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ABSTRACT: The new semiconductor LiPbSb;S4 crystal-
lizes in the space group P2,/c. The structure is a member
of the lillianite homologous series and is composed of
layers of PbS archetype Sb/Li—S separated by trigonal-
prismatic-coordinated Pb/Li. Electronic band structure
calculations indicate an indirect band gap, with direct gaps
lying very close in energy. LiPbSb;S¢ has one of the lowest
thermal conductivities seen in a crystalline material, ~0.24
W m™' K™' at room temperature, and a high resistivity, ~4
X 10° Q-cm, and exhibits strong light absorption with a
nearly direct band gap of 1.6 eV.

Metal chalcogenides make a broad set of structurally and
chemically diverse compounds, associated with a wide
range of applications including photovoltaics, thermoelectrics,
second-harmonic generation, optical data storage, and y-ray
detection.''® Compounds containing chalcometallate anions
have shown a wide diversity ranging from discrete molecular
species such as [AsS;]*~, [SbS;]*", and [Sb,Ss]*" to polymeric
chains."' ™" Particularly, ternary chalcoantimonates exhibit a
surprising variety of structures because the stereochemical effect
of the lone pair of the antimony ion, Sb*, gives rise to three-,
four-, or five-coordination.”**™'” More complex structures can
also result by linking the chalcoantimonate anions.”'*'*'” Many
of these compounds absorb in the visible and IR regions, making
them promising for use in photovoltaics, which ideally have
direct band gaps in the optimal 1.1—1.7 eV range.”® Ternary
antimony chalcogenides, such as AgSbTe, or the series
AgPb, SbTe,,,,, have been shown to have low thermal
conductivity because of strong anharmonicity and random Ag/
Sb disorder, making materials of this series promising for
thermoelectric applications.*"*>

Herein we describe the new thioantimonate LiPbSb;Se, a
semiconductor with an attractive band gap of 1.6 eV, high
resistivity, and surprisingly low thermal conductivity. The air-
stable LiPbSb;S4 was prepared by direct reaction of Li,S, Pb, Sb,
and S at 800 °C, resulting in a black crystalline material of >99%
purity.”® The crystal structure was determined with single-crystal
X-ray diffraction analysis. Differential thermal analysis (DTA)
shows that LiPbSb;S¢ melts congruently at 576 °C (Figure 1a).
The material recrystallizes in the same phase, as indicated by the
full recovery of the compound from the solidified melt (Figure
1b).
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Figure 1. (a) DTA measured at +5 °C min~' shows LiPbSb;S to be
congruently melting. (b) Powder X-ray diffraction of simulated (black),
as-synthesized (blue), and DTA products (red) of LiPbSb,Sq.

LiPbSb;Sy crystallizes in the monoclinic space group P2,/c
with a slight off-stoichiometry of Liyg;(1)Pbgg1(1) Sb3.068(6)56'24
Semiquantitative elemental analysis of Pb, Sb, and S was
performed by electron-dispersive spectroscopy, and qualitative
X-ray photoelectron spectroscopy confirmed the presence of all
elements, including Li (see the Supporting Information, SI). The
structure is an analogue of the naturally occurring mineral
sulfosalt gustavite, ideally AgPbBi;S4, a member of the lillianite
homologous series.”® The lillanite homologous series consists of
a group of Pb—Bi—Ag sulfosalts with structures based on
alternating layers of the PbS (NaCl) archetype cut parallel to
(311)pys. Bicapped trigonal prisms of PbSg,, substitute the
overlapping MS, octehedra of these mirror-related layers, with
the Pb atoms positioned on the mirror planes.”"** The
homologues in the series differ in the width of the octahedral
slabs expressed by the number of metal sites (N) in the chain that
runs diagonally across an individual PbS archetypical layer and
parallel to [011]pyg.

The structure of LiPbSb;S4 consists of 11 crystallographically
independent sites (Figure 2a). There are six S positions and five
metal positions, which include one 100% Sb site (M3), three
mixed Sb/Li sites (M2 and MS are 95.5% Sb; M4 is 83.2% Li),
and one partially unoccupied, mixed Pb/Li site (M1 is 91.1% Pb
and 0.43% Li). The structure is built of alternating PbS-type slabs
of Li/Sb—S cut parallel to (311)ps, where each layer is N = 4
octahedra thick and the slabs are separated by Pb/Li atoms in
bicapped trigonal-prismatic coordination (Figure 2b). The Pb/Li
site of M1 is in a bicapped trigonal-prismatic coordination, and
Sb and Sb/Li sites of M2—MS are all in distorted octahedral
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Figure 2. (a) Crystal structure of LiPbSb,S, viewed along the c axis. M1
is Pb/Li (Pb is the major component) in a bicapped trigonal-prismatic
coordination with coordination number 8. M2 is Sb/Li (Sb is the major
component), M3 is Sb, M4 is Sb/Li (Li is the major component), and
MS is Sb/Li (Sb is the major component), all in octahedral coordination
with coordination number 6. (b) Arrangement of the parallel layers of
diagonal chains of four octahedra viewed along the ¢ axis. Neighboring
blocks of octahedral layers are separated by Pb atoms in trigonal-
prismatic coordination. (c) Coordination environment of each metal
site of LiPbSb;S, viewed along the ¢ axis. M1 is in a bicapped trigonal
prism with coordination number 8, and M2—MS are all in distorted
octahedral coordination with coordination number 6.

coordination (Figure 2c). The average M—S bond length is
dependent on the dominant metal, with M2, M3, and MS having
longer average bond lengths than Li-dominant M4 (see the SI).
This type of disorder associated with the Li ions has not been
reported in AgPbBi;Ss because the structures have been
determined in their idealized compositional form using the
substitution 2Pb = Bi + Ag from Pb;Bi, S, giving a single Ag site,
a single Pb site, and three Bi sites. Sb/Bi substitution is seen in
some cases, such as with Ang(BlZSb)3S where there is mixed
Sb/Bi occupancy in two of the Bi sites.” 28

The optical absorption properties of LiPbSb;S4 in the UV—
vis/near-IR region (measured using protocols described else-
where™) revealed a band gap of 1.60 €V, similar to that of Sb,S,,
1.55 eV. LiPbSb;S¢ shows a very strong and steep absorption
onset, suggestive of direct-band-gap absorption (Figure 3a). To
determine the nature of the band gap of LiPbSb;S, we
performed first-principles electronic structure calculations
using a generalized gradlent apprommatlon within Perdew—
Burke—Ernzerhof formalism®®* implemented in “Vienna Ab
initio Simulation Package” on an idealized LiPbSb;S4 structur-

¢.®® The band structure (Figure 3b) is plotted along high
symmetrlc points,®" and density of states is projected to atomic

orbitals (S p, Sb s, Sb p, Pb s, and Pb p orbitals; Figure 3c).
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Figure 3. (a) Solid-state UV—vis optlcal absorption spectra for
LiPbSb;Ss, E, = 1.60 eV, and Sb,S;, E;, = 1.55 eV. (b) Calculated
band structure of LiPbSb,Ss. (c) PDOS for LiPbSb;Ss comparing
individual orbital contributions to the valence and conduction bands. (c)
Thermal conductivity as a function of the temperature for an SPS-
processed polycrystalline sample of LiPbSb;S,.

Electronic structure calculations show that the band gap of
LiPbSb;S¢ is actually indirect. The valence band maximum
(VBM) is located between Y and H points, while the conduction
band minimum (CBM) occurs at X. The calculated indirect band
gap (E ') is predicted to be 1.15 eV, and the direct band gap (E 9
at X pomt is 1.28 eV, which is only larger than E, by 0.13 eV
Thus, the indirect optical transition, being spectrally forbidden,
could be veiled by the much stronger allowed direct optical
transition. This could explain the experimentally observed
directlike transition of LiPbSb;S4. The calculated Egd is 0.32 eV
smaller than the experimental band gap of 1.60 eV, which is
consistent with the well-known tendency of these calculations to
underestimate the band gap. The projected density of states
(PDOS) from +3.5 to —8.5 eV, with the Fermi level at 0 eV, are
shown in Figure 3c. For each atom, an orbital-resolved PDOS is
shown. The major contribution to the VBM is from the S p
orbitals, while the CBM mainly consists of Sb p orbitals. Thus,
the band-gap transition in LiPbSb;S4 originates mainly from
charge-transfer transitions from filled S to empty Sb p orbitals.
The energy gap of 1.6 eV makes it interesting as a potential solar
absorber for photovoltaics.

The thermal properties and resistivity of LiPbSb;Ss were
measured using polycrystalline ingots, pressed using spark
plasma sintering (SPS), achieving 97.8% of the theoretical
density. The Seebeck coefficient was measured as —134 4V K™,
showing n-type behavior. The resistivity of LiPbSb;S¢ is very
high, at 4.24 X 10° Q-cm, suggesting a relatively low number of
charge carriers (see the SI).

The thermal diffusivity (D) of LiPbSb;S; as a function of the
temperature is very low and shows an inverse temperature
dependence to 723 K, suggesting dominant phonon conduction
behavior (see the SI). This is consistent with the insulating
character of the electrical transport properties. Additionally, the
heat capacity (C,) of LiPbSb;Ss has weak, nearly linear
temperature dependence (see the SI). The thermal conducthlty
(k) decreases with increasing temperature from 0.24 Wm™' K™!
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at room temperature to 0.21 W m™" K™ at 723 K (Figure 3d).
This decrease in the thermal conductivity with rising temperature
indicates that the phonon contribution to the conductivity is
predominant. The thermal conductivity of the compound is one
of the lowest reported from crystalline materials. It is significantly
lower than that of the exceptional thermoelectric material
Bi,Sb,_,Te;, ~1.6 W m™ K™, and close to those of glasses.32’33
The thermal conductivity can be lowered in materials by the
random alloying of atoms of differing atomic mass, the rattling of
ions in oversized cages, or nanostructuring.7’34 For example, in
Cs,Hg,S; and BagAu, (P;, materials with large three-dimensional
frameworks, Cs and Ba ions “rattle” and produce phonon
dampening effects, which significantly reduce the lattice thermal
conductivity to ~0.30 and 0.18 W m™' K™/, respectively.*® In
AgSbTe,, on the other hand, Ag and Sb are randomly disordered.
The extremely low thermal conductivity of LiPbSb;S, appears to
be similar in origin to AgSbTe, and likely results from the
inherent Li/Sb and Li/Pb disorder in the metal sites of the
structure.*"*>3¢
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Crystallographic information file (CIF), structural information
tables, and experimental data (thermal diffusivity, heat capacity,
and resistivity). This material is available free of charge via the
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