Deposition on 

LaAlO3 
700-850  Ar+H2S LaAlO3/ 

SrLaAlO4 
Surendran et 

al.72 

Sputter Ba-Zr, capped 
with SnS followed by 
sulfurized in sulfur 

environment 

600 20 h sulfur Mo/Si Comparotto 
et al.138 

Molecular beam epitaxial 
growth 900  H2S LaAlO3 

Sadeghi et 
al.89 

CS2 sulfurization of PLD 
deposited BaZrO3 films 900-1050 4 h CS2+H2/N2 Sapphire Wei et al.86 

CS2 sulfurization of PLD 
deposited amorphous Ba-

Zr-S films 
500-900 2-8 h CS2+Ar Sapphire Yu et al.93 

Sputter deposit a stack of 
BaS/Zr on SiC followed by 

sulfurization 
1000-1050  Sulfur SiC Jamshaid et 

al.99 

Solution deposit a stack of 
BaS/ZrS3 followed by 

sulfurization 
575 2 h sulfur+HfH2 

Al2O3 
coated 

Eagle XG 
glass 

Vincent et 
al.105 

Doctor blade coat a mixed 
precursor ink of BaS and 

ZrS3 followed by 
sulfurization 

575 2 h sulfur+HfH2 

Al2O3 
coated 

Eagle XG 
glass 

Vincent et 
al.105 

 

3. Properties of BaMS3 Compounds 

3.1. Defect Chemistry 

To successfully implement BaZrS3 as a solar absorber in solar cells, it is crucial to understand its defect 
chemistry. This knowledge can guide the selection of dopants, influencing the conductivity type, carrier 
concentrations, and identifying deep defects that could hinder the performance of solar cells. Regarding 
BaZrS3, three studies have reported on its defect chemistry, all using the HSE06 hybrid functional but with 
different Hubbard U values and supercell sizes.122,142,143 Despite these variations, all studies agree that sulfur 
vacancies are the predominant shallow donor defects in BaZrS3, characterized by low formation energies. 
These low formation energies may result in high electron concentrations under sulfur-poor growth 
conditions. 

The defect calculations included intrinsic point defects such as vacancies (VBa, VZr, and VS), antisites (BaZr, 
ZrBa, BaS, SZr, SBa, ZrS), and interstitials (Bai, Zri, and Si). Yuan et al. suggested that, unlike sulfur vacancies, 
VBa and BaZr also have shallow acceptor defects, albeit with high formation energies. Under sulfur-rich 
conditions, the defect formation energy of VS increases while the formation energies of acceptor defects are 
reduced. Consequently, the Fermi level would be pinned closer to the intersection of VS and VZr, which lies 
approximately 0.5 eV below the conduction band. Therefore, they argued that intrinsic BaZrS3 will always 
be n-type, while the carrier concentrations can be modified by the growth conditions. The shallow acceptor 
defects such as VBa, VZr and BaZr are strongly compensated by the donor defects, and even in the best-case 
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scenario with p-type doping, under sulfur-rich conditions, the Fermi level will be pinned approximately 0.6 
eV above the valence band maximum.122 

 

Figure 18. Defect chemistry calculations for BaZrS3. a) Plot showing the formation energy of various defects as a 
function of the Fermi level under sulfur-poor conditions. b) Plot showing the formation energy of various defects as a 
function of the Fermi level under sulfur-rich conditions. c) Plot illustrating the charge transition levels of various 
defects within the forbidden energy region. a), b) and c) Reproduced with permission.122 Copyright 2024, American 
Physical Society. 

Among the deep defects such as VZr, BaZr, SBa, SZr, and Si, only Si has a low formation energy, especially 
in sulfur-rich conditions. Therefore, under sulfur-rich conditions, high concentrations of sulfur interstitials 
are likely, which could lead to deep recombination centers. Figure 18 summarizes the defect calculations. 
Yuan et al. further calculated a capture coefficient of 1.25 × 10-9 cm3/s, arguing that it is slightly smaller 
than the dominant recombination centers of iodine interstitials in CH3NH3PbI3.122 



31 
 

In light of the above discussion, it would be advisable to operate under sulfur-poor conditions to achieve a 
weak n-type character by optimizing the growth conditions for the films and devising a p-i-n architecture. 
An external p-type dopant, such as La on the Zr site or alkali metals on the Ba site, could also be explored 
to keep the electron concentration in check while growing BaZrS3 films under sulfur-poor conditions. 
Oxygen-related defects could be common in BaZrS3 due to the frequent sulfurization of oxide films to 
synthesize ternary chalcogenides and the high oxophilicity of early transition elements. Interestingly, Yuan 
et al.’s calculations showed that both Oi and OS are electrically inactive and stable in the neutral charge 
state across almost the entire Fermi level range.122 Moving forward, it would be valuable to study defect 
complexes in BaZrS3, as they could have low formation energies and significantly affect the material’s 
intrinsic properties. 

3.2. Stability 

Chalcogenide perovskites have been proposed as stable alternatives to lead halide perovskites that are 
known to degrade under heat, air, and moisture. Experimental evidence supports this assertion, with some 
reports indicating BaZrS3's superior stability compared to halide perovskites. Gupta et al. highlighted 
BaZrS3's improved luminescence stability over methylammonium lead iodide (MAPbI3) perovskite, as the 
photoluminescence (PL) of MAPbI3 vanished within 2 weeks of exposure to air, whereas BaZrS3 
maintained substantial PL even after 5 weeks, though with some reduction in intensity (see Figures 19.a 
and 19.b). They emphasized BaZrS3's superior chemical stability by observing that the film's X-ray 
diffraction (XRD) pattern remained unchanged after 10 weeks in ambient conditions.62 Similarly, Zilevu et 
al. found no changes in the powder XRD (pXRD) pattern of their synthesized BaZrS3 nanoparticles after 9 
weeks of air exposure, indicating robust atmospheric stability even at the nanoscale (shown in Figure 
19.c).136 

In addition to atmospheric stability, BaZrS3 demonstrated greater moisture resistance than MAPbI3, which 
lost its PL instantly upon exposure to steam, while BaZrS3 maintained its PL for 10 minutes in the presence 
of steam. Ab initio Molecular Dynamic simulations revealed that BaZrS3 has weak interactions with water, 
and anion vacancy migration, a significant cause of instability in MAPbI3, is seven orders of magnitude 
lower in BaZrS3, suggesting photodegradation is not a major concern.62 Han et al. reported strong water 
stability for BaZrS3 thin films, observing minimal change in electrical conductivity (remaining within 80% 
of the original value) after 10 cycles of water rinsing (totaling 100 seconds) (shown in Figure 19.d). XRD 
measurements confirmed the phase stability of BaZrS3.48 

Yang et al. rinsed BaZrS3 powder synthesized from BaS3 liquid flux multiple times to remove water-soluble 
impurities, obtaining a phase-pure XRD pattern for BaZrS3.100 Ravi et al. tested the photocatalytic activity 
of BaZrS3 nanocrystals (synthesized using an I2 flux) by studying methylene blue degradation in water 
under sunlight. Their results demonstrated BaZrS3's reasonable photocatalytic activity and water stability. 
However, they noted that BaZrS3 began to degrade in water after 10-12 hours under light and after a few 
days in the dark.65 Zilevu et al. also observed their synthesized nanoparticles starting to degrade in water 
after 30 minutes.136 In summary, BaZrS3 exhibits much greater water stability than lead halide perovskites 
but still needs to meet the standard for water-based applications. 
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Eya et al. recently demonstrated the superior stability of BaZrS3 surfaces in the presence of oxygen and 
moisture through density functional theory (DFT) calculations.144 Their study focused on the three most 
stable surfaces of BaZrS3: (010), (100), and (111). They found that moisture exhibited only weak 
interactions with these surfaces, while oxygen, although interacting relatively more strongly, did not 
significantly alter the electronic properties. Notably, these interactions were predominantly localized at Zr 
sites, with Ba sites showing no interaction with either moisture or oxygen. 

In a solar farm exposed to intense heat, solar panels can reach temperatures of up to 60-80°C. Therefore, 
understanding the thermal stability of promising photovoltaic materials is crucial. In this context, Niu et al. 
conducted thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) studies to 
evaluate the stability of BaZrS3 across different temperatures. They found that BaZrS3 remains stable in air 
up to 650°C but degrades at higher temperatures into a mixture of BaSO4 and ZrO2 (see Figure 19.e).64 
Similarly, Han et al. heated BaZrS3 in air at 200°C and observed no signs of degradation (illustrated in 
Figure 19.f).48 Consistent with these findings, Ravi et al. also heated BaZrS3 nanocrystals in air up to 400°C 
without detecting any degradation.65 Recently, Bystricky et al. reported significantly higher thermal 
stability for chalcogenide perovskites (including BaZrS3 and BaHfS3) compared to their lead halide 
counterparts (MAPbI3 and CsPbI3). They observed that while MAPbI3 and CsPbI3 start decomposing 
around 250-290°C in air, BaZrS3 remains stable and does not decompose or change composition in air 
below ~500°C. It decomposes into oxides and sulfates only slowly at higher temperatures. BaZrS3 also 
showed no degradation in structural or optical properties in air at 100°C for at least one week. The authors 
attributed the high stability of BaZrS3 to the absence of any organic components and the higher stability of 
BaZrS3 compared to its binary constituents. Additionally, the lack of a tendency for binary sulfides to 
undergo sublimation before oxidation further contributes to its stability. Finally, they noted that the 
presence of a thin layer of ZrO2 on the surface of the film could also provide stability against oxidation in 
air.63  
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Figure 19. Stability of BaZrS3 against extrinsic factors. a) Plot comparing the PL intensity of BaZrS3 and MAPbI3 
films under ambient conditions over time, with an inset showing the variation in PL intensity upon exposure to steam. 
b) Plot depicting the PL intensity of BaZrS3 over several weeks of exposure to ambient conditions. a) and b) 
Reproduced with permission.62 Copyright 2020, Wiley. c) Plot illustrating the structural stability of BaZrS3 
nanoparticles over several weeks in air. c) Reproduced with permission.136 Copyright 2022, Royal Society of 
Chemistry. d) Plot demonstrating the superior water stability of BaZrS3 film by assessing carrier properties after water 
rinsing. d) Reproduced with permission.48 Copyright 2023, Elsevier. e) Plot showing the exceptional thermal stability 
of BaZrS3 powder up to 500 °C. e) Reproduced with permission.64  Copyright 2018, Springer Nature. f) Plot indicating 
minimal changes in the carrier properties of BaZrS3 after heat treatment at 200 °C. f) Reproduced with permission.48  
Copyright 2023, Elsevier. 
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Figure 20. Photoluminescence in BaZrS3. a) Plot comparing the normalized PL spectra of BaZrS3 synthesized using 
different methods. b) Plot showing the temperature-dependent PL spectra of BaZrS3 and CsPbBr3 single crystals. b) 
Reproduced with permission.145 Copyright 2024, American Physical Society. c) Low-temperature PL spectrum of 
BaZrS3 film grown by H2S sulfurization of Ba-Zr-O film. c) Reproduced with permission.68 Copyright 2021, American 
Chemical Society. 

Although macroscopic measurements indicate that BaZrS3 exhibits considerable stability in air, moisture, 
and heat, further analysis using techniques such as X-ray absorption spectroscopy or X-ray photoelectron 
spectroscopy could provide more in-depth insights. 

3.3. Photoluminescence 

Photoluminescence (PL) is a crucial measure of the optical quality of semiconductor materials. Highly 
luminescent direct bandgap materials, such as halide perovskites, contribute to efficient optoelectronic 
devices. Quantitatively, photoluminescence is often described as photoluminescence quantum yield 
(PLQY), which represents the ratio of emitted photons with energy equal to the bandgap to the total number 
of absorbed photons. PLQY values close to 1 indicate pristine materials with minimal deep defects and 
limited non-radiative recombination. In addition to PL intensity, the width of the PL peak is significant as 
it is related to the Urbach energy. A broader PL peak width suggests higher Urbach energy and an increased 
density of shallow defect states near the band edges. This can have a detrimental effect on the open-circuit 
voltage of a solar cell.  

BaZrS3, which has been indicated as a promising material for optoelectronic applications, has not 
demonstrated strong photoluminescence, regardless of the synthesis method used. The reported 
photoluminescence exhibits a broad peak spanning from 1.4 eV to around 2.2–2.3 eV, with peak locations 
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varying between 1.65–1.95 eV (shown in Figure 20.a).48,51,62,65,68,72,86,92–94,96,97,100,141 The wide range of peak 
locations suggests that there are variations between samples depending on the synthesis conditions. 
Additionally, there has been limited characterization of the photoluminescence quantum yield (PLQY) for 
BaZrS3, but reports suggest that its photoluminescence is significantly weaker than that of strontium-based 
chalcogenide perovskites.93 It is worth noting that most samples of BaZrS3 exhibiting reasonable 
photoluminescence were sulfurized under a CS2 atmosphere, highlighting the potential role of CS2 in more 
effectively removing oxygen impurities. While most PL peaks for BaZrS3 are below 2.0 eV, Yang et al. 
reported PL around 2.2 eV for the synthesized nanoparticles. They reported the size of BaZrS3 nanoparticles 
to be between 10-20 nm, which is larger than the exciton Bohr radius calculated by Ravi et al. for BaZrS3. 
Hence, it is unlikely that the PL peak shift is due to quantum confinement. Since the nanoparticles 
themselves are not in the true phase and contain unidentified peaks, the actual PL of the synthesized 
nanoparticles might be blue-shifted. Additionally, any organic residue left from the reaction could also be 
luminescing and needs to be verified.65,135  

 

Figure 21. Carrier Lifetime measurements for BaZrS3. a) TRPL measurement on the epitaxial film of BaZrS3 grown 
by PLD. a) Reproduced with permission.72 Copyright 2021, American Chemical Society. (b) Time-resolved PL 
spectrum of the BaZrS3 thin film sulfurized at 1050 °C for 4 hours, showing time constants τ1 and τ2 as 40 ns and 400 
ns, respectively, from the bi-exponential fitting. b) Reproduced with permission.86 Copyright 2020, Elsevier. c) TRPL 
spectra of BaZrS3 nanoparticles grown by Yang et al.135 c) Reproduced with permission.135 Copyright 2022, American 
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Chemical Society. d) Transient photoconductivity measurements on BaZrS3 films grown by H2S sulfurization of Ba-
Zr-O films. d) Reproduced with permission.68 Copyright 2021, American Chemical Society. 

In a recent study, Ye et al. compared the photoluminescence spectra of BaZrS3 single crystals grown from 
BaCl2 flux, BaZrS3 films produced via molecular beam epitaxy, and single crystals of lead halide perovskite 
CsPbBr3. 145 They observed much weaker photoluminescence from BaZrS3 samples than CsPbBr3, with 
four orders of magnitude higher recombination rate in BaZrS3. This underscores the high concentration of 
non-radiative recombination centers in the material. Furthermore, the non-radiative recombination in 
BaZrS3 persisted even at low temperatures, indicating a low thermal activation energy (see Figure 20.b).  
Marquez et al. also reported two mid-gap defect peaks in their BaZrS3 film, one at 1.14 eV and another at 
1.35 eV (shown in Figure 20.c).68 The origin of these defect peaks remains to be determined, but they may 
be present in other BaZrS3 samples that have not been analyzed at such low energy levels. These peaks 
closely align with the band positions of the Ruddlesden-Popper (RP) phases of Ba-Zr-S, suggesting the 
potential presence of nano-domains of RP phases within the bulk BaZrS3.  

Pradhan et al. measured the photoluminescence of BaZrS3 samples synthesized by the Agrawal group using 
various solution chemistries and solid-state powders from BaSx flux, selenium flux, and I2 vapor transport. 
They observed weak photoluminescence around 1.05-1.15 eV in all samples.123 This weak 
photoluminescence was attributed to deep defects, such as sulfur interstitials, or the presence of undetected 
secondary phases in small amounts, such as embedded Ruddlesden-Popper phases. In the absence of a clear 
understanding, further research is needed to identify origins of this peak, as it may be responsible for 
quenching the photoluminescence in BaZrS3 samples. Additionally, a recent report clarified that the weak 
photoluminescence observed by Pradhan et al.117 and Turnley et al.74 was not due to BaZrS3, but rather 
caused by calcium impurities. The glass substrate that they used contained calcium, which diffused out 
during the sulfurization step and likely formed CaS:Zr phosphors. These phosphors were amorphous and, 
therefore, not detectable by X-ray diffraction. The luminescence of these phosphors is very close to the 
optical bandgap of BaZrS3. These observations underscore the necessity of carefully selecting substrates. 

123 Similarly, Comparotto et al. did not observe significant photoluminescence from films synthesized in a 
sulfur atmosphere at temperatures below 600°C.138 Yang et al.100 and Ravi et al.65 are the only researchers 
to report notable photoluminescence for BaZrS3 synthesized at temperatures below 600°C. Notably, Yang 
et al. found that significant photoluminescence emerged only after water rinsing the synthesized BaZrS3 
powder.100 

Despite the challenges, the reported minority carrier lifetimes in BaZrS3 are comparable to those of other 
chalcogenides like Cu(In,Ga)Se2, according to studies by Surendran et al., Wei et al., and Ye et al (see 
Figures 21.a and 21.b). Time-resolved photoluminescence (TRPL) data exhibit a biexponential decay, 
suggesting the coexistence of multiple recombination pathways in the material. This points to the presence 
of defects, surface recombination, trap states, or different carrier populations. Understanding these 
processes is crucial for improving the material's optoelectronic properties, especially for applications in 
photovoltaics and other semiconductor devices. The estimated lifetimes, ranging between 5-50 ns, offer 
hope, indicating that BaZrS3 may still hold potential.51,72,86 However, the lifetime values with 
monoexponential decay reported by Yang et al. need to be revisited, as they appear to be outliers (see 
Figure 21.c).135 Additionally, the solution-processing method by Apurva et al. achieved only a lifetime of 
a few hundred picoseconds, highlighting severe recombination centers in those film.117  
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The transient photoconductivity measurements on BaZrS3 film synthesized by Marquez et al. at 1000°C 
also showed a fast initial decay followed by a longer time constant of around 30 ps, which could possibly 
be attributed to the trapping of carriers into localized states or the very fast recombination of charge carriers 
(shown in Figure 21.d).68 Zhao et al. also observed a similar pattern in the transient photocurrent 
measurement of BaZrS3 single crystal, where the photoexcited carriers showed a fast initial decay followed 
by a slow decay.146  

The overall poor photoluminescence in BaZrS3 necessitates a thorough investigation into the presence of 
deep defects, which may arise from unoptimized synthesis conditions rather than being intrinsic to the 
material. Improvements in defect control during synthesis and processing are critical for BaZrS3's potential 
in optoelectronic applications and represent a significant challenge for its adoption. 

3.4. Optical Bandgap 

The Tauc plot is a widely used method for estimating the optical bandgap of semiconductors and insulators. 
It is based on the Tauc equation, which relates the absorption coefficient of a material to photon energy and 
the type of electronic transition. However, the bandgap determination from the Tauc plot may not be fully 
accurate due to the simplifications inherent in the approach, which requires an assumption about the type 
of electronic transition (e.g., direct allowed, direct forbidden, indirect allowed, or indirect forbidden). The 
estimated bandgap may be imprecise if the assumed transition type is incorrect. On these lines, Nishigaki 
et al. reported that the lowest transition (V1→C1) is forbidden in BaZrS3 and the next lowest allowed 
transition (V2→C2) is 0.1 eV higher than the bandgap. This might lead to errors in the bandgap estimation 
from Tauc plot which has also been reflected in a wide range of bandgap reported for BaZrS3 in the literature 
1.7-1.95 eV.67  

Additionally, the extrapolation of the linear portion of the Tauc plot can be subjective. Determining the 
exact onset of absorption can also be challenging, particularly in materials with tails in their absorption 
spectra due to defects, disorder, or other non-idealities. This can lead to an overestimation or 
underestimation of the bandgap. The assumption of ideal optical absorption processes, such as neglecting 
excitonic effects, may not always hold and could also lead to errors. 

Given these limitations, the Tauc plot is not solely relied upon in the literature and is often complemented 
with other techniques like photoluminescence, which measures band-to-band emission and is generally 
considered more reliable. However, as discussed in detail in the previous section, photoluminescence peaks 
vary significantly across samples and methods in the BaZrS3 literature, leading to a need for a clearer 
consensus on the actual bandgap. It is believed to be around 1.8 eV, generally within the 1.7–1.9 eV range. 
40,48,62,65,86,93,140,147 
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Figure 22. Bandgap and absorption measurements for BaZrS3. a) Tauc plot showing the estimated bandgap for BaZrS3 
grown via different methods at temperatures a) exceeding 600°C, b) below 600°C. c) Absorption coefficient 
measurements of BaZrS3 and BaHfS3 grown via different methods. d) Comparison of the absorption coefficients of 
chalcogenide perovskites with other notable semiconductors. d) Reproduced with permission.67 Copyright 2020, 
Wiley.   

Surprisingly, the absorption spectra of BaZrS3 nanoparticles synthesized by Zilevu et al.135,136 and Yang et 
al.135 indicate a bandgap greater than 2 eV. Consequently, these data warrant further investigation. The 
trends in photoluminescence peaks typically correlate with bandgap estimations from the Tauc plot in the 
BaZrS3 literature. Figure 22.a and 22.b presents the Tauc plot for various synthesis methods and displays 
a wide range of bandgaps. These variations emphasize the need for streamlined synthesis processes and 
optimized conditions to achieve consistent results. The bandgap has been estimated to be approximately 
2.1 eV for BaHfS3 using Tauc plot analysis.67,85,105 

3.5.  Absorption Coefficient  

A high absorption coefficient is desirable for solar cell absorbers as it minimizes the required thickness to 
absorb nearly all incoming light, thereby reducing material consumption. A thinner film also decreases the 
series resistance in the solar cell and can accommodate lower carrier lifetimes and mobility. Density 
Functional Theory (DFT) studies have shown that chalcogenide perovskites, including BaZrS3, possess a 
high absorption coefficient exceeding 105 cm−1 within 0.3-0.5 eV above the onset of absorption.67,143 This 
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absorption coefficient is significantly higher than that of other commercialized and emerging chalcogenides 
such as Cu(In,Ga)Se2 and Cu2ZnSnSe4, and is comparable to or slightly better than lead halide 
perovskites.148,149 This high absorption is attributed to the high density of states in the valence and 
conduction bands of BaZrS3 and other chalcogenide perovskites, where sulfur 3p orbitals constitute the 
valence band edges and transition metal d orbitals constitute the conduction band edges. This high 
absorption has also been experimentally verified (see Figure 22.c).67,68,89,140Furthermore, the light 
absorption in these materials has been shown to be sharp, resulting in low Urbach energies (22-34 meV), 
which can help mitigate open-circuit voltage losses in photovoltaic (PV) devices.67 However, Marquez et 
al. reported that the absorption coefficient does not conform well to the parabolic band assumption, and the 
relation 𝛼∝(𝐸−𝐸𝑔)0.5 does not hold.68 Nishigaki et al. explained this discrepancy based on the forbidden 
lowest energy transition and the next-lowest energy transition being 0.1 eV above the bandgap.67 On one 
hand, this high light absorption coefficient indicates that an absorber film only 100-200 nm thick is required 
to absorb all incoming light completely. On the other hand, synthesizing such thin films remains challenging 
for BaZrS3. Nonetheless, Nishigaki et al. compared the absorption spectra of chalcogenide perovskites, 
including BaZrS3 and BaHfS3, with MAPbI3 and other notable inorganic semiconductors, finding that the 
former exhibited markedly superior performance (see Figure 22.d).67 The synthesis conditions notably 
influence the absorption coefficient of BaZrS3, as Marquez et al. observed that it significantly red-shifts 
and increases in magnitude with enhanced crystallinity and sulfur content. 68 In a different study, Xu et al. 
sulfurized BaZrO3 powder using CS2 to synthesize BaZrS3 and observed that the absorbance decreased with 
an increasing amount of sulfur in the mixture. Conversely, post-annealing of fully converted BaZrS3 in air 
below 500°C increased the absorbance, suggesting that oxygen impurities in BaZrS3 might actually be 
beneficial.140 Therefore, although the material exhibits promising light absorption properties, synthesis-
related challenges need to be overcome to fully exploit this potential. 

3.6. Carrier Properties 

The literature contains numerous examples of solar absorbers that, despite having promising optical 
bandgaps, lack essential carrier properties such as low effective carrier masses, high carrier mobility, low 
resistivity, and optimal carrier concentration.150–152 These properties are crucial for ensuring the unrestricted 
flow of carriers by minimizing traps throughout the material while maintaining a sufficiently high carrier 
concentration to form a p-n/p-i-n junction for the effective separation of light-generated charge carriers. 
Although BaZrS3 is still in its early stages of development, there has been inconsistency in the reported 
carrier properties. Wei et al. confirmed n-type conductivity in BaZrS3 films synthesized by CS2 sulfurization 
of pulsed laser deposition (PLD) deposited BaZrO3 films. They observed n-type conductivity in all samples 
sulfurized at temperatures between 900-1050°C, attributing this to sulfur vacancies. For sulfur vacancies to 
contribute electrons to the conduction band and result in n-type conductivity, these vacancies must be 
shallow defects with low formation energy.86 Wu et al. and Yuan et al., through computational defect 
chemistry studies, confirmed that sulfur vacancies act as shallow donor defects in BaZrS3, suggesting that 
the sulfur vacancies formed at high sulfurization temperatures are likely responsible for the observed n-
type conductivity.122,142 Interestingly, Wei et al. reported high doping density in their BaZrS3 films, with 
carrier concentrations on the order of 1019-1020 cm-3.86  This implies that approximately one in every 100-
1000 sulfur atoms is missing, contributing to the remarkably high doping density. Additionally, finding a 
compatible p-type layer for n-type BaZrS3 with such high carrier density poses a challenge, limiting its 
integration into conventional solar cell architectures. Nonetheless, there may be ways to reduce the n-type 
carrier density, such as external p-type doping to compensate for the high n-type doping. The high carrier 
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density also results in a moderately high conductivity of 3.52–588 S/cm. Wei et al. also reported a 
respectable carrier mobility of 13.7 cm²/V·s for a film synthesized at 1050°C and noted that the carrier 
mobility increased with sulfurization temperature (see Figures 23.a-c). Based on conductivity 
measurements as a function of temperature, they proposed the Efros-Shklovskii variable range hopping 
model to describe charge carrier transport in BaZrS3 films and estimated an activation energy of 1.7 meV. 
This energy was attributed to the ionization energy of sulfur vacancies. Their analysis indicated that sulfur 
vacancies can be easily ionized at room temperature, leading to a high electron concentration.86 

Differing from Wei et al., Yu et al. also reported ambipolar conductivity in BaZrS3 films synthesized by 
CS2 sulfurization of pulsed laser deposition (PLD)-deposited amorphous films at 500°C. They argued that 
a lower concentration of sulfur vacancies would result from annealing at a lower temperature. They 
confirmed n-type conductivity with a significantly lower electron concentration of 4.4x1010 cm-3 when 
operating the constructed field-effect transistor with positive gate voltage. A similar but lower current 
magnitude was measured with negative gate voltage, indicating ambipolar characteristics. They further 
estimated the electron and hole mobilities to be approximately 16.8 and 2.6 cm²/V·s, respectively.93 The 
smaller crystallite size resulting from the low-temperature sulfurization step may have increased carrier 
scattering, reducing carrier mobility. Ravi et al. also reported ambipolar electron-dominated conductivity 
for the colloidal BaZrS3 nanocrystals.65  

Recently, Aggarwal et al. demonstrated insulating behavior in BaZrS3 films synthesized by sputtering Ba 
and Zr onto a substrate, followed by sulfurization in a sulfur atmosphere. 153 However, these films exhibited 
dominant n-type conductivity when annealed under vacuum at temperatures between 500°C and 600°C. 
This was attributed to sulfur loss from the film, leading to shallow sulfur vacancy defects. The sulfur 
vacancies contribute electrons to the conduction band, causing the carrier concentration to increase beyond 
1020 cm−3, which is sufficiently high for delocalizing shallow defect levels and overlapping with the 
conduction band edge. While the carrier concentration varied with increasing annealing temperature and 
time, the carrier mobility remained stagnant around 1 cm2/V·s. The authors attributed this to grain boundary 
scattering or phonon scattering, possibly unrelated to ionized impurity scattering. However, the carrier 
concentration saturated after reaching 1022 cm−3. Temperature-dependent Hall effect measurements 
revealed a low activation energy of 8 meV, indicating a shallow donor defect. Similarly, Mukherjee et al. 
reported n-type conductivity for BaZrS3 films achieved by co-sputtering Ba-Zr-S and annealing the film at 
950°C, as evidenced through hard X-ray photoelectron spectroscopy.141 Additionally, Yang et al. reported 
n-type conductivity for BaZrS3 bulks with a carrier concentration of 1.02×1019 cm−3 and a high mobility of 
354 cm2/V·s.66 
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Figure 23. Charge carrier properties of BaZrS3. a)-c) Plots showing the variation in carrier density, carrier mobility, 
and conductivity with growth temperature for BaZrS3 film synthesized by CS2 sulfurization of BaZrO3 film. a)-c) 
Reproduced with permission.86 Copyright 2020, Elsevier.  d)-f) Plots showing the variation in carrier density, mobility, 
and resistivity/conductivity with annealing temperature for BaZrS3 film grown by magnetron sputtering from a BaZrS3 
target. d)-f) Reproduced with permission.48 Copyright 2023, Elsevier. 

Many emerging chalcogenide absorbers exhibit p-type conductivity and have found suitable n-type junction 
partners. Therefore, a p-type BaZrS3 film might easily find an n-type junction partner. In this context, Han 
et al. reported BaZrS3 films with p-type conductivity. 48 They synthesized BaZrS3 films at 1000°C via CS2 
sulfurization of amorphous PLD-deposited Ba-Zr-S films and suspected Ba-loss during the growth, 
resulting in Ba-deficient films. Since barium vacancies are expected to act as shallow acceptor defects, their 
films demonstrated p-type conductivity, which is rarely reported for BaZrS3. They further noted that the 
film's conductivity improved with extended annealing time, which was attributed to increased carrier 
concentration and hole mobility. The mobility enhancement was suggested to result from reduced defect 
scattering due to the improved quality of the film after prolonged annealing. Additionally, longer annealing 
times likely led to increased barium loss, thereby increasing the hole concentration after annealing for more 
than 10 h. While the highest carrier concentration of 1019 cm-3 was achieved after annealing for 16 h, 
mobility was compromised. An annealing duration of 4-10 h was found to be optimal, yielding a mobility 
of 30 cm2/V.s and a carrier concentration of 1018 cm-3 (see Figures 23.f-f). Temperature-dependent Hall 
effect measurements indicated an Efros-Shklovskii variable range hopping relationship between 
conductivity and temperature, from which an activation energy of 26.22 meV was estimated. This activation 
energy can be roughly interpreted as the ionization energy between the acceptor levels and the valence band 
edge, suggesting that the acceptor levels in BaZrS3 are shallow. 

Instead of performing hall effect measurements, Ravichandran and his collaborators estimated p-type 
conductivity for the BaCl2 flux-grown BaZrS3 single crystal by measuring the surface photovoltage using 
the Kelvin probe microscopy. 146 They estimated a positive photovoltage for all the wavelengths tested, 
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which indicates either a p-type conductivity or hole-transport dominated ambipolar nature of BaZrS3, which 
could have been induced by the barium or zirconium vacancies during the growth. This is in contrast to the 
frequently reported n-type conductivity for BaZrS3. Marquez et al. also estimated the combined mobilities 
of photoexcited electrons and holes from the photoconductivity decay measurements for samples sulfurized 
under H2S at 1100°C; a combined mobility of approximately 2 cm²/V·s was observed.68 

The literature on the carrier properties of BaZrS3 is limited, with most studies focusing on films synthesized 
at high annealing temperatures. These films often suffer from barium or sulfur loss, resulting in high 
concentrations of holes or electrons due to shallow barium and sulfur vacancies. Therefore, a systematic 
study of the effects of different synthesis conditions, such as annealing temperature, time, and sulfur 
pressure, on the carrier properties is necessary. Additionally, it would be valuable to investigate the carrier 
properties of BaZrS3 films produced by recently reported low-temperature solution-processing methods. 
However, film discontinuity in such methods may limit the measurements. The intrinsic nature of BaZrS3 
at low synthesis temperatures might also result in extremely high resistivity in the films, making 
measurement challenging. Nonetheless, controlling the carrier concentration in BaZrS3 through self-doping 
or extrinsic doping, along with achieving low effective carrier masses and high mobility, is crucial for the 
material's utility in electronic devices. 

3.7. Polymorphism 

Polymorphism refers to the ability of a material to adopt different crystal structures while maintaining the 
same chemical composition. This phenomenon is often influenced by factors such as pressure, temperature, 
the type of precursors, and other synthesis conditions. Polymorphism is significant because it can drastically 
alter a material's optical, electronic, and mechanical properties, enabling its use in diverse applications. For 
instance, WSe2 exhibits polymorphism, where the 2H phase is semiconducting while the 1T phase is 
metallic.154 

BaZrS3, a chalcogenide perovskite, exhibits an orthorhombic Pnma ground state that has been 
experimentally verified.28 However, Kayastha et al. used molecular simulations to demonstrate that, at 
ambient pressure (0 Pa), BaZrS3 can exist in three distinct polymorphs. 155They found that the orthorhombic 
Pnma phase remains stable up to 610 K, beyond which it transitions to a tetragonal I4/mcm phase. At 
temperatures above 880 K, it converts to a cubic Pm3̅m phase, which is commonly observed in halide and 
oxide perovskites but had not previously been reported for BaZrS3. Furthermore, Kayastha et al. conducted 
calculations across varying pressures and temperatures, constructing a comprehensive phase diagram for 
BaZrS3. 

Recently, Jaiswal et al. experimentally validated polymorphism in BaZrS3 by heat-treating BaZrS3 powder 
in air at various temperatures.156 Using in situ high-temperature X-ray diffraction, Raman spectroscopy, 
and bandgap measurements, they characterized the structural phases and optical properties. Their 
observations diverged slightly from those of Kayastha et al.155 Jaiswal et al. reported that orthorhombic 
Pnma BaZrS3 transitions to a Cmcm phase at approximately 400 °C, which subsequently transforms into 
the tetragonal I4/mcm phase above 500 °C.156 However, since the heating was done in air, due to oxidation, 
the BaZrS3 powder began degrading above 500 °C and decomposed completely around 700 °C. No 
additional phases were observed between 500 °C and 700 °C. 

In situ bandgap measurements revealed that within a single phase, the bandgap decreased with increasing 
temperature. A sharp discontinuity in the bandgap was observed during phase transitions, with the Pnma 
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phase exhibiting the highest bandgap and the I4/mcm phase the lowest. Notably, upon cooling, the 
orthorhombic Pnma phase was restored. These findings on BaZrS3 polymorphism are intriguing, as the 
distinct phases may exhibit other divergent properties. However, isolating these phases at room temperature 
remains a significant challenge. 

3.8. Alloying  

3.8.1. Ti alloying 

BaZrS3 is attractive for tandem solar cell applications due to its promising properties. However, its bandgap 
is too high for single-junction applications. One approach to modify the bandgap is through alloying 
isovalent elements at the A/B/X site, with Ti-alloying in BaZrS3 being particularly promising. Meng et al., 
through first-principles calculations, demonstrated that 10% Ti alloying in BaZrS3 could reduce the 
bandgap to 1.47 eV. They predicted, however, that mixtures with more than 25% Ti alloying would 
decompose into secondary ternary phases. Under pressure, the alloying percentage limit could be higher, 
indicating that non-thermal equilibrium growth might be necessary for synthesizing Ba(Zr,Ti)S3 films.143 

Li et al., using first-principles and molecular dynamics simulations, suggested that Ti alloying enhances 
phonon-electron coupling in BaZrS3, leading to localized polarons that affect carrier mobility. This could 
potentially result in increased electron-hole recombination and reduced photogenerated carrier lifetime due 
to alloying with Ti. 157 Nishigaki et al. attempted Ti alloying in BaZrS3 by annealing ground binary sulfide 
powders. They reported a bandgap reduction for 5% Ti alloying but observed phase segregation at 10% Ti 
alloying. Additionally, they found that alloying broadened the band-edge absorption, leading to high 
Urbach energy while maintaining a high absorption coefficient (see Figure 24.a). They attributed the tail 
absorption to atom clustering due to limited Ti-Zr solubility or unoptimized synthesis conditions.67 

Koratkar group synthesized thin films of Ba(Zr,Ti)S3 and observed a similar monotonic reduction in 
bandgap with increasing Ti percentage. 96 However, their alloyed films suffered from significant 
photoluminescence quenching and peak broadening compared to the parent BaZrS3, indicating defect 
formation from alloying. They also observed phase segregation beyond 6% alloying, with no further 
bandgap reduction (shown in Figure 24.b). Zeng group also attempted the powder synthesis of Ba(Zr,Ti)S3 
and reported a monotonic decrease in bandgap with increasing Ti content, reaching 1.51 eV with only 4% 
Ti alloying. 57 Higher alloying concentrations destabilized the perovskite phase (see Figures 24.c-d). 
Similar to Nishigaki et al., they observed an absorption tail in the 4% alloyed sample, attributing it to 
secondary phases.  

Han et al. deposited thin films of Ba(Zr,Ti)S3 by co-sputtering from BaZrS3 and BaTiS3 targets, observing 
phase separation beyond 5% Ti alloying. 48 They reported a bandgap reduction to 1.5 eV with 4% Ti 
alloying. Electrical characterizations of their unoptimized film with pinholes showed high sheet resistance 
compared to pure BaZrS3 films. Additionally, they reported p-type conductivity for their 4% Ti alloyed 
film, with a hole concentration of 6×1018 cm-3 and a carrier mobility of 6 cm2/V·s, which was significantly 
decreased compared to BaZrS3, likely due to increased scattering effects. 

In a recent study, Creutz group explored Ti alloying in BaZrS3 nanoparticles, reporting alloying levels up 
to 11%. 158 While the behavior of materials at the nanoscale can differ and allow for greater alloying, the 
synthesized BaZrS3 nanoparticles and their alloys did not posses the correct phase in this study. 
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Consequently, any higher percentage of Ti alloying in these nanoparticles require further exploration. 

Nonetheless, this work marks a significant step forward in attempting alloying at the nanoscale. 

Similar to Ti alloying in BaZrS3, Ti alloying in BaHfS3 is also a promising approach to reduce its bandgap 
and enhance its suitability for photovoltaic applications. Kong et al. conducted powder synthesis of Ti 
alloying in BaHfS3 and observed a reduction in bandgap with no secondary phases up to 5% Ti alloying. 
UV-Vis measurements revealed that a 5% Ti alloying resulted in a bandgap of 1.4 eV for Ba(Hf,Ti)S3 (see 
Figure 24.e). A similar shift in the photoluminescence peak was also observed for Ti alloying in BaHfS3 
(shown in Figure 24.f).85  

3.8.2. Se alloying 

In addition to Ti alloying, selenium alloying at the anion site is also an intriguing option to modify the 
bandgap. Selenium alloying has been observed to reduce the bandgap of chalcogenide semiconductors, 
making it a potential approach to lower the bandgap of BaZrS3 to within the single-junction photovoltaic 
limit. However, the bulk BaZrSe3 lacks a distorted perovskite structure, which restricts the amount of 
selenium that can be alloyed in BaZrS3. Attempts to synthesize bulk BaZrSe3 in a perovskite structure have 
instead resulted in a BaNiO3-type structure.159 Ong et al., using ab initio molecular dynamic simulations, 
predicted BaZrSe3 to be stable with a bandgap of 1.14 eV, but it has not been experimentally observed in 
thermal equilibrium growth methods.160 Figure 25 summarizes the findings from both first-principles 
calculations and experimental studies, demonstrating the reduction in bandgap with selenium alloying in 
BaZrS3. Meng et al. conducted first-principles calculations and observed a decrease in bandgap with Se 
alloying, although they noted a bowing effect at high selenium compositions. They further reported that 
selenium alloying is less effective than Ti alloying in reducing the bandgap: while 4% Ti alloying reduces 
the bandgap to 1.47 eV, it takes about 30% Se alloying to achieve the same effect. However, they calculated 
high absorption coefficients for BaZr(S,Se)3 comparable to BaZrS3.143 Zitouni et al. corroborated Meng et 
al.'s findings, showing a reduction in bandgap with Se alloying through first-principles calculations.161 Li 
et al. calculated that in BaZr(S,Se)3, the valence band maximum is formed by the orbitals of S and Se atoms, 
while the conduction band minimum is composed of Zr orbitals. Unlike Ti alloying, they calculated 
delocalized large polarons with Se alloying, which could benefit charge transport properties. The reduced 
electron-phonon coupling in BaZr(S,Se)3 would decrease the electron-hole recombination rate and an 
increase in the carrier lifetime by 60% compared to BaZrS3 was estimated.157 

However, few experimental reports have attempted selenium alloying in BaZrS3. Nishigaki et al. conducted 
powder-based synthesis of BaZr(S,Se)3 by mixing BaS, ZrS2, and ZrSe2 powders and annealing them at 
temperatures exceeding 1100°C. They observed a monotonic decrease in the bandgap up to 40% Se 
alloying, beyond which phase segregation occurred. The bandgap decreased by approximately 0.25 eV with 
40% Se alloying, with light absorption shifting towards lower energies. Similar to Ti alloying, they noted 
broadening of the absorption spectrum with Se alloying, resulting in an Urbach energy of 50-70 meV, likely 
due to increased scattering by atomic clusters or unoptimized synthesis. Additionally, they observed 
impurities of the Ruddlesden-Popper Ba3Zr2S7 phase in their 40% selenium alloyed sample, complicating 
the accurate estimation of the alloyed content and the observed properties.67 
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Figure 24. Ti alloying in BaZrS3 and BaHfS3. a) Comparison of the absorption coefficients for BaZrS3 and 
Ba(Zr0.95Ti0.05)S3. a) Reproduced with permission.67 Copyright 2020, Wiley. b) Comparison of the PL spectra for 
BaZrS3 and Ti-alloyed BaZrS3. b) Reproduced with permission.96 Copyright 2021, American Chemical Society. c)-d) 
Variation in the bandgap with Ti-alloying in BaZrS3. c)-d) Reproduced with permission.57 Copyright 2020, American 
Chemical Society. e)-f) Variation in the bandgap and PL spectra with Ti-alloying in BaHfS3. e)-f) Reproduced with 
permission.85 Copyright 2024, Elsevier. 
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While thermal equilibrium growth conditions have resulted in a relatively low alloying limit for selenium 
in BaZrS3, non-thermal equilibrium growth techniques can potentially overcome this limitation and 
stabilize higher selenium content in BaZrS3. Jaramillo group demonstrated this by growing Ba-Zr-S-Se 
films using gas source molecular beam epitaxy with H2S gas as the sulfur source, stabilizing the full range 
of compositions BaZrS(3-x)Sex in the perovskite structure, where 0 < x < 3. 90 As expected, the bandgap 
decreased with increasing Se content, with phase-pure BaZrS3 having a bandgap of around 1.9 eV and 
BaZrSe3 around 1.5 eV. They constructed photodetectors using these films by depositing Ti/Au electrodes 
on the film’s surface and measured the responsivity of the photodetectors. Interestingly, they noted that the 
responsivity decreased monotonically by several orders of magnitude with increasing selenium content. 
This significant reduction in responsivity severely limits the utilization of selenium doping in BaZrS3 and 
could be due to various factors, such as increased bulk or surface defects, which may depend on processing 
conditions and composition and thus require detailed study. 

 

Figure 25. Plot showing the reductions in bandgap for selenium-alloyed BaZr(S3-y,Sey)3. 

In other notable work, the Jaramillo group demonstrated the synthesis of BaZr(S,Se)3 films through anion 
exchange of sulfur with selenium in BaZrS3 films in an H2Se atmosphere at 800°C without disturbing the 
microstructure of the original BaZrS3 films. 61 This method does not require the films to be epitaxially 
grown, and the full range of compositions was achieved for both epitaxial and polycrystalline thin films of 
BaZrS3. Importantly, they noted that photoresponsivity was orders of magnitude higher for selenium 
alloyed films grown by the anion exchange method compared to direct growth, possibly due to the reduction 
of extended defects. 

3.8.3. Hf alloying 

BaHfS3 and BaZrS3 are expected to be fully miscible across the entire composition range, as both exhibit 
distorted perovskite structures with similar space groups. The bandgap of BaZrS3 is approximately 1.8-1.9 
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eV, while that of BaHfS3 is estimated to be around 2.1 eV. Therefore, without considering the bowing 
effect, the bandgap of the mixture should vary within this range. This tunability in the bandgap of BaZrS3, 
spanning from 1.4 to 2.1 eV through alloying with Ti, Se, or Hf, could be beneficial for various 
optoelectronic applications. 

Romagnoli et al. synthesized powders of BaZrS3, BaHfS3, and their mixtures by annealing BaS, Zr, Hf, and 
sulfur powders in an ampule at temperatures below 550°C. 147 As anticipated, they observed homogeneous 
alloying across the entire composition range. The researchers noted a gradual decrease in lattice parameters 
and an increase in the bandgap as the Hf content in the mixture increased. 

3.8.4.  Sn alloying 

Tin (Sn) is significantly more stable in the +4 oxidation state than in the +2 state and has an ionic radius 
very similar to that of Zr+4. Consequently, it presents a viable option for alloying in BaZrS3 to tune the 
bandgap. However, BaSnS3 is known to crystallize in a hexagonal structure and has only been synthesized 
under high pressures, making the realization of a high percentage of Sn alloying in BaZrS3 challenging. 

Chami et al., through first-principle calculations, demonstrated that substituting Zr with Sn is feasible up to 
25%, resulting in a monotonic decrease in the bandgap with increasing Sn content. 60 They predicted a 
reduction in the bandgap to below 1 eV with 25% Sn alloying and noted a high absorption coefficient for 
the alloyed sample, accompanied by a red shift in the absorption onset. While these calculations indicate a 
promising reduction in the bandgap and enhanced optoelectronic properties, achieving 25% Sn alloying in 
polycrystalline samples might be difficult due to the different structures of the terminal ternaries. 

3.8.5. Ca alloying 

In a recent study aimed at identifying high-performance elements for alloying in BaZrS3, Sharma et al. 
utilized first-principle calculations and machine learning models to generate data and train a predictive 
model for the defect formation energy and bandgap as a function of the alloying percentage of an element 
in BaZrS3. Their calculations identified Ti and Ca as promising elements with low formation energies that 
could significantly reduce the bandgap. Interestingly, they suggested that 2-4% Ca alloying in BaZrS3 could 
reduce the bandgap below 1.3 eV, even though the bandgap of the parent compound CaZrS3 is estimated to 
be around 1.9 eV, slightly higher than that of phase-pure BaZrS3. Even considering a possible bowing effect 
in the bandgap, the observed reduction seems somewhat large.92 

Nonetheless, Sharma et al. conducted experimental synthesis to verify their findings and observed a 
significant red shift in the photoluminescence peak with Ca alloying, with the bandgap reduction stabilizing 
after 2% alloying. While there exists a photoluminescence peak at 985 nm, a broad tailing towards lower 
wavelengths was also observed, indicating the potential presence of secondary phases. Compared to Ti 
alloying, they suggested that Ca alloying resulted in less quenching of photoluminescence, possibly due to 
fewer defects.  

While Ca alloying appears to be a promising method to reduce the bandgap of BaZrS3, a more 
comprehensive study is needed to investigate the solubility limit of Ca in BaZrS3, the defects formed, the 
band tailing towards higher energies, and the impact on carrier transport. This would be necessary to 
confirm its reliability as a method for bandgap reduction compared to Ti or Se alloying. 

3.9. Effect of Pressure  
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High pressure can significantly influence the electronic and mechanical properties of a material. It can lead 
to modifications in the band structure as the atomic distances change, affecting the bandgap, conductivity, 
and other electronic properties. Mechanically, high pressure typically increases stiffness and hardness and 
can induce phase transitions that fundamentally alter the material's structure and properties. Rong et al. 
conducted ab initio DFT calculations to determine the effect of pressures up to 20 GPa on the structure of 
BaZrS3. 162 They observed that the ductility of BaZrS3 increased with pressure, as did the dielectric constant. 
Additionally, all the peaks of the optical constants shifted to lower energies, i.e., they exhibited red shifts. 

Gross et al. experimentally confirmed a red shift in the absorption edge with increasing pressure, noting a 
decrease of approximately 0.015 eV/GPa. They also did not observe any structural changes in BaZrS3 up 
to 8.9 GPa.83 

3.10. Properties of BaTiS3 

Unlike BaZrS3 and BaHfS3, BaTiS3 is important for its quasi-1D structure, which unlocks a range of 
interesting properties. Notably, it exhibits giant optical anisotropy and electronic phase transitions, which 
enable functionalities such as polarization detection and resistive switching.131,132 BaTiS3 demonstrates 
optical anisotropy at mid-wave and long-wave infrared energies, making it an excellent candidate for 
polarization-selective infrared optics (shown in Figure 26.a).163 

While reports exist on nanocrystals and quasi-epitaxial thin films of BaTiS3, emerging studies highlight the 
large single crystals synthesized either through chemical vapor transport (CVT) or metal salt fluxes such as 
BaI2, BaCl2, or KI.91,124,125 Interestingly, single crystals obtained from KI flux have been significantly larger 
in volume compared to those synthesized from chemical vapor transport or barium salt fluxes.132 

Chen et al. achieved a high birefringence of 0.8 in the mid-infrared region for wavelengths of 4 µm and 
above in their KI flux-grown (001) oriented BaTiS3 crystals and discovered a high dichroic window from 
1 to 4 µm. 132 Previously, Niu et al. measured a high birefringence of 0.76 in their CVT-grown single crystals 
and observed two distinct absorption edges at 0.28 eV and 0.78 eV, resulting in a large dichroic window.164 
Yang et al. studied the photoelectric properties of BaTiS3 and fabricated a polarized photodetector using an 
Ag/BaTiS3/Ag architecture, which showed a broad wavelength detection range from visible light to 1550 
nm and a high responsivity of 1.22 A/W and detectivity of 3.8*1010 Jones under 780 nm illumination. The 
photodetector device characteristics are shown in Figures 26.b-h. Yang et al. also reported excellent 
transport properties for CVT-grown and sulfur-treated BaTiS3 crystals with mobility around 300 cm²/V·s 
along the c-axis and n-type conductivity. These exciting properties suggest that BaTiS3 could have 
applications in optical communication and integrated polarization sensors, among other fields.131 

The measured bandgap, band positions and other properties of BaTiS3 are listed in Table 2 and Figures 
26.i-j. The low thermal conductivity and structural anisotropy of BaTiS3 could also make it favorable for 
thermoelectric applications. Sun et al. identified glass-like ultralow thermal conductivity in pristine, high-
quality crystals of BaTiS3, attributed to sub-THz frequency atomic tunneling states.165 Using first-principles 
calculations, Paudel et al. estimated a maximum power factor of 928 µW/K² and a thermoelectric figure of 
merit (ZT) of 0.48 for electron-doped BaTiS3, and a power factor of 74 µW/K² and ZT of 0.17 for a hole-
doped sample at room temperature. The power factor and ZT increase with temperature, reaching a ZT of 
0.77 for electron-doped BaTiS3 at 800K.30 These impressive values underscore the thermoelectric potential 
of BaTiS3. 
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Figure 26. Photoelectric performance of BaTiS3 photodetectors and the electronic configuration. (a) Transmission 
spectrum of the atmosphere in the mid-IR range, showing the band gaps of various two-dimensional (graphene, BP, 
b-AsP, and Te) and quasi one-dimensional materials (BaTiS3). a) Reproduced with permission.163 Copyright 2021, 
Springer Nature. Defect characterization and photoelectric performance of BaTiS3 single crystal photodetectors. b) 



50 
 

Configuration of the BaTiS3 photoconductive detector under near-infrared light irradiation. c) Temperature-dependent 
conductivity and corresponding Arrhenius fitting of pristine and sulfurized BaTiS3 single crystals from 80 to 320 K. 
d) Linear and quadratic fittings according to the SCLC model. e)-f) Comparison of the temporal photocurrent response 
performance for pristine and sulfurized BaTiS3 photodetectors at room temperature (RT) and 80 K, @1 V, 780 nm 
illumination with a power density of 12.8 mW cm−2. g) Time-resolved photoresponse speed of the BaTiS3 
photodetector under 780 nm illumination, @1 V, 80 K. h) Light intensity-dependent responsivity and detectivity of 
the BaTiS3 photodetector under 780 nm illumination, @1 V, 80 K. i) Tauc plot from the optical absorption spectrum 
of BaTiS3 films showing an Eg ≈ 0.8 eV. j) UPS spectrum (left) and the valence band spectrum (right) of BaTiS3 with 
He 1 excitation. b)-j) Reproduced with permission.165 Copyright 2020, Springer Nature. 

Table 2. Basic properties of BaTiS3. 

Property Value 
  

Thermal conductivity (W m−1 K−1) 0.39 (ref. 165)  

zT 
0.48 (e- doped sample), 0.17 (h+ doped sample) 

(ref. 30)  
bandgap 0.85 (ref. 131), 0.5 (ref. 30)  

Conductivity n-type (ref. 131)  
Fermi level (eV) 4.92 (ref. 131)  

Deep defect activation energy (eV) ~0.44 (ref. 131)  
Shallow defect activation energy (eV) ~0.11 (ref. 131)  

Dielectric constant 2152 (ref. 131)  
Crystal mobility (cm2

 V−1 s−1) 322 (ref. 131)  
Powder carrier concentration (cm−3) 3.6 × 1016 (ref. 131)  
Responsivity (@780 nm, 1 V, 80 K) 1.22 AW−1 (ref. 131)  

Absorption edges 
(0.35 eV, 0.77 eV) (ref. 132), (0.28 eV, 0.78 eV) 

(ref. 164)  
Birefringence 0.8 (ref. 132), 0.76 (ref. 164)  

Dichroic window 1 to 4 µm (ref. 132)  
 

4. Working Applications of BaZrS3 

4.1. Photo Detectors 

A photodetector can be one of the simplest devices to test the functionality of a semiconductor material, 
and has thus been frequently fabricated in BaZrS3 research. Koratkar group deposited gold contacts on their 
CS2-sulfurized BaZrS3 film to create the device and fabricated a similar device with MAPbI3 for comparison 
(shown in Figure 27.a). 62 They observed a high dark current in the BaZrS3 film, which they attributed to a 
high number of sulfur vacancies formed due to annealing at high temperatures. Consequently, the 
photocurrent was estimated by subtracting the dark current from the current under illumination. 
Interestingly, the measured responsivity value of 46.5 mA/W at 5 V for the BaZrS3 photodetector is 
comparable to the reported values for lead halide perovskites and the MAPbI3 device they fabricated. While 
the responsivity of BaZrS3 decreased by 40% after 4 weeks in ambient conditions, the responsivity of 
MAPbI3 reduced by 95% in just 4 days, and the film decomposed into PbI2 (see Figure 27.b 
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Figure 27. Photoelectric performance of BaZrS3 photodetectors. a)-b) Photodetector design and photoresponsivity 
measurements as a function of applied voltage for BaZrS3 film grown via CS2 sulfurization of solution-deposited 
BaZrO3 film. a)-b) Reproduced with permission.62 Copyright 2020, Wiley. c)-e) Current-Voltage measurements under 
dark and illumination conditions for BaZrS3 films annealed at different temperatures during growth. f) Current vs. 
time for the device using the film annealed at 650 ℃, with a periodically switched light source (532 nm) at a fixed 
bias of 8 V. g) I-V curves measured at different excitation wavelengths for the device using the film synthesized at 
650 ℃. h) Wavelength-dependent photocurrent at bias voltages of 3, 5, and 8 V extracted from g). c)-h) Reproduced 
with permission.93 Copyright 2021, Elsevier. i) Photocurrent vs. voltage for different illuminations. j) Transient 
photocurrent measurements. k) Photocurrent as a function of illumination power for BaZrS3 single crystal. i)-k) 
Reproduced with permission.146 Copyright 2024, American Chemical Society. 
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Unlike the Koratkar group, Zeng group deposited BaZrO3 films using pulsed laser deposition and sulfurized 
them in a flowing CS2 environment at 1050°C. 86 They also observed a high dark current, which was very 
similar to the current under light, thereby affecting the proper measurement of photoresponse. It was argued 
that the high annealing time at such temperatures led to a large number of sulfur vacancies, resulting in high 
carrier concentration and affecting the photoresponse measurements. However, reducing the annealing time 
significantly increased the sample resistivity and decreased the dark current by three orders of magnitude, 
further confirming that sulfur vacancies were inflating the carrier concentration. Consequently, a decent 
photoresponse was obtained. 

Table 3. Photoreponsivity and ON/OFF ratios of BaZrS3 photodetector devices. 

Responsivity 
(mA/W) (bias 

applied) 

ON/OFF ratio 
(bias applied) 

Power density 
(mW/cm2) Wavelength (nm) References 

0.02 (5 V) 20 (2 V) 58 532 Wei et al. 2020 86 
46.5 (5 V) 1.5 (5 V) 55 405 Gupta et al. 2020 62 
0.08 (5 V) 80 (10 V) 140 532 Yu et al. 202193 
6.6 (5 V) 125 (5 V) 60 532 Surendran et al. 202172 

300 (10 V) 3.3 (5 V) 13 532 Zhao et al. 2024146 
1 (4 V)   600 Sadeghi et al. 202390 

 

Zeng group also fabricated photodetectors using BaZrS3 films synthesized by CS2 sulfurization of PLD-
deposited amorphous Ba-Zr-S films. 93 They produced devices for films sulfurized at 550°C, 650°C, and 
850°C. Similar to the earlier findings, they reported a high dark current for the film sulfurized at 850°C, 
likely due to sulfur vacancies that resulted in a high intrinsic carrier concentration, overshadowing any 
photoresponse. However, much lower dark currents were observed for the films sulfurized at 650°C and 
550°C, allowing for the detection of photoresponse with a higher illumination current for the film sulfurized 
at 550°C (see Figures 27.c-e). Despite this, the ON/OFF ratio was only 20, marked by a relatively high 
dark current, possibly due to poor crystallinity in the film leading to small grains with extended defects that 
may contribute free carriers. The responsivity of the 550°C film was just 0.08 mA/W at 5 V, significantly 
lower than the value reported by Gupta et al.62 The device demonstrates a rapid response with low rise and 
fall times, as indicated by the current measurements over time under periodic illumination (shown in Figure 
27.f) whereas Figure 27.g shows the I-V curves measured under different illumination wavelength. 
Furthermore, the film showed the highest photoresponse at an excitation wavelength of around 550 nm and 
had a cutoff wavelength around 670 nm (~1.85 eV), matching the reported bandgap of BaZrS3 (shown in 
Figure 27.h). 

Given that sulfur vacancies inflate the carrier concentration and affect photoresponse measurements, 
Surendran et al. synthesized pulsed laser-deposited quasi-epitaxial films at 750°C—lower than typical 
temperatures used in perovskite literature—at low H2S concentrations.72 They completed the photodetector 
by depositing Ti/Au electrodes. The photodetector exhibited photocurrent orders of magnitude higher than 
the dark current, with a responsivity of 6.6 mA/W at 5V and a 532 nm excitation wavelength, comparable 
to the 46.5 mA/W reported by Gupta et al.62 They fitted their photocurrent values at different incident 
powers to a power law and, based on the extracted exponent, determined that charge trapping limited the 
photocurrent. They attributed this to sulfur vacancies and oxygen substitution defects.72 However, recent 
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work from Hautier’s group suggests that sulfur vacancies are extremely shallow defects and oxygen 
substitution defects are benign, indicating that these should not significantly contribute to charge 
trapping.122 Interestingly, the transient photoresponse for Surendran et al. showed an impressively high 
ON/OFF ratio of 125—the highest reported for BaZrS3—with a rise time of 0.72 s and a decay time of 5.14 
s.72 In comparison, Gupta et al. reported an ON/OFF ratio of merely 1.5.62 The slow decay time was 
attributed to sulfur vacancies trapping the carriers, which requires further assessment. The high crystallinity 
of the epitaxial films, with lower defect density, likely contributed to the improved photoresponse compared 
to other BaZrS3 deposition methods. It would be interesting to grow these epitaxial films at different 
temperatures or post-anneal them in a sulfur environment to verify the role of sulfur vacancies in the high 
performance of epitaxial films. 

The Jaramillo group synthesized BaZrS3 and BaZrS3-ySey films using gas source molecular beam epitaxy, 
which is expected to produce pristine, high-quality films. However, they reported a mere 1 mA/W 
responsivity for the BaZrS3 photodetector, which increased to 100 mA/W for BaZrS2Se and then declined 
sharply with further selenium content, indicating an increasing number of defects trapping carriers.90 
Interestingly, their subsequent report showed that H2Se treatment of BaZrS3 films to synthesize BaZrS3-

ySey films resulted in orders of magnitude better photoresponse than directly grown films, highlighting the 
reduced trap centers with the anion exchange method.61 

While Dhole et al. observed some photoresponse for their polymer-assisted deposited BaZrS3 film, little 
analysis was performed, making it difficult to compare this method's effectiveness to others based on 
photoresponse.94 Single crystals of BaZrS3 likely represent the intrinsic material best. Zhao et al. fabricated 
a photodetector from BaZrS3 crystals (polished vs cleaved) synthesized using BaCl2 flux and noted a high 
photoresponsivity of 300 mA/W at 10V under 532 nm excitation.146 The measured characteristics of the 
fabricated photodetector are shown in Figures 27.i-k. They observed significant dark current and slow 
response, particularly in the polished crystals, which were characterized by an increased number of surface 
defects. This observation was further supported by the fitted power law, which revealed a notably lower 
exponent for the polished crystals. 

Although not discussed in detail herein, during the revision stage of this paper, we successfully fabricated 
a photodetector based on a solution-processed BaZrS3 thin film derived from metal acetylacetonate 
precursors.119 Gold contacts were thermally evaporated onto the film, forming Ohmic contacts. The 
fabricated photodetector exhibited an exceptionally fast photoresponse, with rise and decay times of less 
than 40 ms—significantly faster than previously reported values for BaZrS3. This improved response time 
indicates a reduced trap density in the material. 

Table 3 summarizes the photoresponsivity and ON/OFF ratios of BaZrS3 photodetector devices. Based on 
the literature, sulfur vacancies in BaZrS3 are causing excessively high carrier concentrations and negatively 
affecting device performance. It is likely that defects arising from composition and processing conditions 
also play a role, as different methods have produced significantly varying photoresponses. 

4.2. Photocatalyst and Electrocatalyst  

One area where lead-halide perovskites continue to face challenges is in water-based applications, such as 
photocatalytic hydrogen evolution. Preliminary studies on BaZrS3, however, indicate that it has better water 
stability compared to halide perovskites. Ravi et al. tested the photocatalytic activity of BaZrS3 in water by 
evaluating the degradation of methylene blue dye. In their experiments, the absorbance of the dye decreased 
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significantly in the presence of BaZrS3 nanocrystals, with a reduction of approximately 98% within 50 
minutes of exposure to sunlight. While this demonstrates the water stability and photoactivity of BaZrS3, 
more extensive research is needed to fully assess its potential.65 In contrast, a recent publication by 
Humphrey et al. reported computational and experimental measurements indicating that the overpotential 
of BaZrS3 is much higher than that of Pt.84 Consequently, BaZrS3 may not be a suitable candidate for the 
electrocatalytic hydrogen evolution reaction. 
Recently, the Chandiran group from IIT Madras employed BaZrS3 in a FTO/TiO2/BaZrS3 device 
architecture as a photoanode, with Ag/AgCl serving as the reference electrode and platinum as the counter 
electrode, for photocatalytic oxygen evolution reactions.166 They demonstrated the high stability of BaZrS3 
across a wide pH range (3–13) using X-ray diffraction measurements. Under simulated one-sun conditions, 
the device achieved a maximum photocurrent density of 0.36 mA/cm2 at 0.323 V vs. Ag/AgCl at pH 12, 
maintaining stability for at least 30 minutes. The study further confirmed the n-type conductivity of BaZrS3 
using Mott-Schottky analysis. Additionally, the films exhibited a modest photovoltage of 0.42 V and a high 
surface charge separation efficiency of 79% at pH 12. Prior to device fabrication, the band alignment was 
verified by determining the band positions of BaZrS3 relative to the reference electrode using Mott-Schottky 
plots and absorbance spectra. These findings present promising prospects for the application of BaZrS3 in 
solar-to-fuel conversion technologies. 
4.3. Field effect transistor 

Apart from photodetectors, field-effect transistors (FETs) could also be useful devices to test the quality of 
BaZrS3 films. Ravi et al. utilized nanoparticle ink developed from capping ligands on solid-state synthesized 
BaZrS3 nanoparticles suspended in chloroform. The film from this colloidal ink was coated, and films 
annealed at different temperatures were tested for FETs. They argued that the annealing temperature 
affected the continuity and roughness of the film, possibly due to the decomposition of oleylamine and 
other molecular residues. They used Si as the substrate and the gate electrode and deposited a thin dielectric 
layer of ZnOx on top of the Si substrate via the sol-gel method. A ~50 nm thin layer of BaZrS3 from the 
colloidal ink was then spin-coated on top of the ZnOx layer. Finally, Au contacts were deposited, 
representing the source and drain electrodes. The FETs exhibited ambipolar behavior, conducting both 
holes and electrons, and showed a high on/off current modulation, indicating their potential as electronic 
switches. However, the estimated mobilities for holes and electrons were extremely low (below 0.1 
cm²/V·s), which further decreased for films annealed at high temperatures.65 These results are promising 
but highlight the need for further optimization of the film synthesis. Otherwise, it is challenging to 
determine if the film characteristics or the intrinsic properties of BaZrS3 are the limiting factors. 
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Figure 28. The drain-source current (IDS) versus drain-source voltage (VDS) for the FET fabricated using the film 
annealed at 650 ℃ under (a) positive and (b) negative gate voltages (VG). a)-b) Reproduced with permission.93 
Copyright 2021, American Chemical Society. 

Yu et al. also synthesized FETs from BaZrS3 films annealed at 650°C, utilizing the ionic liquid 
Diethylmethyl(2-methoxyethyl)ammonium bis(trifluoromethylsulfonyl)imide (DEME-TFSI) as the gate 
and gold (Au) for the source and drain electrodes. 93 Their analysis indicated a low intrinsic density with n-
type conductivity. The low-temperature synthesis may have minimized the formation of sulfur vacancies, 
resulting in a low carrier density of approximately 10¹⁰ cm⁻³, which is lower than what is typically reported 
in the literature. Similar to Ravi et al., a low ON/OFF ratio of around 6.5 × 10⁻³ was reported. The I-V 
curves suggested ambipolar behavior in the FETs with decent carrier mobilities, with electron and hole 
mobilities being 16.8 cm²/Vs and 2.6 cm²/Vs, respectively (see the I-V curves in Figure 28.a-b with 
positive and negative gate voltages). They proposed that the small grain size affected the carrier mobilities 
due to increased carrier scattering, but further work is needed to assess this carefully. 

4.4. Photovoltaic 

Chalcogenide perovskites have primarily garnered attention for light-emitting diode and photovoltaic 
applications, largely because lead-halide perovskites have dominated these two areas. BaZrS3, in particular, 
has attracted interest within the photovoltaic community due to its suitable bandgap for tandem solar cell 
applications and its theoretically estimated exceptional optoelectronic properties. However, challenges 
related to finding suitable substrates, high-temperature synthesis, poor film morphology, and mediocre 
optoelectronic properties have hindered researchers from developing solar cells without first optimizing 
these variables. Nishigaki et al. proposed a hybrid perovskite/c-Si monolithic two-terminal tandem solar 
cell architecture for BaZrS3, Ba(Zr,Ti)S3, and BaZr(S,Se)3, given the successful demonstration of high 
efficiencies in halide perovskite/c-Si tandem solar cells (see Figure 29.a). They calculated the maximum 
achievable efficiencies as a function of the perovskite layer thickness using their measured absorption 
coefficients, blackbody radiation, and the solar AM 1.5 spectrum. Although their estimation of the bandgap 
for BaZrS3 was slightly higher than typically reported, they found that BaZrS3 could achieve a maximum 
efficiency of around 35%. For Ba(Zr0.95Ti0.05)S3, the maximum efficiency was around 38.7% with an 
absorber thickness of 550 nm, an estimated Voc of 2.11 V, a Jsc of 20.6 mA/cm2, and a fill factor of 0.888. 
Similarly high efficiencies were calculated for Se-alloyed BaZrS3, although with much thicker films (shown 
in Figure 29.b). 
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Overcoming the challenges with thin-film fabrication, Dallas et al. successfully synthesized the first 
working solar cell using BaZrS3, employing a dye-sensitized solar cell architecture with an I⁻/I3⁻ redox 
electrolyte in an organic solvent and a Pt cathode (see Figure 29.c). 167 Following Ravi et al.'s approach, 
they prepared a colloidal suspension of solid-state nanoparticles, capped with oleylamine ligands and 
dispersed in chloroform. This dispersion was drop-cast onto a layer of mesoporous TiO2 on an FTO 
transparent glass substrate and annealed at various temperatures (120°C, 200°C, and 350°C) to remove 
excess solvent. They also tested a NaS/S redox couple in H2O but achieved no reasonable current in the 
completed devices, suggesting that the BaZrS3 particles decomposed or hydrolyzed in water. Nonetheless, 
their completed devices with the I⁻/I3⁻ redox couple demonstrated some charge separation and collection, 
reporting an average device efficiency of 0.11% with a maximum efficiency of 0.17%. The devices 
exhibited a short circuit current of 0.71 mA/cm², an open circuit voltage of 0.39 V, and a fill factor of 63% 
under 1-sun illumination (shown in Figure 29.d). While the efficiencies varied slightly with the annealing 
temperature, they remained within the same range.167 Furthermore, their device demonstrated significant 
stability over time, as illustrated in Figures 29.e-f. This does not fully demonstrate the potential of 
chalcogenide perovskites, especially BaZrS3, but it highlights the need for further optimization of the 
material and device architecture. 

To fully unlock the potential of BaZrS3, it is crucial to utilize a thin-film solar cell architecture. However, 
there has been limited research on the surface and interfacial properties of BaZrS3. Eya et al. studied various 
surface terminations, identifying the (001), (100), and (111) surfaces with S-S, S-S, and S-Ba terminations, 
respectively, as the most stable.168 They further performed ionization energy and electron affinity 
calculations for these surfaces and found that the (111) surface forms favorable alignments and optimal 
band offsets with many electron and hole transport materials (ETLs and HTLs) used in perovskite solar 
cells (depicted in Figure 29.g). According to their calculations, TiO2, ZnSe, and ZnO are promising electron 
transport layers due to their low conduction band offsets at the BaZrS3(111)/ETL interface. Similarly, NiO 
and CuI are attractive options for hole transport layers.168 However, to date, there has been no experimental 
verification or utilization of these transport layers. Nonetheless, several SCAPS modeling studies have been 
conducted to simulate solar cell architectures using BaZrS3. Researchers have explored various 
architectures, but these simulations often rely on several assumptions about the properties of BaZrS3, which 
are still under investigation in many cases.169–175 Therefore, while these studies are useful, they still await a 
definitive assessment of the performance or potential of BaZrS3-based solar cells. 
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Figure 29. Modeling and experimental performance of BaZrS3 solar cells. a)-b) Proposed configuration of a 
perovskite-silicon tandem solar cell and the calculated device efficiencies. a)-b) Reproduced with permission.67 
Copyright 2020, Wiley. c) Configuration of a BaZrS3 solar cell in a dye-sensitized architecture. d) J-V characteristics 
for the synthesized solar cell. e) Maximum power point tracking at VMPP. f) Stability of current density over several 
days. c)-f) Reproduced with permission.167 Copyright 2024, Elsevier. g) Estimated band positions of different planes 
of BaZrS3 along with potential electron transport layers (ETLs) and hole transport layers (HTLs). g) Reproduced with 
permission.168 Copyright 2023, American Chemical Society. 
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4.5. Thermoelectrics 

BaZrS3 shows promise for thermoelectric applications due to its high Seebeck coefficient and low thermal 
conductivity. Through first-principles calculations, Osei-Agyemang et al. determined an effective Seebeck 
coefficient of 3000 μV K−1 and an ultralow thermal conductivity of 1.16 W/m·K at 300 K, resulting in a 
thermoelectric figure of merit (zT) around 1 at 300 K, which supports the potential of BaZrS3 as a 
thermoelectric material. They noted that a high ZT is achieved at carrier concentrations around 1015-1018 
cm−3, as higher concentrations lead to a decrease in the Seebeck coefficient. As temperature increased, 
thermal conductivity also increased, causing zT to drop below 1.176,177 Gupta et al. also reported extremely 
low conductivity for BaZrS3, with their calculations indicating an enhancement in the Seebeck coefficient 
and a decrease in thermal conductivity with increasing temperature. Below 500 K, zT decreased with 
increasing concentration.62 

 

Figure 30. Thermoelectric performance of BaZrS3. a)-f) Seebeck coefficient (S), electrical conductivity (σ), power 
factor (PF), thermal conductivity (k), and thermoelectric efficiency (zT) as functions of annealing temperature for 
dense BaZrS3 bulk samples. a)-f) Reproduced with permission.66 Copyright 2024, Elsevier.  

Yang et al. experimentally confirmed the superior thermoelectric performance of BaZrS3. 66 They 
synthesized BaZrS3 powders and converted them into dense bulks through spark plasma sintering, 
measuring the electronic and thermoelectric properties (see Figure 30.a-f). They found that the samples 
were electrically insulating at low sintering temperatures, preventing measurement of the Seebeck 
coefficient, but showed high n-type conductivity at high sintering temperatures (about 1600°C) due to sulfur 
vacancies. The conductivity increased sharply by 5 orders of magnitude as the sintering temperature rose 
from 1000°C to 1600°C. For the optimized sintering temperature of 1600°C, the Seebeck coefficient 
decreased while electrical conductivity increased as the sulfurization time of BaZrS3 powder increased from 
4 to 12 hours. This increase in conductivity was likely due to increased carrier concentration from higher 
sulfur deficiency. The negative Seebeck coefficient indicated n-type conductivity with electrons as the 
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majority carriers, as expected due to shallow sulfur vacancies. As sulfurization time increased from 4 to 12 
hours, carrier concentration rose to 1.02×1019 cm−3, while carrier mobility decreased from 385 to 104 
cm2/V·s. Nonetheless, these are the highest reported mobility values for BaZrS3, comparable to lead halide 
perovskites. The authors attributed these high mobility values to improved and optimized synthesis 
conditions. A low thermal conductivity of 1.74-1.82 W/m·K was achieved at room temperature due to the 
intrinsic structure of BaZrS3 and high sulfur deficiency, decreasing to 1.11-1.2 W/m·K at 623 K. 
Consequently, the zT value increased with sulfurization time, reaching a maximum of 0.37 at 623 K for 
BaZrS3 sulfurized for 12 hours. This experimental zT value for BaZrS3 is among the highest reported for 
sulfide materials (Figure 30.f). 

Furthermore, Li et al. investigated the thermoelectric properties of BaZrS3 under pressure and observed a 
non-linear relationship with pressure due to the irregular variation of the phonon lifetime. They found that 
the band effective mass and degeneracy decrease, leading to a reduction in the Seebeck coefficient and an 
increase in electrical conductivity, ultimately reducing the power factor and zT, indicating that the 
thermoelectric performance of BaZrS3 degrades under pressure. 178 Wu et al. attributed the low thermal 
conductivity in BaZrS3 to weak bonding and strong anharmonicity, suggesting that the thermoelectric 
performance of BaZrS3 can be improved by alloying with Se or Ti.179  

These computational and experimental observations suggest a promising future for BaZrS3 in 
thermoelectrics. Its thermoelectric performance could also be modified through alloying, doping, 
nanostructuring, or other strategies. 

4.6. Spintronics 

Spintronic applications require semiconductor materials with specific properties that enable the 
manipulation and detection of electron spin states. Semiconductors that exhibit ferromagnetism or can be 
magnetized are particularly beneficial for spintronic devices, as they combine magnetic and semiconducting 
properties. To achieve such materials, transition metals are often doped into parent materials to induce 
magnetism. Yu et al. investigated doping BaZrS3 with up to 5% Mn and Fe, aiming to develop a new 
magnetic semiconductor. The authors observed that Mn and Fe can be doped at the Zr site up to 5% without 
forming secondary phases and noted a monotonic decrease in bandgap with increasing doping levels. The 
level of magnetization also increased with doping. While Mn-doped samples exhibited paramagnetic 
behavior at room temperature, Fe-doped samples showed ferromagnetism. Nevertheless, further research 
is required to elucidate the mechanisms by which Mn and Fe doping induces magnetism, to 
comprehensively characterize the resulting magnetic properties, and to explore the potential of BaZrS3 for 
applications that leverage these properties.180 

Recently, Yaghoubi et al. employed density functional theory (DFT) calculations to identify two previously 
unreported phases of BaZrS3, designated as Pna21 and Pmc21, which have not yet been experimentally 
observed.181 They noted that these phases exhibit powder X-ray diffraction patterns and Raman spectra that 
closely resemble those of the widely studied Pnma phase. However, subtle distinctions in Laue diffraction 
patterns were identified as a potential method for differentiating these phases. 
 
The authors further demonstrated that the non-polar Pnma phase lacks ferroelectric behavior, whereas their 
calculations suggest that the Pna21 and Pmc21 phases exhibit weak ferroelectric properties, with ionic and 
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electronic polarizations nearly canceling each other. They also proposed that the application of strain could 
enhance the ferroelectric characteristics of these phases, suggesting that strain engineering may provide a 
viable experimental approach for observing them. 
 
If validated experimentally, this discovery could hold significant promise for BaZrS3, as ferroelectric 
behavior in solar cell materials is known to enhance charge separation and potentially improve photovoltaic 
efficiency. These findings open exciting new avenues for the application of BaZrS3 in advanced 
optoelectronic and energy-harvesting devices. 

4.7. Piezoelectricity 

Semiconductor materials are also frequently utilized as piezoelectric materials, where an electric charge is 
generated in response to applied pressure. This phenomenon arises from the intrinsic crystal structure of 
these materials, which lack a center of symmetry. When mechanical stress is applied, it causes a 
displacement of the positive and negative charge centers within the crystal, resulting in an electric dipole 
moment and the generation of an electric charge on the surface. 

While BaZrS3 typically exhibits a centrosymmetric structure (which is generally non-polar and weakly 
piezoelectric), first-principles calculations by Abir et al. indicate that it has a loosely packed unit cell with 
significant vacant space. 182 This allows for an extended displacement of ions, resulting in a displacement-
mediated dipole moment. Similar piezoelectric behavior is not observed in centrosymmetric BaZrO3 due to 
its tightly packed unit cell. The significance of the piezoresponse in BaZrS3 lies in the abundance and non-
toxicity of its elements, contrasting with other commonly used piezoelectric materials. 

Table 4. Basic properties of BaZrS3.  

Property of BaZrS3 Reported values 

Bandgap (eV) 
1.74 (ref. 40), 1.75 (ref. 62), 1.82 (ref. 86), 1.85 (ref. 105), 1.89 (ref. 93), 

1.9 (ref. 89), 1.94 (ref. 67), 2.23 (ref. 48)  
Electron Affinity (eV) (4.57 (010), 4.51 (100), 3.63 (111)) (ref. 168)  

Ionization Potential (eV) (6.29 (010), 6.23 (100), 5.35 (111)) (ref. 168)  
Dielectric constant 76.2 (ref. 69), 46 (ref. 183)  

Electron mobility (cm2/V.s) 385 (ref. 66), 13.7 (ref. 86), 16.8 (ref. 93), 1 (ref. 153)  
Hole mobility (cm2/V.s) 2.6 (ref. 93), 30 (ref. 48)  
Electron effective mass 0.3 (ref. 184), 0.43 (ref. 70), 0.318 (ref. 59), 0.3 (ref. 122)  

Hole effective mass 0.46 (ref. 184), 0.75 (ref. 70), 0.459 (ref. 59), 0.9 (ref. 86,122)  

Carrier density (cm-3) (1019-1020) (ref. 86), 4.4*1010 (ref. 93), > 1020 (ref. 153), 1.102*1019 
(ref. 66) ,1018 (ref. 48)  

Extinction coefficient 1.7 (ref. 168)  
Absorption coefficient (cm-1) 105 (ref. 168), ~105 (ref. 67), ~105 (ref. 68)  

Work function (6.20 (010), 5.624 (100), 5.109 (111)) (ref. 168), 4.44 (ref. 146)  
Reflectivity 22% (ref. 168)  

Refractive index 2.75 (ref. 168)  
Seebeck coefficient (µV/K) 3000 (ref. 177), ~280 (ref. 66)  
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Thermal conductivity 
(W/mK) 1.16 (ref. 177), 1.84 (ref. 179),1.74-1.82 (ref. 66)  

zT 0.58 (ref. 179), ~1 (ref. 177), (0.37 at 600 K, 0.14 at 300 K) (ref. 66)  
Heat capacity (J/g.K) 100 (ref. 177)  

 

For 300 nm BaZrS3 films deposited on quartz, Abir et al. observed a strong piezoelectric response of 
~21.38 ± 1.51 pm/V (picometers per volt) through Piezoresponse Force Microscopy (PFM), where the 
amplitude increased with increasing voltage. This piezoresponse of BaZrS3 is comparable to other 
piezoelectric materials. This experimental result for BaZrS3 aligns with piezoresponse values calculated 
through first-principles Density Functional Perturbation Theory (DFPT). Interestingly, the calculated 
piezoresponse for BaHfS3 is even higher, around 102.58 pm/V (for d21), making it a promising candidate 
for piezoelectric applications.182 

Abir et al. also demonstrated practical devices exhibiting piezoelectric behavior by creating a composite 
matrix of BaZrS3 powder dispersed in polymer (Polycaprolactone: PCL), which provides ductility for 
energy harvesting materials. They completed the device by attaching Cu electrodes to the top and bottom 
surfaces of the polymer film. Testing various loadings of BaZrS3 in the polymer, they found that the optimal 
performance was achieved with 15% loading, as higher percentages led to agglomeration and disconnection 
from the polymer matrix, reducing response. The device yielded a peak output of ~103.5 μW cm−2, 
surpassing some of the best-performing piezoelectric materials. Abir et al. successfully demonstrated the 
charging of capacitors and lighting of LEDs through body movements while wearing their flexible 
piezoelectric device.182 

These findings highlight a significant application for BaZrS3. Future research could focus on inducing 
defects in the material, breaking centrosymmetry, and amplifying the piezoresponse to further enhance its 
performance. 

5. Future challenges and Outlook 

BaZrS3 has emerged as an exciting, non-toxic absorber material for photovoltaic applications (Table 4 
summarizes the properties of BaZrS3). Composed of earth-abundant elements, it is expected to benefit from 
its perovskite crystal structure. Despite advancements in reducing synthesis temperatures, developing 
various deposition methods, and experimentally verifying its promising absorption coefficient, further work 
is needed in the following areas to fully demonstrate its potential: 

1. BaZrS3 has been synthesized using various methods, including sputtering, pulsed laser deposition, 
molecular beam epitaxy, and solution processing. However, limited work has been done on 
optimizing the composition of the final film, leading to inconsistent compositions across the 
literature. This inconsistency has made it challenging to assess the role of composition accurately. 
A barium-deficient composition might result in barium-related defects, such as VBa or ZrBa, which 
could impact the optical and electronic properties. In our previous work, we demonstrated that 
BaZrS3 does not decompose into binaries until the Ba ratio is approximately 0.7. Conversely, 
barium-rich compositions might lead to undetected amorphous secondary phases in the film, 
significantly affecting its properties. Therefore, accurate composition determination is crucial for 
correlating composition with optical and electrical properties. While techniques like energy-
dispersive X-ray spectroscopy are frequently used, determining the correct composition without a 
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BaZrS3 standard is challenging due to overlapping peaks. Thus, exploring other accessible 
composition analysis techniques is essential. Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICP-OES) could be one such method, as it can accurately provide the bulk 
composition, assuming all constituent elements from the film are soluble in a common solvent, 
typically a dilute acid. However, co-dissolving Ba and S in any dilute acid has been challenging 
due to the formation of insoluble BaSO4 species. 

2. Once a method to accurately measure composition is established, it is essential to study the effect 
of composition on electrical and optical properties. In sulfur-poor conditions, sulfur vacancies 
easily form, potentially leading to a very high electron concentration, which is undesirable for a 
solar absorber. Conversely, sulfur-rich conditions could result in deep sulfur interstitial defects. A 
barium-poor composition film grown in a sulfur-poor environment might balance out the excess 
electrons, thereby reducing excess carrier concentrations. Therefore, there is a need to grow films 
under various sulfur environments with different metal ratios to optimize the properties of BaZrS3 
as a solar absorber. 

3. It is important to synthesize BaZrS3 at temperatures below 600°C to integrate with other layers of 
a solar cell, which likely cannot withstand higher temperatures. Although solution-processing 
methods and sputtering-based techniques have achieved low-to-moderate temperature synthesis of 
BaZrS3, these methods have shown limited control over material quality. Notably, these methods 
have reported no photoluminescence in the films, which is concerning. Since most of these methods 
were conducted in sulfur-rich environments, sulfur interstitials may have formed, quenching the 
photoluminescence. Additionally, sulfur-poor growth conditions in some methods have resulted in 
Ruddlesden-Popper impurities, indicating a need for careful optimization of growth conditions at 
low temperatures. Furthermore, nanoparticles grown by Zilevu et al.136 did not exhibit 
photoluminescence, while those by Yang et al.135 displayed an unnatural blue-shifted 
photoluminescence peak, potentially arising from secondary phases or organic residues. 
Importantly, the electrical transport properties of these methods have not been measured and need 
to be tested and optimized. Overall, low-temperature growth methods are crucial for exploring 
BaZrS3 in solar cells, but significant work is required to improve and optimize their growth 
conditions and properties. A low-temperature photoluminescence (PL) study can be performed to 
investigate the presence of midgap defect transitions. For nanoparticles, conducting a ligand 
exchange to a more suitable organic or ionic ligand could effectively passivate surface defects, 
thereby enhancing photoluminescence efficiency. 

4. Another significant bottleneck is the overgrowth of grains in methods relying on liquid flux. 
Solution-processed BaZrS3 films have not been found to nucleate on a hotplate in an inert 
environment at temperatures below 500°C, unlike other chalcogenides such as Cu(In,Ga)S2 and 
Cu2ZnSnS4. This limitation necessitates an additional sulfurization step, where the amorphous film, 
consisting of a Ba-Zr-S matrix, is sulfurized in the presence of excess sulfur. This process relies on 
the formation of BaSx liquid flux, which apparently does not produce many nucleation sites and 
causes Ostwald ripening, resulting in large, disconnected grains. Consequently, synthesizing a 
smooth film with well-connected grains of BaZrS3 through solution-processing methods has been 
challenging. While methods utilizing sulfurization under CS2 at high temperatures have achieved 
reasonable film continuity, they have not attained satisfactory grain growth. Therefore, optimizing 
growth conditions and creating additional nucleation sites during sulfurization could be crucial for 
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achieving smooth, contiguous films. This outcome could potentially be achieved through a multi-
temperature sulfurization process. 

5. To successfully implement BaZrS3 in a thin-film solar cell architecture, the films must be deposited 
on a conductive substrate. Alternatively, they could be transferred using a conductive epoxy lift-
off to a substrate of choice. However, limited work has been done on the former approach, with 
only one report on BaZrS3 synthesis on a molybdenum substrate, which produced a film with small 
grain size and significant sulfurization of the Mo contact into a MoS2 layer, which is not ideal. 
There does not appear to be a suitable conductive substrate that can withstand corrosive sulfur 
environments at high temperatures. Similarly, moderate temperatures with long annealing times are 
also not favorable. While some conductive substrates, such as gold, might be more tolerant to 
degradation, they would negate the cost and abundance benefits of BaZrS3. A more thoughtful 
solution is required to address this challenge effectively. Potential approaches may include the 
development of low-sulfur-pressure-based annealing methods or the transfer of the synthesized 
film onto a conductive substrate using a lift-off technique. 

6. The optical quality of BaZrS3 grown by various methods has consistently fallen short of 
expectations. While CS2-based sulfurization methods have yielded films with reasonable 
photoluminescence, the FWHM of the peaks has been significantly higher compared to lead halide 
perovskites, indicating substantial defects, disorders, and inhomogeneities within the material. 
Moreover, there are no reported values of PLQY for BaZrS3. Transient photoluminescence studies 
on BaZrS3 films and single crystals have shown a fast initial decay followed by a slow decay, 
further suggesting defect-mediated recombinations. Additionally, other sulfurization methods, 
including those involving low-temperature synthesis, have produced films with either very broad, 
low-quality photoluminescence or no photoluminescence at all. This points to a recurring issue of 
material quality and defect-related problems across all synthesis methods. Yuan et al. described 
that oxygen-related point defects do not lead to deep states within the bandgap of BaZrS3.122 
Therefore, the argument that CS2, being more reactive at high temperatures than sulfur or H2S, 
would more effectively remove oxygen impurities and thus improve properties may not be valid 
and requires experimental verification. Even films grown by molecular beam epitaxy have not 
shown exceptional photoluminescence or photoconductivity, casting doubt on the intrinsic 
properties of the material. There are also not many reports characterizing the photoluminescence 
spectra of BaZrS3 across the full wavelength range, as we reported a PL peak at around 1.1 eV in 
all the solution-deposited films and synthesized solid-state powders irrespective of the flux used.123 
It is difficult to say if it appeared because of some recurring impurity (such as a Ruddlesden Popper 
phase) or if it is a midgap defect. Hence, a more detailed investigation is needed to improve the 
bulk material quality and passivate the surfaces. 

7. The transport properties of BaZrS3 have not shown significant promise. Most literature reports n-
type conductivity for BaZrS3, attributed to shallow sulfur vacancy defects contributing electrons to 
the conduction band. These shallow defects, which have low formation energy, combined with 
sulfur-poor growth conditions at high annealing temperatures, have resulted in extremely high 
carrier concentrations. Such high carrier concentrations are not ideal for a solar absorber in a typical 
p-n junction architecture and may lead to unwanted Auger recombinations. Therefore, controlling 
carrier concentrations through engineering growth conditions, adjusting composition, or 
implementing extrinsic doping is necessary. Extrinsic doping with elements that can introduce 
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holes to the valence band without creating unwanted mid-gap defects would be ideal, as they can 
reduce electron concentrations or potentially change the conductivity type with extensive doping. 
Possible dopants include alkali metals such as Na, K, and La, among others. While the highest 
carrier mobilities observed for BaZrS3 are comparable to other chalcogenides like Cu(In,Ga)Se2, 
they are an order of magnitude lower than those for halide perovskites. These mobilities could be 
limited by unoptimized films with bulk defects, imperfections, small grains with unpassivated grain 
boundaries, surface states, non-ideal composition, high doping levels, and impurities. Therefore, 
significant work is needed to address these issues and improve the carrier properties of BaZrS3. 

8. Recent studies have successfully alloyed BaZrS3 with Ti, Se, and Hf, exploring a range of bandgaps 
from 1.3 eV to 2.1 eV. This makes these alloyed absorbers promising candidates for single-junction 
and tandem solar cell applications. However, most research has focused on synthesizing solid-state 
powders, with only a few reports on thin films and limited characterizations. Therefore, more 
comprehensive optical and electronic characterizations are needed to evaluate the absorber quality 
of these films fully. Other candidates for A-site and B-site alloying, such as Sr, Eu, Mo, Nb, Ta and 
W, should be explored and studied. 

9. The limitations in the material quality of BaZrS3 have hindered the PV community from fabricating 
solar cells from BaZrS3 and utilizing it for other applications. Dallas et al. made significant progress 
by employing a dye-sensitized solar cell architecture for BaZrS3.167 While it is promising to observe 
some photocurrent and a decent open-circuit voltage, a proper thin-film device architecture is 
required to unlock the full potential of BaZrS3 for photovoltaic applications. Eya et al. also 
estimated the band positions of different BaZrS3 crystal planes and suggested various hole and 
electron transport layers.168 However, no substantial work has been done to experimentally confirm 
the band positions of BaZrS3. Therefore, it is crucial to experimentally determine the band positions 
and identify the junction partners that are compatible with BaZrS3 and other layers to ensure 
efficient device integration. 

10. While the focus is on utilizing BaZrS3 for tandem solar cells, its other exciting properties should 
also be leveraged for various applications such as thermoelectric, piezoelectric, resistive switching 
memories, anodes in batteries, gas sensors, X-ray detectors, among others.  

BaZrS3 remains an exciting, earth-abundant candidate for photovoltaics and other applications. Over 
the past 5-6 years, a surge of synthesis methods has significantly reduced the synthesis temperature. 
There is now an improved understanding of the transport properties, stability, and defect characteristics 
of the material. However, key challenges persist, including high carrier concentration, inconsistent 
optoelectronic properties, and the synthesis of a contiguous film with large, connected grains on a 
conductive substrate. It is expected that the overview of BaZrS3 and the potential strategies for future 
work presented in this review will aid towards the development and utilization of this class of materials. 
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