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Barium disilicide (BaSi,) is a promising non-toxic and abundant material for thin-film solar cells
due to its large optical absorption coefficient and a suitable bandgap of 1.3 eV. However, due to

its small electron affinity (E4 = 3.2 eV), oxide-based hole transport layer (HTL) materials used in

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

crystalline silicon solar cells cause a large valence band offset at the HTL/BaSi, interface,
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hindering hole transport. In this study, barium sulfide (BaS) is proposed as an effective HTL for

BaSi,-based solar cells. This is the first combined experimental and first-principles study of

(cc)

sputtered BaS thin films focusing on their electronic structure, ionization potential, and oxygen-
related defect properties for HTL applications. Spectroscopic ellipsometry evaluation of the BaS
absorption edge yielded an indirect bandgap of approximately 3.6 eV. Ultraviolet photoelectron
spectroscopy results indicate an ionization potential (/P) of approximately 4.3 eV. These results
indicate that BaS is a good HTL candidate for BaSi, solar cell applications; however, the measured
IP value is comparable or slightly smaller than those reported previously. To better understand the
origin of point defects in BaS, first-principles defect calculations were conducted under various
Ba, S, and oxygen (O)-chemical potential conditions. Oxygen was taken into account because it is
an element that is difficult to avoid during thin-film growth and other processes, and because BaSi,
films formed by sputtering—which form heterojunctions with BaS—contain more than 10%° cm-3

of oxygen. The calculation results indicate that among various point defects interstitial atoms of
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Ba and O (O;), and O substituted for S antisites (Og) readily form; Og does not alter the electronic

properties of BaS, while O; can be regarded as shallow acceptor defects.

KEYWORDS: BaSi,, BaS, thin film, sputtering, first-principles calculation, point defects,
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Introduction

Toward realizing a sustainable society, photovoltaic technology is becoming increasingly
important. Currently, crystalline silicon solar cells account for over 95% of the global market, and
conversion efficiency has exceeded 27% at the research level.! However, due to its low light
absorption coefficient and relatively small bandgap (£, = 1.1 V), the development of wafer-based
device structures is essential. This limits mechanical flexibility and restricts installation to flat
surfaces. To overcome these limitations, numerous developments have been pursued in thin-film
solar cell materials such as GaAs, CdTe, and Cu(In,Ga)(Se,S),, as well as halide perovskites.!
While these materials offer high conversion efficiency, barriers exist to their sustainable and
widespread adoption. This is because they rely on limited or harmful elements such as As, Cd, Te,
and Pd. We have focused particularly on semiconducting barium disilicide (BaSi,). BaSi, is
composed of non-toxic and abundant elements. This material is an indirect semiconductor with a
band gap of around 1.3 eV,?? which is suitable for single-junction solar cells. In addition, since it
possesses a direct transition edge only 0.1 eV above the band gap,* both a high optical absorption
coefficient with an abrupt onset around the band gap due to the localized Ba-d states at the
conduction band minimum? and excellent minority carrier properties such as a large minority-

carrier diffusion length (~10 pum) are available in BaSi,.>® Solar cell materials with these

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

characteristics are rare. For these reasons, BaSi, has garnered significant attention as a thin-film

absorber layer.>!2 So far extensive efforts have been devoted to enhancing device performance

Open Access Article. Published on 25 June 2026. Downloaded on 6/26/2026 1:19:17 PM.

by exploring several layered structures, including heterojunctions such as BaSi,/Si,!313

(cc)

Zn0O/BaSi,,' SnS/BaSi,,!” and homojunctions,'®!® and various device structures have been
proposed.?’-2> Among them, the p-BaSi,/n-type crystalline Si heterojunction diode formed by
vacuum evaporation has achieved the highest conversion efficiency of 10.62% under AM1.5
irradiation to date.'* As BaSi, possesses a high optical absorption coefficient, when used as a
surface layer, significant parasitic absorption occurs due to defects in the BaSi,.!¢ To solve this
problem, solar cell structures where a BaSi, absorber layer is sandwiched between an electron
transport layer (ETL) and a hole transport layer (HTL) with a wide E, have been proposed.26-3°
The electron affinity (EA) of BaSi, is relatively low at 3.2 eV 3! allowing a wide range of materials
to be considered as ETL candidates. Furthermore, its ionization potential (/P) is relatively small at
4.5 eV,3? making the selection of an appropriate HTL more challenging. HTL materials are

classified into two types: type-I and type-ll, differing significantly based on the presence or
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absence of a valence band offset at the HTL/BaSi, interface. At the type-1 HTL/BaSi, interface,
the valence band offset is small or absent, allowing photogenerated holes in BaSi, to drift directly
across the interface.?33* Conversely, at the type II-HTL/BaSi, interface, photogenerated holes are
transported via defects or interband transitions.> Figure 1 shows the band alignment of BaSi, with
HTL candidates such as NiO,3¢37 Cu, 0,33 M003,3%4 WO5,41-43 and V,05.4 Among them, NiO and
Cu,0 are type-I HTL materials for BaSi, solar cells, while V,0s, WO;, and MoOs are type-IIl HTL
materials. For example, MoOj3, which has been used as a type-II HTL material in crystalline Si
solar cells, has achieved a high conversion efficiency of 23.8%.% However, since BaSi, readily
reacts with oxygen, it is not easy to use these oxide-based HTL materials.*6 Under these
circumstances, BaS is investigated in our work as a potential type-I HTL material for BaSi, solar
cell applications.

BaS is an alkaline-earth chalcogenide (Ila-VIb) semiconductor with space group of Fm3m
as shown in Figure 2, and is chemically stable and inert to BaSi,.?’ It has the same crystal structure
as NaCl and the lattice constant is approximately 0.64 nm.*”*8 BaS bulk crystals have been mainly
formed by reducing BaCO;*47 or BaSQ,4.#%4° BaS is an indirect bandgap semiconductor with an
E, of approximately 3.8 eV as determined by the optical properties of bulk crystals 4> and first-
principles calculation using the Heyd—Scuseria—Ernzerhof (HSE06) hybrid functional explained
the reported E, well when a default mixing parameter was set to 45%.%> The EA4 of BaS was
measured to be 0.84 eV based on the temperature dependences of the thermionic emission and
electrical conductivity.’! Furthermore, its /P was estimated to be 4.9 eV from the photoemission
spectrum.* These characteristics make it a favorable candidate for a type-I HTL for BaSi, solar
cell applications. However, these properties were measured in BaS bulk crystals, not in BaS thin
films intended for devices. This is because, although the atomic layer growth method exists for
forming BaS films,>* no other method capable of large-area deposition has been reported. Among
various thin-film growth methods, we selected radio-frequency (RF) sputtering for the deposition
of BaS thin films. This selection was made because BaSi, films formed by RF sputtering recently
achieved a photoresponsivity of 15 A/W, the highest value ever reported. Therefore, it enables
the in-situ formation of BaS films after BaSi, deposition.

Previous experimental studies have shown that BaS is highly sensitive to deviations from
stoichiometry.>? In S-rich environments, while the host crystal structure remains unchanged, S-

related defects primarily affecting recombination behavior emerge. Collectively, these studies
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indicate that BaS is a structurally robust yet defect-prone material, offering scope for systematic
exploration of the physical properties of these defects. Recent comprehensive defect calculations
indicate that the electronic properties of BaS are primarily influenced by intrinsic point defects.>
Under Ba-rich conditions, S vacancies dominate and act as shallow donors, whereas under S-rich
conditions, significant self-compensation between donor and acceptor defects inhibits effective p-
type conductivity. It was suggested that interstitial atoms (Li, Na, K, and Rb) yield high n-type
conductivity and their substitutions at Ba sites result in mild p-type behavior. However, these
computational simulations have not taken oxygen (O) into account. Measurements using
secondary ion mass spectrometry have shown that BaSi, thin films formed by co-sputtering of
BaSi, and Ba targets contain more than 10%° cm™ of oxygen.*¢ Therefore, if BaS forms on a BaSi,
thin film, it is quite possible that oxygen will diffuse into the BaS. Furthermore, since oxygen is
an unavoidable impurity during thin-film fabrication and subsequent processes, it is important to
take the effects of oxygen into account. This study addresses this existing gap by integrating
sputtered BaS thin film fabrication with first-principles defect calculations that accurately account
for O under varying Ba, S, and O chemical potential conditions. This extends the previously
studied stoichiometric framework and provides a realistic evaluation of BaS in sputter-deposited

thin films for BaSi,-based solar cell applications.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Experimental details
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BaS thin films were deposited on Czochralski n*-type Si (111) substrates with a resistivity p <

(cc)

0.01 Q cm using RF magnetron sputtering (ULVAC MBO00- 1040) using a l-inch diameter
stoichiometric BaS target provided by Furuuchi Chemical. Inc. The substrate temperature (7s)
during film deposition was set in the range 300-600 °C. The Ar gas pressure was set to 0.5 Pa.
The deposited films were covered with a 3 nm thick amorphous Si (a-Si) capping layer to prevent
oxidation.”” The grown layer thickness was measured by a surface profiler (KLA Apha-Step D-

500). Table 1 summarizes sample preparation details.

Tablel. Growth conditions of BaS thin-film samples: substrate temperature during deposition (T's),
BaS deposition thickness (dg,s), and a-Si capping thickness (d,_s;).
Sample Ts (°C) dpas (nm) d,.si (nm)
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A 300 20 3
B 400 20 3
C 475 20 3
D 500 20 3
E 525 20 3
F 600 20 3
G 500 70 3

The crystalline quality of grown films was evaluated by grazing-incidence x-ray diffraction (GI-
XRD: Rigaku SmartLab) measurements with a Cu Ka radiation source. The incident angle of x-
rays was set to 0.4° from the sample plane to enhance the penetration depth in the BaS films x-
rays travel. Using ultraviolet photoelectron spectroscopy (UPS: PHI Versa Probe, ULVAC-PHI)
with He-I lines (21.22 eV) and an applied bias voltage of =10 V, the /P of BaS films was measured.
A charge neutralizer was utilized to reduce the charging effects caused by electron emission during
the measurement. Spectroscopic ellipsometry (HORIBA UVISEL PLUS) was used to assess the
optical absorption edge of BaS films.

Computational details

All density functional theory (DFT) calculations were carried out using the projector-augmented
wave (PAW) method within the Vienna ab initio Simulation Package (VASP).%-¢0 PAW
pseudopotentials for Ba(5s% 5p°® 5d%0! 6s5'99), S(3s? 3p*), and O(2s> 2p*) were used in all
calculations. The exchange-correlation interactions have been investigated via the generalized

gradient approximation with the Perdew-Burke-Ernzerhof (GGA-PBE) functional.®® The

electronic self-consistent-field calculations and geometry optimizations both converged at 1075 eV.

Geometry optimizations were carried out via the conjugate-gradient algorithm along with a
Monkhorst—Pack k-point sampling technique.®> The BaS crystal was modeled with a cubic unit
cell that included 8 atoms as shown in Figure 2. The lattice constants were set as a = b = ¢ =
0.64513 nm and the lattice angles were set to o = f =y = 90°. The Brillouin zone was sampled
using a 5 x 5 X 5 k-point mesh. When optimizing the geometry, the cell's form and volume stayed

the same, and only the positions of the atoms inside the cell were permitted to relax to their lowest-
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energy states. The structural and electrical characteristics of BaS are reliably described by this
computational configuration, which also offers a consistent foundation for further electronic
structure and defect calculations.®® A cubic BaS supercell using a 64-atom (2 x 2 x 2) configuration
was utilized for charged defect calculations, and defect energetics®* were assessed using the
supercell method under periodic boundary conditions. For defect D in the charge state g, the

formation energy AH(D?) is expressed as,%
AH(D) = Eot(D%) — Evor(bulk) — ) gt +(Ey + Ep +AV) + Ecory. 1)
l

Here, Eo:(D?) is the total energy of BaS containing defect D, and E,:(bulk) is the reference
total energy of the defect-free BaS. An; denotes the number of species i (i = Ba, S, or O) added
(An; > 0) to or removed (An; < 0) from the supercell. i ; is the chemical potential of species i
referred to the standard elemental state, i.e., u ; = u? + Au ;, where the reference potentials u? are
those of an elemental solid or gas. Ey, is the valence band maximum (VBM) of neutral bulk BaS,
and Er is the Fermi energy. AV is a vertical shift correction applied to all charged defects. In this
study, this term was set up to zero.%® This selection is justified by the cubic symmetry of BaS.
E .o provides exclusive imaginary electrostatic interactions between regularly repeating charged

defects and their compensatory background charge. In this study, solely the image-charge

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

correction was executed, expressed as®’

Ecorr = [1+ f1L. )

Here, g; represents the charge state of defect i, € represents the static dielectric constant of BaS, L

Open Access Article. Published on 25 June 2026. Downloaded on 6/26/2026 1:19:17 PM.
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signifies the effective supercell dimension, and fis the geometry-dependent quantity that accounts
for higher-order electrostatic contributions. No supplementary correction term C(D?) was
introduced. This approach complies to the electrostatics-based correction framework,
demonstrating that for cubic crystals showing isotropic dielectric screening, the image-charge
correction completely accounts for the main finite-size effects, making the explicit Coulomb
divergence correction term C(D9) inapplicable. Furthermore, electronic structural calculations
were conducted to evaluate the electronic properties of BaS. An analysis of the total and projected
density of states (DOS) was also conducted. All DOS charts were produced utilizing the PyProcar
package, which provides extensive post-processing and visualization of VASP output data, while
the corresponding atomic structures and defect configurations have been shown using the

Visualization for Electronic and Structural Analysis (VESTA) software.%®
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Results and discussion

Thin film growth and film properties

Figure 3 shows the correlation between the input RF power applied to the BaS target and the BaS
deposition rate obtained in this work. It was confirmed that the deposition rate consistently
increased with increasing the input RF power. In the experiment, this calibration result was used
to select an input power of 50 W. At this power, the deposition rate was approximately 0.15 nm
min~' at an Ar gas pressure of 0.5 Pa.

Figure 4 shows the GI-XRD patterns of samples A—F formed at substrate temperatures
between 300 and 600 °C. The calculation results for BaSi, and BaS are also presented. These were
calculated using the commercial software CaRIne Crystallography, based on the lattice constants
and space groups of these two materials. BaSi, has an orthorhombic crystal with the space group
Pnma (lattice constants: @ = 0.891 nm, b = 0.672 nm, and ¢ = 1.153 nm).%° For sample A (T =
300 °C), no evident diffraction peaks were observed corresponding to BaSi, or BaS, signifying
that the films were mostly amorphous. Upon elevating the 75 to 400 °C (sample B), a broad peak
emerged at 260~ 25°, indicating the initiation of short-range ordering. When 75 was increased to
475 °C (sample C), 500 °C (sample D), and 525 °C (sample E), distinct diffraction peaks such as
20 =23.9°,27.6° and 39.5° appeared, which correspond to the 111, 200, 220 diffractions of BaS,
respectively, aligning with the calculated BaS reference peak positions. Moreover, the diffraction
peaks increased in intensity and sharpness as 75 was increased to 500 °C, signifying enhanced
crystallinity and the development of a polycrystalline BaS phase. For sample F, deposited at 525 °C
(sample E), however, a distinct peak at 20 = 25.0° (red triangle) appeared in addition to those of
BaS. This corresponds to the 334 diffract of BaSi,. When 7 was further increased to 75 = 600 °C
(sample F), the BaS diffraction peaks disappeared, indicating potential degradation or re-
amorphization of the film, possibly due to re-evaporation of S at elevated temperatures. In BaS
sputtering deposition, as the substrate temperature rises, S—which has a higher vapor pressure
than Ba—is likely to re-evaporate, leading to crystal degradation. A similar phenomenon has been
observed in ZnS sputtering deposition, where Zn deficiencies become apparent as the substrate
temperature increases.’” The lattice constants of the cubic BaS was estimated from the three peaks
corresponding to 111, 200, and 220 diffractions using Bragg’s law. They are 0.653 nm, 0.644 nm,
and 0.652 nm for samples formed at 75 = 475 °C (sample C), 500 °C (sample D), and 525 °C

Page 8 of 31
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(sample E), respectively, indicating a slight 75 dependent variation. The XRD results indicate that
a substrate temperature around 500 °C is optimal for the fabrication of polycrystalline BaS thin
films. These deposition temperatures are significantly lower than the higher processing
temperatures (800—1300 °C) required for crystallization of BaS in reduction reactions.’*3? These
results conclude that polycrystalline BaS thin films were successfully grown on Si (111) substrates
using the conventional RF sputtering method.

Spectroscopic ellipsometry measurement was performed on a 70 nm thick BaS film in
sample G, deposited at 75 = 500 °C, to determine the optical absorption edge of BaS. The refractive
index (n) and extinction coefficient (x) were determined by analyzing the change in the
polarization state of light upon reflection using an optical model based on dispersion equations as
shown in Figure 5(a). The Tauc-Lorentz dispersion model was adopted for the a-Si and BaS
layers.”!”3 From the extinction coefficient x, the optical absorption coefficient a was calculated
using the formula a = 4nx)’!. Here, A is the wavelength of the incident light. Figure 5(b) shows the
(ahv)'2 versus photon energy Av plot. The indirect absorption edge was determined to be
approximately 3.6 eV from the intersection of the extrapolated linear fit with the energy axis. This
value is slightly smaller than those of BaS bulk crystals.#*° The observed reduction can be

attributed to differences in synthesis methodology, microstructural disorder, and defect

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

incorporation inherent to sputter-deposited thin films.

Figure 6 shows the UPS spectrum of a 20 nm-thick BaS thin film, deposited at 75 =500 °C,

Open Access Article. Published on 25 June 2026. Downloaded on 6/26/2026 1:19:17 PM.

in sample D, after the a-Si capping layer was mildly etched in situ by Ar ions without air exposure.

(cc)

The [P of the BaS film was calculated using Eq. (3) by subtracting the spectral width of the UPS
spectrum from the incident photon energy (21.22 eV).
IP = hv — (Eimin — Ev). (3)

For semiconductors like BaS, at the position of Ey i, in Figure 6, electrons with the lowest energy
that overcomes the work function barrier are detected, while at the Ey position, electrons near the
VBM are detected. They are 8.2 eV and —8.7 £ 0.3 eV, respectively. The ionization potential (/P)
for sample D, which is the energy separation between Ey and vacuum level, is therefore calculated
to be IP = 4.3 £ 0.3 eV. This value is close to that of BaSi, (IP = 4.5 ¢V),?! indicating favorable

valence-band alignment for hole transport across the BaS/BaSi, interface as shown in Fig. 7.

First-principles calculation
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Electronic properties

Figure 8 shows the band structure of BaS calculated using the HSE functional. As reported
previously, BaS is an indirect bandgap semiconductor, with the VBM located at the " point and
the conduction-band minimum (CBM) at the X point.>>7* The effective masses for electrons and
holes are also provided in Figure 8. It is noted that they may be greater than the free electron mass
depending on the carrier transport direction. The band gap is approximately 3.0 eV, which is nearly
equivalent to those calculated using HSE,”*7> but is underestimated compared to those reported by
experiment.*-% The calculated value is closer to the experimental value compared to those
calculated using GGA.7®7 Y. Chen et al. explained that the mixing default parameter must be
modified to obtain values closer to the experimental band gap.>?

Figure 9(a) and 9(b) shows the calculated projected DOS for BaS using GGA and HSE
functional, respectively. In both cases, the DOS clearly shows that states adjacent to the valence
band edge are primarily attributed to S p states, while the conduction band edge is strongly
influenced by Ba d states. The effective density of states estimated from the calculated DOS and
the Fermi—Dirac distribution function at 300 K was approximately 1.8 x 10'> cm™ for electrons
and 7.5 x 10'° cm™3 for holes. The bandgap calculated with the HSE functional (~3.0 eV) in Figure
9(a) agrees better with the experimentally determined optical bandgap (~3.6 eV) presented in
Figure 5(b) than that with the GGA (~2.2 eV) in Figure 9(b). However, since calculations using
the HSE functional require enormous computational time, the GGA was adopted for the formation
energy calculations of point defects in BaS discussed next. Similar calculations have also been

performed in BaSi,.”*

Point defects under O-rich conditions

Figure 10 shows the relaxed atomic structures of interstitial defects in the BaS supercell:
barium interstitials (Ba;) in Figure 10(a), sulfur interstitials (S;) in Figure 10(b), and oxygen
interstitials (O;) in Figure 10(c), introduced at the interstitial site with fractional coordinates (0.125,
0.125, 0.125) and fully relaxed the local geometry. Arrows indicate the interstitial sites. Green,
yellow, and red spheres represent Ba, S, and O, respectively.

Figure 11(a)-11(d) illustrates the calculated formation energies of intrinsic point defects in
BaS under O-rich conditions as a function of the Fermi energy from the VBM, 0 eV, to the CBM,

~2.2 eV across the four distinct conditions: Ba-rich/S-rich/O-rich, Ba-poor/S-poor/O-rich, Ba-

10
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rich/S-poor/O-rich, and Ba-poor/S-rich/O-rich, respectively. The evaluated intrinsic defects
include barium vacancies (Vg,), sulfur vacancies (Vs), barium substituted for sulfur antisites (Bag),
sulfur substituted for barium antisites (Sg,), Ba;, and S;. Regarding oxygen-related defects, oxygen
substituted for barium antisites (Og,), oxygen substituted for sulfur antisites (Os), and O; are
considered. The slope of each line indicates the charge state g, and a kink on each line means the
transition level (¢/q’) at which the predominant charge state is changed fromgto g’ =g+ 1 org
—1. The defects that give the lower formation energy is considered to be thermodynamically stable,
1.e., higher likelihood of formation. The lower the Fermi energy, the lower the electron density;
the higher the Fermi energy, the higher the electron density. As shown in Figures 11(a) — 11(d),
we can intuitively conclude that most of the point defect’s formation energy alters dynamically
according to the conditions of the system that is, the Fermi energy and the chemical potential of
each element in the system (e.g. Ba-rich, S-rich, and O-rich). These variables are important to fully
assess how the material behaves with respect to its fabrication conditions. The formation energy
of each point defect is denoted with uniquely colored lines in the plot. One defect has a straight
flat line throughout the Fermi energy range (i.e. Os) while the others show change in gradients.
These different gradients show different charge state of the defects; positive gradient lines denote

positively charged defects while the negative gradient lines denote negatively charged defects. The

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

flat lines mean the defects are neutrally charged. The circular dots in between the change of

gradient are what are generally termed as transition levels. For instance, the transition level

Open Access Article. Published on 25 June 2026. Downloaded on 6/26/2026 1:19:17 PM.

between +1 charged state and neutrally charged state can be written as +1/0, which can be seen as

(cc)

the defect initially in a positively charged state (needing one electron) to a neutrally charged state
by getting an electron from the system. In other words, it can also be interpreted as the transition
level where a neutrally charged defect donates an electron to the system (i.e. acting as a donor).
For 0/—1 transition, it can be interpreted as an acceptor. Other than that, charge transition levels
(CTLs) closer to the CBM or VBM means it is a shallow donor or acceptor while the CTLs far
from the CBM and VBM can be termed as deep donors or acceptors. Based on the above, we focus
on the lowest formation energy point defects in every condition.

Under Ba-rich/S-rich/O-rich environments in Figure 11(a), Ba;, O;, and Og have the lower
formation energy across the band gap. Among them, Ba; has positively charged defect (+2) with
no CTL in the band gap. Therefore, Ba; does not contribute to the generation of carriers. On the

other hand, O; has negatively charged defects with 0/—1 and —1/—2 CTLs across the bandgap,
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meaning that O; may act as a shallow acceptor, since 0/—1 CTL is near the VBM. Og has no kink
within the band gap, meaning neutral charged defects. In. Figure 11(b), under Ba-poor/S-poor/O-
rich environments, Ba;, O;, and Og also have the lower formation energy across the band gap. Og
is much stabler among them because of the S-poor condition, allowing O atoms to occupy
isoelectric S sites easier, forming Og. In Figure 11(c), under Ba-rich/S-poor/O-rich environments,
S; has the +1/0 CTL way below the CBM (nearer to VBM) and hence it is considered a deep donor
defect. Such a deep donor defect is likely to behave recombination centers. Under Ba-poor/S-
poor/O-rich environments, in Figure 11(d), the situation is almost the same as those in Figures

11(a) and 11(b).

Point defects under O-poor conditions

Figure 12(a)-12(d) illustrates the calculated formation energies of intrinsic point defects in BaS
under O-poor conditions as a function of the Fermi energy from the VBM to CBM across four
distinct conditions: Ba-rich/S-poor/O-poor, Ba-poor/S-poor/O-poor, Ba-rich/S-poor/O-poor, and

Ba-poor/S-rich/O-poor. Interestingly, under O-poor conditions, the formation energy of Osg

increases drastically, rendering it out of the thermodynamically stable point defects in Figure 12(d).

Specifically, in Figures 12(a) and 12(c), O; becomes the most stable defect across the entire
bandgap. In BaSi,, it is known that small atoms such as B, C, N, and O readily occupy interstitial
sites.80 Therefore, it is thought that the small size of O also contributes to this behavior in BaS. As
discussed in Figure 11, O; functions as an excellent shallow acceptor, inducing p-type conductivity
in the material. This p-type conductivity aligns with the objective of utilizing BaS as HTL. Oxygen,
being highly electronegative, is easy to form anions. It is therefore thought to release holes to
compensate for the charge. Based on the formation energy diagrams in Figures 11 and 12, the
following key insights were gained toward forming BaS films that function as HTL. O doping to
form O; can be an effective method for generating p-type BaS. However, it should be noted that
Os, which has a similarly low formation energy, is also formed. The Og defect, when present at a
concentration of about one per 64 atoms, is not an electrically active defect as demonstrated in this

work. However, an increase in its concentration could potentially affect the properties of BaS.

Conclusions

We demonstrated the formation of polycrystalline BaS thin films on Si (111) substrates via RF

12
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sputtering using a BaS target. GI-XRD analyses indicated that BaS films deposited at substrate
temperatures of 500 and 525 °C exhibit a well-defined rock-salt crystal structure. Optical
absorption analysis further confirmed that sputter-deposited BaS thin films possess an indirect
bandgap of approximately 3.6 eV and an ionization potential of approximately 4.3 eV, close to
that of BaSi,. The experimentally verified band alignment demonstrated that BaS forms an
energetically favorable interface with BaSi,, enabling efficient hole transport across the
BaS(HTL)/BaSiy(light absorbing layer) interface. Furthermore, analysis of point defects via DFT
supercell calculations revealed that interstitial defects such as Ba;, S;, and O;, as well as Og, readily
form. Particularly under O-poor conditions, O; is most likely to occur, creating shallow acceptor
levels. This indicates that moderate O doping renders p-type BaS, making it suitable as HTL in
BaSi, solar cells. The findings in this work pave the way for the formation of BaS/BaSi,

heterojunctions via sputtering.
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Fig. 1. Band alignment of BaSi, and HTL candidate materials3*-#! with respect to the vacuum level

Evac.
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Fig. 2. Unit cell of BaS with space group of Fm3m. Green and yellow spheres represent Ba and

S, respectively.
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Fig. 3. Dependence of deposition rate of BaS films on input RF power to the BaS target obtained

in this work.
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Fig. 5 (a) Measured data points of refractive index » and extinction coefficient (k) obtained for

sample G. (b) (ahv)"? plot against photon energy. The broken line is guide to the eye.
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Fig. 6. UPS spectrum of the BaS film in sample D. Enlarged view around Evy is inserted.
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Fig. 8. Energy band structure of BaS calculated using the HSE functional. Effective masses of

electrons and holes are also shown using the mass of a free electron m.
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Fig. 9. Projected DOS of BaS calculated using (a) the GGA functional and (b) the HSE functional,

with energies referenced to Ey.
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Fig. 10. Relaxed atomic structures of interstitial defects in BaS: (a) Ba; (b) S;, and (c) O; initially

introduced at the interstitial site with fractional coordinates (0.125, 0.125, 0.125) and fully relaxed
the local geometry. Arrows indicate the interstitial atoms. Green, yellow, and red spheres represent

Ba, S, and O, respectively.
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Fig. 11. Calculated formation energies against Fermi energy in BaS under (a) Ba-rich, S-rich, O-

rich, (b) Ba-poor, S-poor, O-rich, (c) Ba-rich, S-poor, O-rich, and (d) Ba-poor, S-rich, O-rich

conditions.
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Fig. 12. Calculated formation energies against Fermi energy in BaS under (a) Ba-rich, S-rich, O-
poor, (b) Ba-poor, S-poor, O-poor, (c) Ba-rich, S-poor, O-poor, and (d) Ba-poor, S-rich, O-poor

conditions.
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The data that support the findings of this study are available from the corresponding author upon

reasonable request.
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