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Abstract

Some Cu-based oxychalcogenides demonstrate robust p-type conductivity while achieving effective
n-type doping in such materials remains a persistent challenge. Among oxychalcogenides, La,SnO,S;
has been proposed as a candidate for an n-type semiconductor because of its dispersive conduction
band primarily derived from the Sn-5s states. The experimentally observed n-type conductivity of
La,Sn0,S; is, however, limited to a low value, and the underlying atomistic and electronic origins of
this behavior remain unresolved. Our systematic first-principles calculations of its point defects using
the Heyd—Scuseria—Ernzerhof hybrid functional indicate that the major source of carrier electrons in
undoped La,Sn0,S; is unintentionally incorporated H impurities rather than native defects. Moreover,
the electrophilic behavior of La,SnO,S; is unveiled as a pivotal limiting factor for its n-type doping,
where carrier electrons are readily trapped around Sn sites in the presence of S vacancies and
interstitial H impurities, and even without these defects through self-trapping. This carrier-trapping
mechanism is as significant as the electron compensation by Sn vacancies as major acceptor-type
native defects. Our synthesis and characterization of polycrystalline La,SnO,S;3 confirm its moderate
n-type conductivity and the presence of H impurities with a sizable concentration, both of which are
in line with the theoretically predicted mechanism. These results clarify crucial limiting factors of n-
type conductivity in La,SnO,S; and provide a fundamental guideline for the design of related n-type

oxychalcogenides.
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1 Introduction

Transparent conductive oxides play key roles in realizing modern applications such as flat-panel
displays and solar cells.! 2 Many metal oxides exhibit wide band gaps, and most of them are known
to be either insulators or n-type conductors.3® As a prominent exception, CuAlO, was reported as a p-
type transparent oxide by Kawazoe et al.” Its p-type conductivity was attributed to the Cu-3d character
mixed with O-2p, which raises the top of the valence band compared with typical metal oxides, and
the formation of native acceptors such as Cu vacancies.!%!> This ‘valance band component mixing’
strategy has been extensively considered for designing p-type wide-gap oxides and
oxychalcogenides.!32! Among them, LaCuOCh (Ch = S, Se) was discovered as a derivative system of
Cu-based oxides.!* 20 The p-type conductivity has been reported for Mg-doped LaCuOS with a carrier
density of 102° cm3, but the mobility and electrical conductivity are quite low, ~0.2 cm*V~'s™! and ~5
Sem™!, respectively.?? A p-type Mg-doped LaCuOSe film has also been reported with a carrier density
of 10?! cm3, a mobility of ~ 3.5 cm?V~!s™!, and an electrical conductivity of ~ 910 Scm™!.2!

Increasing the carrier density through heavy doping typically degrades the carrier mobility owing
to carrier scattering by dopants. The crystal structure of LaCuOC#h, which consists of an oxide layer
(Lay0,) and a chalcogenide layer (Cu,Ch,), is beneficial for circumventing such degradations because
hole and electron conduction occurs mainly in the chalcogenide layer, while dopants can be chosen to
selectively replace atoms in the oxide layer.?> 23 If both p-type and n-type LaCuOCh is available, its
applications would be widened through the fabrication of pn homojunctions. However, the n-type
doping of LaCuOC# has not been realized so far. According to previous first-principles calculations,
the low formation energy of the negatively charged Cu vacancy results in significant carrier electron
compensation in LaCuOSe.?* 2 La,CdO,Se, and La,Sn0,S; without Cu components have also been
explored as candidates for n-type wide-gap semiconductors.!®-26-27 The bottom of the conduction band
in La,CdO,Se, consists mainly of the 5s-orbitals of Cd with a large spatial extent, which would be
favorable for the n-type conduction.?® Nevertheless, its n-type doping was found to be difficult.2® Gake
et al. investigated native point defects and dopants in La,CdO,Se, using first-principles calculations
and suggested that negatively charged Cd vacancies substantially compensate carrier electrons,?® as in
the case of the Cu vacancies in LaCuOCh.

Toward the understanding, design, and exploration of n-type oxychalcogenides, we here report a
first-principles study of native point defects in La,SnO,S;3 to clarify the origin of experimentally
observed low n-type conductivity. H impurities are also considered as they can be unintentionally
incorporated during synthesis or intentionally chosen as effective dopants for electron doping. In
addition to the electron compensation by the acceptor-type Sn vacancy, electron self-trapping around
Sn sites is shown to play essential roles in regulating the n-type doping of La,SnO,S;. The H impurities
generate carrier electrons, but cause the Fermi level pinning below the conduction band minimum

(CBM) by facilitating the electron trapping around nearby Sn sites. Such electron trapping is also
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enhanced by S vacancies. Given that available experimental reports on La,SnO,S; are rather limited,'®
29, 30 we also experimentally revisit La,SnO,S; through the synthesis and characterization of
polycrystalline samples. The results confirm the previously reported crystal structure, optical
properties, and moderate n-type conduction behavior. In addition, a sizeable concentration of H
impurities has been detected, in consistency with the theoretically predicted mechanisms of carrier

generation and compensation.

2 Methods
2.1 Computational procedures
The first-principles calculations were performed using the projector augmented-wave method3! and
the Heyd—Scuseria—Ernzerhof (HSE06) hybrid functional 3% 33 as implemented in the VASP code.3*
36 PAW datasets with radial cutoffs of 1.48, 1.58, 0.80, 1.00, and 0.58 A for La, Sn, O, S, and H,
respectively, were employed, where La 5s, 5p, 5d, and 6s, Sn 5s and 5p, O 2s and 2p, S 3s and 3p, and
H 1s were treated as valence electrons. The geometry of the primitive unit cell was optimized so that
the residual stress and atomic forces became smaller than 0.01 GPa and 0.005 eVA™!, respectively. A
non-I'-centered 2x2%1 k-point mesh and a plane-wave cut-off energy of 520 eV were used for the
geometry optimization. The band structure, density of states (DOS), and complex dielectric function
within the independent particle approximation3” were calculated for the optimized structure using a
plane-wave cut-off energy of 400 eV. The seekpath code,3® which relies on the symmetry search using
the spglib code,® was used to determine the band path. An absorption spectrum was derived from the
calculated complex dielectric function. The band-averaged effective mass tensors for carrier electrons
and holes were calculated using the BoltzTraP2 code,*® where the carrier density and temperature were
set to 10'® cm™ and 300 K, respectively. A I'-centered 6x6x2 k-point mesh was employed for the
DOS, dielectric function, and effective mass calculations. The input files for these calculations were
generated using the vise code.*!

The vacancies (Vi., Vsi, Vo, and V), the cation antisites (Lag, and Sn ,), and the interstitials (La;,
Sn,, O;, and S;) were considered in the native defect calculations. Here, the type of defects is denoted
by Xy, where X is the vacancy (V) or element and Y indicates a substitutional or interstitial (7) site. The
antisite defect between a cation (La or Sn) and an anion (O or S), and that between O and S were
excluded since the large charge and/or size mismatches would result in high formation energies.
Among the native defects, Vs,, Vo, Vs, and Sn; with relatively low formation energies were selected
based on the results of preliminary defect calculations using the Perdew—Burke—Ernzerhof functional
tuned for solids (PBEsol);*? see Fig. S1 in the ESI. These four kinds of native defects in relevant charge
states were investigated using the HSE06 hybrid functional. In addition, H impurities were considered
at various sites (Ho, Hs, and H;). To model the native defects and H impurities, 128-atom supercells

were constructed by the 2x2x1 expansion of the primitive cell. The positions with the lowest and the
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second lowest all-electron charge density in the perfect crystal were extracted using the pymatgen
code® and adopted as the interstitial sites for the native defect species. Local minima of the
electrostatic potential and local maxima of the electron localization function were considered as
candidates for interstitial proton sites, and local minima of the charge density as candidates for
interstitial hydride-ion sites.* The atoms adjacent to defects were randomly displaced by up to 0.2 A
in the initial supercell geometries to avoid symmetry-induced constraints in atomic relaxation. The all
atomic positions were relaxed with the lattice parameters fixed at the optimized values for the perfect
crystal. An atomic force convergence criterion of 0.03 eV A~!, a plane-wave cut-off energy of 400 eV,
and a non-I"-centered 2x2x1 k-point mesh were used in the defect calculations with spin polarization
considered.

The formation energy of defect D in charge state g (D7) is expressed as*> 46
EdDY) = E[D"] + Ecore[ D7) — Ep— ) Amyt; + q(evam + e, &
7

where E[D4] is the total energy of the supercell containing defect D? and E), is that of the corresponding
perfect-crystal supercell. An; is the difference in the number of i-type atoms (i = La, Sn, O, S, or H)
between the defect and perfect-crystal supercells. u; denotes the chemical potential of the i-type atom.
eypm 1s the energy level of the valence band maximum (VBM), and A is the Fermi level measured
from eypm. Econ[D?] is a finite-size correction term for E[D?] associated with artificial electrostatic
interactions in charged defect supercells under three-dimensional periodic boundary conditions. The
extended Freysoldt—Neugebauer—Van de Walle scheme was used for evaluating E.,.[D?], where the
anisotropic electrostatic screening effects were taken into account.*’- 48 The static dielectric tensor to
describe the electrostatic screening is expressed as the sum of the vacuum permittivity and the
electronic contribution (&) plus the ionic contribution (¢'°"). The finite-electric-field* and finite-
displacement approaches were adopted to evaluate £ and &i°n, respectively, with a plane-wave cut-
off energy of 400 eV and a non-I'-centered 6x6x2 k-point mesh. The components of the calculated
dielectric tensor are shown later. The pydefect code*! was used to handle and analyze the defect
calculations.

The chemical potential values within the single-phase region of La,Sn0O,S; are relevant to the
defect energetics under the thermodynamic equilibrium. Therefore, the chemical potential diagram of
the La—Sn—O-S quaternary system was constructed at 0 K and 0 Pa using the calculated total energies
of relevant phases. The competing phases consisting of one to four elements from La, Sn, O, and S
were selected from the Materials Project database®® using a criterion of energy above hull less than
0.05 meV atom™'. The La—Sn—O-S-H quinary system was similarly treated when H impurities in
La,Sn0,S; were considered. The standard states of the chemical potentials were set to the La, Cu, and
S crystals and the O, and H, molecules. The crystalline phases were treated using the respective

primitive cells, while the O, and H, molecules were modeled using cubic cells with a dimension of 10
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A each. Hereafter, the values of the chemical potentials will be expressed relative to those in the

standard states as Au;.

2.2 Synthesis of polycrystalline La,SnQ,S; samples
Commercially available reagent powders of La,0; (Kojundo Chemical Lab. Co., Ltd., 99.9 %), La,S;
(Kojundo Chemical Lab. Co. Ltd., 99.9 %), and SnS, (Kojundo Chemical Lab. Co. Ltd., 99.9 %up)
were employed for the synthesis of polycrystalline samples of La,SnO,S;. Prior to the solid-phase
reaction, La,O; and La,S; reagents were purified to remove impurities (La(OH); in La,O3 and La,0,S
in La,S;), because a three-phase mixed sample composed of La,SnO,S; (the main phase), La,0,S, and
La,Sn,0; was obtained instead of the La,SnO,S; single phase when we did not carry out the
purification. La,O; reagent was subjected to dehydration at 1000 °C for 24 hours in ambient air,
followed by thermal quench in a vacuum atmosphere. La,S; reagent was thermally annealed at
1000 °C for 3 hours under a CS, flow condition, in which Ar was used as a carrier gas. SnS, reagent
was confirmed as a single phase.

The purified La,O; and La,S; powders and SnS, reagent powder were stoichiometrically wet-
mixed using a super-dehydrated heptane in an Ar-filled glove box (dew point < —100 °C, oxygen
concentration < 0.1 ppm). The mixture was pressed into a disk, and then heated at 1000 °C for 12

hours in an evacuated silica-glass ampule.

2.3 Characterization

The crystalline phase and crystal structure were analyzed by powder X-ray diffraction (XRD)
measurement at room temperature in ambient air with the Bragg-Brentano geometry using a Cu Ka
radiation source. The calculation of the lattice parameters and Rietveld analysis were performed by a
whole powder pattern fitting method using the SmartLab Studio II software (Rigaku Co., Japan).

A diffuse reflectance (R) spectrum was measured in ambient air at room temperature in the
ultraviolet—visible wavelength (1) region to estimate the optical band gap of La,SnO,S;. The observed
R spectrum was converted using the Kubelka—Munk function,

a/s = (1-R)?/(2R), 2
where a and s denote the optical absorption coefficient and scattering factor, respectively. Using the
a/s spectrum, the relationship between (ahv/s)? and kv was plotted for the direct transition, where £
and v are the Planck constant and frequency, respectively.

The thermal desorption spectroscopy (TDS) measurement for H, (m/z =2) was implemented
under a vacuum to determine the H impurity concentration in the La;SnO,S; powder. We transferred
the powder sample from the Ar-filled glove box to the TDS measurement chamber without air
exposure to precisely determine the H concentration in the inside bulk region, avoiding surface

adsorption of air-related species such as moisture.
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The electrical resistivity was examined by the four-probe method at room temperature in ambient
air. Thermoelectric motive force under several temperature differences was measured at 40 °C in an
He atmosphere to calculate a Seebeck coefficient and determine carrier polarity. Both measurements

were conducted using sputtered gold electrodes as an ohmic contact.

3 Results and discussion

3.1 Crystal structure and fundamental properties

Fig. 1 shows the crystal structure of orthorhombic La,SnO,S; with a space group of Pbrnm (No. 62) as
reported experimentally. 30 It is characterized by alternating La,O, and SnS; layers. The theoretical
lattice parameters are compared with the present and previously reported experimental values® in
Table 1; the details of the present experimental structural parameters are discussed in Section 3.3. The

theoretical lattice parameters agree with both sets of the experimental values within 0.8% differences.

[010]

Fig.1 Crystal structure of La,SnO,S; viewed from three directions. The frame indicates the unit cell.
The black spheres denote two interstitial sites i1 and i2 considered as the initial positions of the

interstitials in the native defect calculations.

Table 1  Lattice parameters (a, b, and ¢) and band gap (E,) of La,SnO,S; from first-principles

calculations compared with the present and reported experimental values.

a(A) b(A) c(A) E, (eV)
Theoretical 5.86 5.87 19.15 2.93
) 5.862*  5.875%* 19.07*
Experimental 318
5.84130 585130 19.00330

*This work: See Section 3.3 for details.
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Fig. 2 shows the band structure, the total and projected DOSs, and the absorption spectrum for
La,Sn0,S;. Both VBM and CBM are located at the I" point, indicating the direct-type band structure.
The calculated band gap of 2.93 eV is close to the reported experimental value of ~3 eV!8 as listed in
Table 1. The valence band has a width of ~5 eV and its upper and middle parts consist mainly of S p-
orbitals and O p-orbitals, respectively. The main components of the lower part of the valence band
around —4 eV are Sn and S p-orbitals with a hybridization of O p-orbitals. The CBM is mainly
constructed by Sn s-orbitals, which are hybridized with Sn and S p-orbitals. These features in the DOS
indicate that the band gap of La,Sn0O,S; is mainly determined by the SnS; layer. The absorption
spectrum shows a sharp onset around a photon energy of ~2.9 eV, corresponding to the direct band

gap value.
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Fig. 2 (a) Band structure, (b) total DOS and the DOS projected on local orbitals at the respective
atomic sites, and (c) absorption coefficient a as a function of the photon energy for La,SnO,S; from
first-principles calculations. The dashed line indicates the photon energy corresponding to the band

gap value.

The calculated band-averaged effective masses of La,SnO,S; are listed in Table 2. Despite the
layered structure, the anisotropy in the effective masses is small, and the values perpendicular to the

La,0, and SnS; layers (zz) are even slightly lower than those in the parallel direction for both electron
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and hole masses. This is in contrast to the case of another non-Cu-based oxychalcogenide, La,CdO,Se;,
where the hole effective mass in the direction perpendicular to the constituent La,O, and CdSe; layers
is about 5 times higher than that in the parallel direction.?® Electronic states near the VBM
predominantly consist of Se p-orbitals in La,CdO,Se,, while a sizable hybridization of the O p-orbital
component is recognized for La,Sn0,S; in Fig. 2b. This hybridization is associated with orbital
interactions between the La,O, and SnS; layers in La,SnO,S3, which is expected to reduce the hole
effective mass in the direction perpendicular to the layers. Moreover, both electron and hole effective
masses are moderately low for La,SnO,S;, considering the previously reported values of related wide-
gap oxide and oxyselenide semiconductors from similar calculations: for instance, m.*/mq (xx) of 0.16
and m.*/my (zz) of 0.17 for SnO,3! as an n-type semiconductor, my*/mq (xx) of 1.93'2 and 1.92°! and
my*/mg (zz) of 5.52'2 and 5.225! for CuAlO,, and my*/mq (xx) of 0.63 and my,*/mq (zz) of 2.83 for

LaCuOSe 5! as p-type semiconductors.

Table 2  Electron (m.*) and hole (my*) effective masses, and electronic (¢°¢) and ionic (g°")
contributions to dielectric tensor of La,Sn0,S; from first-principles calculations. my denotes the free-

electron rest mass. £°¢ includes vacuum permittivity.

xx »y zz
me*/myg 0.60 0.54 0.38
my*/my 1.24 1.58 1.02
gl 5.01 5.29 5.49
glon 10.71 11.54 21.24

3.2 Defect formation energies and thermodynamic transition levels

We consider representative chemical potential conditions to discuss the energetics of the native defects
and the H impurities. In the chemical potential diagram for the La—Sn—O-S—H quinary system, we
found twenty-three chemical potential limits where La,SnO,S; exists in the single phase. The chemical
potential values at respective limits and the competing phases are summarized in Table S1 (ESI). Note
that these limits correspond to the solubility limits of H impurities. To obtain insight into the native
defect formation and dopability of La,Sn0O,S;, two chemical potential limits are selected: one where
the La, Sn, and H chemical potentials are maximized and the O and S chemical potentials are
minimized [Aur, = —5.25, Ausy = —0.32, Auo =—2.90, Aus =—0.52, and Auy = 0 (eV)] and the other
where the La, Sn, and H chemical potentials are minimized, and the O and S chemical potentials are
maximized [Aup, = —6.15, Aus, = —1.22, Auo = —2.32, Aus = 0, and Auy = —0.21 (eV)], both within

the solubility limits of H. Hereafter, we call the former and latter the cation-rich and anion-rich
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conditions, respectively. We found that the chemical potential values of the host constituent atoms do
not change under these representative conditions when we consider the La—Sn—O-S quaternary system
without H (See Table S2 in the ESI). Therefore, the native defects and H impurities are discussed
together under the aforementioned chemical potential conditions based on the quinary system.

Fig. 3 shows the formation energies of the selected native defects and the interstitial H impurity
in La,Sn0,S; under the cation-rich and anion-rich chemical potential conditions. In general, the
positive and negative charge states of defects indicate their donor and acceptor behaviors, respectively.
Under both chemical potential conditions, positively charged native defects exhibit relatively high
formation energies and they are less stable than the negative charge states when the Fermi level is
high. These results imply that none of the native defects are major sources of carrier electrons in
La,Sn0,S;. On the contrary, the interstitial H impurity exhibits a positive charge state and a low
formation energy in a wide Fermi level range; therefore, it can be a major donor. However, the negative
charge state becomes energetically more favorable when the Fermi level is higher than ~2.4 eV,

implying its carrier compensation behavior. This issue is detailed below.
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Fig. 3 Formation energies of major native defects and H impurities in La,Sn0O,S; as a function of
the Fermi level obtained using first-principles calculations. (a) The cation-rich and (b) the anion-rich
chemical potential conditions. The type of defect is denoted as X,, where X is the vacancy (V) or
element, and Y indicates a substitutional or interstitial (7) site. The lower and upper limits of the Fermi
level are taken to be the VBM and the CBM, respectively. Only defect formation energy in the
energetically most favorable charge state is shown at a given Fermi level position, where the slope of
the line corresponds to the defect charge state as given by eq 1. The filled circles denote

thermodynamic transition levels between the energetically most favorable charge states; their positions
are listed in Table S3 (ESI).
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Among the possible range of the chemical potentials, the formation energy of H;", which is likely
to be a major source of carrier electrons, is minimized and that of V&, which is one of the main
sources of electron compensation due to its acceptor nature, is maximized under the cation-rich
conditions (Fig. 3a). Therefore, these chemical potential conditions are considered suitable for n-type
doping of La,Sn0,S; at first sight; the suppression of the electron compensation by acceptor-type
defects is required even in n-type doping using other extrinsic donors. However, we found that the
formation of the self-trapped electron (egy) leads to a more complicated situation. In particular, the
trapping of two electrons, which is denoted as (2€)%; hereafter, becomes stable (negative formation
energy) when the Fermi level is located at 0.2 eV below the CBM or higher, as shown in Fig. 4a. The
two-electron trapping occurs around an Sn site (Fig. 4b). This behavior is understandable in view of
the fact that Sn takes multiple oxidation states of +2 and +4; specifically, the reduction from +4 to +2
occurs by the two-electron trapping in the present case. Moreover, we found that major donor-type
defects (V51 and H;) facilitate electron trapping around nearby Sn sites (Figs. 4c and 4d); see Table 3
for the association energies. As a result, these defects show negative charge states when the Fermi
level is close to the CBM. The — charge state of H; is considered a proton plus (2€)%r, rather than a
hydride ion (Fig. 4d). For Vs2 and Vo, we found that electrons are not necessarily localized around
a single Sn site, but can be distributed into a few Sn sites and/or vacancy sites. Even some of the

neutral vacancies show electron localization around Sn sites, rather than the vacancy sites, as

previously found in amorphous SnO,. 32

—
Q
~—

(b)  (2e)g (c) [Vg, +(2e)]  (d) [HT + (2e)g]

, Formation energy (eV)

[001]

2 2.5
Fermi level (eV) [010] [110] 4—T [010]

[001]

Fig. 4 (a) Formation energies of egr and (Ze)éT_ alongside those of Vs; and H; in La,SnO,S;
under the cation-rich chemical potential conditions obtained using first-principles calculations.
Relaxed atomic configurations and the isosurfaces of the sum of the squared wave functions for two
representative in-gap, occupied one-electron states for (b) (2e)%7, (©) [V(s)1 + (20)37 ]2_ ( = V%{ ),
and (d) [Hfr + (2e)37 ]_ (=H;) in La,Sn0O,S;. The blue isosurfaces correspond to 30% of the

respective maximum values.
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Table 3 Total energy change (AE) by the association between the S vacancy at the S1 site or the
interstitial H impurity and self-trapped two electrons in La,SnO,S; from first-principles calculations.

A negative AE value corresponds to an energy gain by association.

AE (eV)

2—
v + e — [V +@eE]T (=vE) —0.96
HY + o4 — [Hf +@e&4] (=HD) ~0.63

2—
The formation energy of [V(s)1 + (20)37 ] ( =Vi ) is the lowest among these defects at a high

Fermi level under the cation-rich conditions considered in Figs. 3a and 4a. Hence, it is likely that this
defect mainly compensates carrier electrons and regulates the n-type doping of La,SnO,S;.
Under the anion-rich conditions (Fig. 3b), the formation energy of the H interstitial remains low

as the H chemical potential does not so much differ from the cation-rich conditions as mentioned

2—
above. In contrast, the formation energy of [V(S)l + (2e)37 ] ( = V%l_) is clearly raised and that of

2—
V&, is substantially lowered. Therefore, the compensation of carrier electrons by [V(s)1 + (20)37 ]
(= Vi ) is relatively suppressed, but V&, can be the main source of the carrier compensation,

regulating the n-type doping of La,Sn0O,S;. There would be optimum chemical potential conditions

2—
between the two limits where the formation of [V(s)1 + (2e)37 ] ( =Vi ) and V& is well balanced.

While we focus on the n-type dopability of La,SnO,S; in this study, the defect energetics based
on Fig. 3 also provides insights into its p-type doping. The major donor-type native defects show low,
negative formation energies when the Fermi level is close to the VBM under both chemical potential
conditions. Therefore, holes are severely compensated even when introduced by acceptor dopants,
indicating that the p-type doping of La,SnO,S; is unfeasible.

In summary, H; is stable over a wide range of the Fermi level and the formation energy is
relatively low under both cation-rich and anion-rich conditions. It is likely to act as the main source
of carrier electrons in La,SnO,S3, given that there is no native defect with comparable characteristics.
However, the H impurity facilitates electron trapping around a nearby Sn site when the Fermi level is
close to the CBM. Thus, the electron self-trapping, which is an intrinsic behavior of La,Sn0O,S;, and

that enhanced by the H impurity and the S vacancy restrict the increase in the carrier electron density.

3.3 Experimental revisit to the crystal, optical, and electrical properties of La,SnO,S;

Fig. 5 shows an XRD profile of a polycrystalline La,SnO,S; sample. A single phase of La,SnO,S; has
been obtained without detectable impurity phases. The result of the Rietveld analysis is shown in Fig.
S2 (ESI), alongside the refined structural parameters (Tables S4 and S5 in the ESI; the crystallographic
data after the Rietveld refinement can be obtained from CCDC 2322792). The orthorhombic crystal
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Page 12 of 23



Page 13 of 23

Journal of Materials Chemistry C

structure with a space group of Pbnm (No. 62) and structural parameters are consistent with the
previously reported ones; 30 the lattice parameters determined using the present sample are compared
with the reported values in Table 1.

From the R vs. 4 spectrum shown in Fig. 6a, the optical band gap of La,SnO,S; is estimated to
be ~3.0 eV, which is consistent with the previously reported value of ~3 ¢V.!3 However, a slightly
smaller value of ~2.9 eV is estimated from the (ahv/s)? vs. hv plot that assumes the direct transition
(Fig. 6b). Although one of the possible origins of this small energy difference is the presence of in-
gap tail states originating from defects, a more accurate determination of the optical band gap is
difficult only by a diffuse reflectance measurement on a polycrystalline powder sample. Thus, we
conclude that the optical band gap of La,Sn0,S; is 2.9 — 3.0 eV, which is consistent with the light-
yellow color of the polycrystalline sample shown in the inset of Fig. 6a and the theoretical value of
2.9 eV. An experimental observation of the absorption spectrum of a high-quality thin-film sample
would be required to determine the optical band gap more precisely.

As our first-principles calculations suggest that interstitial H impurities are relevant donors in
La,Sn0,S;, we have carefully conducted the TDS analysis of our sample to quantify the H
concentration. The resultant spectrum is shown in Fig. 7. Its analysis indicates that the sample includes
H impurities with a concentration of 0.3 at%, corresponding to 2x10'° ¢cm™3. In addition, the low
desorption temperature starting around 100 °C supports the existence of weakly bonded interstitial H
impurities in La,SnO,S;. The electrical resistivity and the Seebeck coefficient are estimated to be
1.1x10° Qcm at room temperature (ca. 25 °C) and —13 mV K™! at 40 °C, respectively, from the results
of the current-voltage characteristic and thermoelectric motive force measurements shown in Fig. 8.
The negative Seebeck coefficient indicates n-type behavior of the La,Sn0O,S; sample. Assuming
electron mobilities of 0.1 to 10 cm?V~!'s™!, the carrier electron density is estimated to be 6x10'! to
6x10'3 cm™3. The low carrier density is consistent with the large Seebeck coefficient. The moderate n-
type conductivity is similar to the behavior of a polycrystalline La,SnO,S; sample in a previous
report,!® in which H impurities may also be unintentionally incorporated with a sizeable concentration.

We have also attempted F and CI doping, expecting that they substitute for O and S, respectively,
and act as donors. However, no significant change was observed in the electrical resistivity, as in the
case of the previously attempted Nb and Sb doping.!® These results are consistent with the
aforementioned mechanism based on the theoretical defect energetics, where the compensation by the

acceptor-type Sn vacancy and the self-trapping limit the carrier electron density.
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Fig. 5 XRD profile of a polycrystalline La,SnO,S; sample. The blue lines indicate the positions of
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Fig. 6 Optical properties of a polycrystalline La,Sn0O,S; sample. (a) Diffuse reflectance spectrum.
The inset shows an optical micrograph of the sample. (b) (ahv/s)? vs. hv plot. Dashed straight lines in

(a) and (b) are used to estimate the optical band gap.
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Fig. 8 Electrical properties of a polycrystalline La,SnO,S; sample. (a) Current (/)-voltage (V)
characteristic at room temperature (ca. 25 °C) in air and (b) thermoelectric motive force (AV) as a

function of temperature difference (A7) at 40 °C in an He atmosphere.

3.4 Relationship between crystal and electronic structures of La,SnQ0,S;
The electronic structure around the band gap of La,SnO,S; is predominated by the SnS; layer, as
shown in Section 3.1. We thus compare its crystal and local structures with those of simple binary tin
sulfides, SnS, 33 and SnS, 3 and discuss the relationship with the electronic structures and electron
trapping behavior. All the structural parameters considered here are summarized in Table S6 (ESI).
Fig. 9a shows the crystal structure of SnS,. Six S atoms form a nearly perfect regular octahedron,
in which the Sn atom occupies the 6-fold coordination center position (Fig. 9a, upper). These octahedra
are edge-sharing along the a- and b-axes, and constructs a neutral Sny sS layer in the ab-plane (Fig. 9a,

lower). The Sny 5S layers are stacked along the c-axis and weakly bound by van der Waals interactions.
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In the case of SnS, the coordination number of Sn is usually regarded as 3 (Fig. 9b, left). The SnS;
polyhedron that is a component of the corner-sharing SnS layers possesses a trigonal pyramid
geometry, which implies the existence of lone pair electrons from the viewpoints of the (5s)? formal
electronic configuration and stereochemistry for divalent Sn. The SnS layers are stacked along the a-
axis, which constitutes a layered structure as in the case of SnS,. This Sn local structure in SnS can
also be regarded as a 6-fold coordination when relatively distant three Sn—S pairs (3.29-3.39 A) are
assumed to form weak chemical bonds (Fig. 9b, right). The distorted SnS¢ octahedra are edge-sharing
along the b- and c-axes. Because the Sn atom is located at an off-centered position in the octahedron,

all S—Sn-S angles are far from the regular octahedron values of 90 and 180 degrees.

Fig. 9 Crystal structures of (a) SnS,, (b) SnS, and (c) La,SnO,S;. Two kinds of visual aspects are
drawn by the same octahedra configuration in (a). The coordination number of Sn is modified from 3
to 6 in the right panel of (b). The atomic structures of the SnS; layer are described in three different
ways in the right panel of (c). The VESTA code ° was used for the visualization.
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Based on the above interpretation of the crystal structures of the binary sulfides, we now view
the structure of La,Sn0O,S; (Fig. 9c¢, left). Focusing on the SnS; layer, a quasi-square S1 lattice in the
ab-plane and two apical S2 construct edge-sharing octahedra (Fig. 9c, right upper). This relatively
isotropic and edge-sharing S¢ octahedral configuration is similar to SnS, possessing the same +4
formal charge of Sn. However, the most different point from SnS; is the Sn position, which is far from
the center in the quasi-square S1 lattice. Accordingly, we may regard this local configuration as a SnS,
tetrahedron including two in-plane S1 and two apical S2 (Fig. 9c, right middle), which is corner-
sharing along the b-axis each other (see Fig. S3 in the ESI for the views from different directions).
Because of the off-centered Sn position, all S—Sn—S angles are far from the regular tetrahedron value
of 109.47 degrees. The bond lengths of Sn—S1 and Sn—S2 (2.31-2.49 A) are clearly shorter than those
of SnS with divalent Sn (> 2.62 A), implying that the effective charge of Sn in La,SnO,S; is higher
than that in SnS, as expected from the formal charge of +4. In contrast, when relatively distant in-
plane Sn—S1 pairs (3.43 and 3.45 A) are regarded to form weak chemical bonds like the SnS case, we
can also draw edge-sharing SnS4 octahedra with off-centered Sn atoms (Fig. 9c, right lower). In this
case, all S—Sn-S angles, as well as the variations in the Sn—S distance, are also far from those of the
regular octahedron. It should be noted that this off-centered Sn octahedral structure resembles that of
SnS, not SnS,. This structural analogy with SnS composed of divalent Sn would explain why the two-
electron trapping easily occurs in La,SnO,S3 with formally tetravalent Sn. The intrinsically large open
space around the off-centered Sn atoms in La,SnO,S; would readily accommodate two additional
electrons that are localized like a lone pair around an Sn site. This consideration seems to be proper
also in terms of stereochemistry.

It is well recognized that the binary chalcogenides of divalent Sn, SnS and SnSe, tend to be p-
type, and strategies to convert them into n-type have been explored both experimentally and
theoretically.3¢-%2 In contrast, undoped SnS, and SnSe, with tetravalent Sn have been reported to be n-
type.®3-% La,Sn0,S; with tetravalent Sn follows this n-type tendency of the tetravalent Sn binary
chalcogenides. However, the two-electron self-trapping mechanism proposed in this study may be
intrinsic to La;SnO,S; having the SnS-like local structure.

The lower part of the conduction band of La,Sn0O,S; is dominated by the Sn Ss states as
mentioned above. The first and second neighboring Sn—Sn distances (3.61 and 4.77 A) are distributed
in the ab-plane, and the directions of these neighboring Sn pairs are close to those of the diagonals
(see Fig. S3 in the ESI for its plan view). Therefore, Sn 5s—Sn 5s interaction is expected to be almost
isotropic in the ab-plane, leading to the nearly isotropic in-plane electron effective masses [m.*/my
(xx) = 0.60, m.*/my (yy) = 0.54] in La,Sn0,S;. Additionally, three structural factors would be
complicatedly related to the anisotropy of the electron effective masses between in-plane (xx and yy)
and out-of-plane (zz): (i) the shortest Sn—S2 bond (2.31 A, S2: the out-of-plane apical site) among
Sn—S bonds, (ii) short O-La bonds (2.38-2.43 A), and (iii) relatively short La—S distances (3.18-3.28
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A). For (i), the Sn—S2 bond is much shorter than in-plane Sn—S1 ones (2.49-3.45 A) and the sum of
each ionic radius: 0.55 A (CN =4, where CN denotes the coordination number) and 0.69 A (CN = 6)
for Sn**, and 1.84 A (CN = 6) for S*~ according to Shannon’s radii,® while Pauling’s radius of S?~ is
also 1.84 A;57 note that the CN of S looks 5 rather than 6 in La,SnO,S;, which may affect the
comparison with the ionic radii. For (ii), they are sufficiently shorter than the sum of each ionic radius,
1.16 A for La3* and 1.38 A for 02,56 implying a significant covalency contribution. For (iii), most of
them are shorter than that (3.25 A) in the oxysulfide LaCuOS with a similar layered structure,
resulting in larger in-plane S—La—S angles (7881 and 130 degrees) than those (76 and 121 degrees)
in LaCuOS, and stronger interaction between La and S in La,SnO,S;. These three factors would
contribute to sizable orbital interactions in the out-of-plane direction, leading to the lower out-of-plane
electron effective mass [m.*/my (zz) = 0.38] than in-plane effective masses, despite the long out-of-
plane Sn—Sn distance (9.74 A) owing to the layered structure interposed by La,O, layers. Accordingly,
the electron effective masses of La,SnO,S; are more isotropic than similarly calculated values of SnS,
with m.*/mg (xx) = 0.35 and m.*/my (zz) = 0.96. Although the shortest in-plane Sn—Sn and Sn—S
distances in La,SnO,S; are shorter than those in SnS,, in-plane electron effective masses of La;SnO,S3
are higher than that of SnS,. It would be reasonable to consider that one of the origins is two distant
in-plane Sn—S1 bonds (3.43 and 3.45 A) out of six Sn—S bonds in La,Sn0,S;; i.e., they would cause
totally weaker hybridization between Sn and S in La,SnO,S;.

Finally, we briefly comment on a feature of the La,0, layer. The local structure (O—La = 2.38—
2.43 A, La-O-La = 104-105 and 119-120 degrees) composed of edge-sharing La,O tetrahedra (Fig.
9c¢, left) is quite similar to those in ReMOCHh (Re = rare earth, La—Er; M = monovalent metal, Cu, Ag;
Ch = chalcogen, S-Te), ° La,CdO,Se;,, 2¢ La,Zn0,Se,, 7%, LaGaOSe,, 7' and ReTmOPn (Re = La—Sm;
Tm = 3d or 4d transition metal, Cr-Ni, Zn, Ru, Os; Pn = pnictogen, P-Sb), ¢ all of which belong to
an isomorphism-like layered structure of La,SnO,S;; i.e., all of these quaternary oxychalcogenides
and oxypnictides are composed of alternately stacked rare-earth oxide layers and
chalcogenide/pnictide ones (Fig. S4 in the ESI). Therefore, the rare-earth oxide layer is regarded as a
common building block of these mixed-anion compounds. However, it appears that the out-of-plane

orbital interactions depend significantly on the composition and structure of the chalcogenide layer.

4 Conclusions

We have systematically investigated the bulk fundamental properties, native defects, H impurities, and
electron self-trapping in La;SnO,S; using the HSE06 hybrid functional. The calculated structural
parameters and band gap are well consistent with the previously reported and the present experimental
values. The electronic states at the VBM and CBM of La,SnO,S; are formed primarily from S p-
orbitals and Sn s-orbitals, respectively, indicating that the band gap of La,SnO,S; is mainly determined

by the SnS; layer. Both electron and hole effective masses are moderately low and do not show
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significant anisotropy despite the layered structure.

From the theoretical formation energies of the major native defects, H impurities, and self-trapped
electron(s), we found that Hi can be the major source of carrier electrons, but also facilitate two-
electron trapping around a nearby Sn site when the Fermi level is close to the CBM. Similarly, two-
electron trapping enhanced by anion vacancies such as [V(s)1 + (2e)37 ]2_ (= V%l_ ), as well as the
formation of the acceptor-type Sn vacancy, causes carrier compensation in La,Sn0O,S;, regulating its
n-type doping. The two-electron trapping behavior is explainable in terms of the relatively easy
reduction of Sn from the +4 to +2 oxidation states and the local environment of the Sn site in
La,Sn0,S;. These carrier generation and compensation mechanisms are consistent with the fact that
La,Sn0,S; shows a moderate n-type conductivity as found by the previous study!'® and the present
experiment on polycrystalline La,SnO,S; samples, the latter of which has also detected a sizable

concentration of H impurities.
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Data availability statement

Crystallographic data for La,SnO,S; has been deposited at the CCDC under CCDC 2322792 and can
be obtained free of charge via www.ccde.cam.ac.uk/data request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK fax: +44 1223 336033.



