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This study explores the mechanical, optical, and thermoelectric properties of «-BaSnSs and B-BaSnSs
through first-principles calculations. The mechanical analysis reveals that both structures exhibit ductile
behaviour. Furthermore, phonon dispersion calculations at O K show no imaginary frequencies,
confirming their dynamical stability. The electronic structure analysis identifies both compounds as
indirect bandgap semiconductors, with a bandgap of 1.63 eV for a-BaSnSs and 1.12 eV for B-BaSnSs.
Optical property analysis indicates that both compounds exhibit high absorption coefficients, reaching

1 in the ultraviolet region and approximately ~10° cm™*

up to ~10° cm~ in the visible spectrum,
demonstrating their potential for optoelectronic applications. To explore the thermal transport
properties, we calculated the lattice thermal conductivity using particle-like and wave-like transport
channels. At 300 K, a-BaSnSs exhibits an average k, of 1.030 W m™* K™% and k. of 0.112 W m™* K™,
whereas $-BaSnSs exhibits average values of 0.128 W m~' K™ for k,, and 0.179 W m~* K~* for k.. This

reduction in B-BaSnSs is primarily attributed to its pronounced anharmonicity and extremely short
Received 14th February 2025 h lifeti hich domi il £ 01to1 Int f th lectri f
Accepted 1st April 2025 phonon lifetimes, which predominantly range from 0.1 to 1 ps. In terms of thermoelectric performance,
a-BaSnSs achieves a ZT value of 1.05 at 600 K, while B-BaSnSs achieves an even higher ZT value of 1.06

DOI: 10.1039/d5ra01106j under specific doping conditions. These results highlight the potential of the two phases of BaSnSs for
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1 Introduction

As the population grows and industrialization accelerates, the
increasing demand for energy highlights the need to explore
environmentally sustainable alternative energy sources. Ther-
moelectric (TE) materials and solar cells are two promising
alternative energy technologies, among which thermoelectric
materials can directly convert waste heat into electrical energy.*
By developing thermoelectric materials and devices with high
energy conversion efficiency, waste heat from automobile
exhausts and industrial processes can be recovered,” flexible
wearable thermoelectric devices can be manufactured,® and
new types of thermoelectric generators can be developed.* The
efficiency of thermoelectric materials is typically expressed by
the dimensionless figure of merit (ZT value), given by the
formula:

_ S8%T

2T = =7 (1)

The Seebeck coefficient is denoted as S, electrical conduc-
tivity as o, temperature as 7, and thermal conductivity as £,
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which includes both lattice thermal conductivity (k) and elec-
tronic thermal conductivity (k). The ZT value of an ideal
material should be greater than 1.> To achieve a high ZT value,
a material must possess a high Seebeck coefficient, high elec-
trical conductivity, and low thermal conductivity. However, as
these parameters are interdependent, optimizing them simul-
taneously presents a significant challenge. Methods to enhance
the performance of thermoelectric materials mainly focus on
balancing the power factor (PF = $%¢) and thermal conductivity.
Currently, common approaches include heavy doping, nano-
structure, and band structure engineering, which can signifi-
cantly improve thermoelectric performance.*’

In recent years, perovskite materials have gained widespread
attention in thermoelectric research due to their ease of prep-
aration and excellent stability. The general formula of perov-
skite materials is ABX3, where the A-site and B-site are occupied
by large and small cations, respectively, while the X-site is
occupied by anions. Chalcogenide perovskites, in particular,
have attracted significant attention in the field of thermoelectric
materials due to their high Seebeck coefficient and ultra-low
lattice thermal conductivity.*'® Numerous experimental and
theoretical studies have demonstrated the potential of chalco-
genide perovskites in the field of energy conversion."*?

The basic configuration of such materials is ABX; [A = Ca, Sr,
Ba, Mg; B = Ti, Zr, Sn, Hf; X = S, Se]. Orthorhombic chalco-
genide perovskites such as CaZrS;, BaTiS;, BaZrS;, SrTiS;, and
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SrZrS; have been successfully synthesized.”'* In 2022, Song
et al.*® studied CaZrS; and achieved a maximum Z7T value of 4.06
(n-type) and 2.62 (p-type), and in 2023, they found the optimal
ZT values of 0.37 (n-type) and 1.52 (p-type) for BaSnO;. In 2024,
Yang et al."” conducted experimental research on BaZrS; and
found that it had an electron mobility of up to 385 cm* V™' s~*
at 300 K and a lattice thermal conductivity of 1.11 Wm ™' K" at
623 K.

Given that BaSnS; belongs to the same main group as the
materials mentioned above, we predict that it also exhibits
excellent thermoelectric properties. Moreover, as research on
this material has been limited, we employed self-consistent
phonon calculations based on first principles to investigate
the effects of anharmonicity on the lattice dynamics and
thermal transport of crystalline BaSnS; at finite temperatures.
The calculation process considered double transport channels,
isotope phonon scattering, three-phonon (3ph) scattering, and
higher-order phonon renormalization. Finally, we obtained
a reasonable lattice thermal conductivity (ki.), which, combined
with the calculated electronic transport properties, resulted in
the final thermoelectric figure of merit. Through this work, we
hope to promote further research and application of BaSnS; and
related materials in the field of thermoelectricity.

2 Computational details

The calculations in this study were performed using density
functional theory (DFT) implemented in the Vienna Ab initio
Simulation Package (VASP) code.’® The exchange-correlation
potential in the form of Perdew-Burke-Ernzerhof (PBE)
generalized-gradient approximation (GGA) was applied,* and
the wave functions were represented using the projector
augmented wave (PAW) pseudopotential method.*® In the
structure optimization, a cutoff energy of 500 eV was selected
for the plane-wave basis set. Gamma-centered k-point grids of 6
x 13 x 3 and 9 x 7 x 9 were used for ¢-BaSnS; and B-BaSnS;,
respectively. The convergence criteria for energy and force were
setto1 x 10 ®evand 1 x 107 eV A™", respectively. In addition,
the Heyd-Scuseria-Ernzerhof (HSE06)** hybrid functional was
employed to obtain reliable bandgap and optical properties.

The electronic transport properties were calculated using the
transport method implemented in the AMSET package, which
uses the momentum relaxation-time approximation to calculate
the scatter ability and mobility within the Born approxima-
tion.* The calculation considered acoustic deformation poten-
tial (ADP) scattering, ionized impurity (IMP) scattering, and
polar optical phonon (POP) scattering. The net relaxation rates
are added by Matthiessen's rule:

1 1 1
7 7ADP ' IMP T POP (2)

POP

where P, T™P and tF°F are the relaxation times of ADP, IMP,

and POP scattering, respectively. The differential scattering rate
is calculated using Fermi's golden rule:

27
Tnk—>mk+q71 = 7|gnm(k7 Q)|25(€nk - 8mk+q) (3)
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where nk is an initial wavevector and mk + q final wavevector
after scattering. 7 is the reduced Planck constant. ¢ and g are the
carrier energy and coupling matrix element, respectively. ¢ is
the Dirac delta function which ensures energy is conserved
during the scattering process. The potential matrix element of
ADP, IMP, and POP scattering processes is given by:

I T V2 1/2
BBOa :| <¢mk+q’l//nk> [4)

2Pk, q) = [

2,271/2
NP q) = |22 } (Vikcra ¥n) 5
gllln ( 7q) { 80 |q‘2+62 ( )
hwpo (1 I\"] (Yokerq | V)
POP (g o) = |22 ( — — — AV mkq |k /
&m (K. q) { 3 <8w 80) } al (6)

kg, oy, Bo, Nijy Z, €o, €0 and wp, are Boltzmann constant, defor-
mation potential, bulk modulus, the concentration of ionized
impurities, the charge state of the impurity center, high
frequency dielectric constant, static dielectric constant and
polar optical phonon frequency respectively. Finally, the elec-
trical transport data were obtained using the 37 x 79 x 21 and
35 x 25 x 37 k-point meshes.

For the phonon thermal transport properties, the interatomic
force constants (IFCs) were calculated by the ALAMODE*?*
package, which uses the relaxation time approximation to solve
the Boltzmann transport equation, and the lattice thermal
conductivity can be expressed by the following formula:

= T SO @) )y )

where superscripts p and v denote the spatial components
(such as x, y, or z), Vis the unit cell volume, Ny is the number of
wave vectors, q is the phonon wavevector, j is the phonon
branch index, C, is the specific heat capacity, v is group velocity,
and 7 is the phonon lifetime, and «. describing tunneling and
wavelike of coherent phonons, governed by the Wigner trans-
port equation, is defined as,

HV(T) 1 C‘lfwﬂi/ + CQIJ Wgj
K" = _
¢ VN, ~ w4+ W,
a4
j#
Iy+T..
x WY AR (8)

a

aif 2 2
fomme) ()

For «-BaSnS and B-BaSnS;, second-order interatomic force
constants (IFCs) and higher-order force constants were calcu-
lated using 2 x 2 x 1 and 2 x 2 x 2 supercells, respectively. The
second-order IFCs were obtained via the finite displacement
method, while the higher-order IFCs were generated using
compressed sensing lattice dynamics (CSLD).*® Concretely, we
use the ab initio molecular dynamics (AIMD) simulations at 300
K to generate multiple snapshots and specify the random
displacement length as 0.1 A on all atoms inside the snapshot
structures to capture the random displacement configurations.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, these quasi-random structures were then used to
fit the required higher-order IFCs.

3 Results and discussion
3.1 Structural and electronic properties

The o and B-BaSnS; crystallize in an orthorhombic structure
with the space group Pnma (62) as shown in Fig. 1, the unit cell
contains 4 Ba atoms, 4 Sn atoms, and 12 S atoms, exhibiting
anisotropy along the a, b, and ¢ axis. @-BaSnS; consists of
corner-sharing [SnS¢]*~ octahedra interconnected along the a,
b, and c axis, with the interstitial spaces filled by Ba®>" ions. In
contrast, B-BaSnS; features a distorted orthorhombic perovskite
structure. The structural stability of perovskite materials is
typically determined by the Goldschmidt®® tolerance factor ¢:

fo _Iatix 9)
V2(rp +rx)

In the formula, r,, s, and rx represent the ionic radii of the A, B,
and X ions, corresponding to the radii of Ba®>", Sn**, and S*7,
respectively. An ideal cubic perovskite has a Goldschmidt
tolerance factor ¢ = 1. The value of ¢ can be used to some extent
to evaluate the stability of the perovskite crystal structure. Most
perovskites form within the range of 0.71 < ¢ < 1.10. Due to the
ionic size matching among the constituent elements, perovskite
compounds can adopt different crystal structures. Generally,
when 0.90 < ¢t < 1.00, the perovskite structure tends to have
better stability. As shown in Table 1, the ¢ of BaSnS; is 0.911. In
addition, the phonon dispersions of the two materials at 0 K
were calculated (see ESI, Fig. S17), and the absence of imaginary
frequencies confirms their dynamical stability.

Table 1 also presents the optimized lattice constants and
mechanical properties of the two compounds. Notably, the
lattice constants of a-BaSnS; are in close agreement with the
experimental values.”” Using the Voigt-Reuss-Hill (VRH)*
averaging approximation, the bulk modulus B, Young's
modulus Y, Poisson's ratio v, and the shear modulus G were
calculated. The bulk modulus B, shear modulus G, and Young's

o
(@) /

B

»)

7 o
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O){D
o |

o

Fig. 1 The crystal structures of (a) &-BaSnSz and (b) B-BaSnSs, with yellow for S, gray for Sn, and green for Ba.
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Table 1 The lattice constants (a, b, and c), tolerance factor (t), bulk
modulus (B), shear modulus (G), Young's modulus (Y), Poisson's ratio
(v), and Debye temperature (6p) for . and B-BaSnSs

Parameters o-BaSnS; B-BaSnS;
a®P"a (A) 8.61/8.53 7.22
b°PYbeP (A) 3.99/3.93 10.18
c°PY/c™P (A) 14.80/14.52 7.09
¢ 0.911 0.911
B (GPa) 49.53 56.16
G (GPa) 27.03 24.22
B/G 1.83 2.32
Y (GPa) 68.61 63.52
v 0.27 0.31
bp (K) 270 261

modulus Y provide information on the material's compress-
ibility, resistance to deformation, and stiffness. Significant
differences in mechanical properties are observed between the
two structures. The bulk modulus of B-phase (56.16 GPa) is
higher than that of the a-phase (49.53 GPa), indicating stronger
resistance to compression. In comparison, the o-phase
demonstrates higher stiffness and shear resistance, with a shear
modulus of 27.03 GPa versus 24.22 GPa and a Young's modulus
of 68.61 GPa compared to 63.52 GPa. This makes it better suited
for applications demanding mechanical stability. Conversely,
the B-BaSnS; offers greater ductility and flexibility, as reflected
in its higher B/G ratio of 2.32 compared to 1.83, and a Poisson's
ratio of 0.31 versus 0.27, making it an excellent choice for
developing flexible thermoelectric modules.

We conducted a study on the Debye temperatures of these
two materials. The Debye temperatures of the o and p-BaSnS;
are 270 K and 261 K, respectively, both of which are relatively
low, suggesting that these phases may exhibit lower lattice
thermal conductivity. This is due to the presence of heavier
elements in the material, which decreases the phonon vibration
frequency, thereby lowering the Debye temperature. Addition-
ally, lower phonon frequencies generally also result in lower

(b)
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Fig. 2 Band structures and densities of states of (a) a-BaSnSz and (b) B-BaSnSs.

Table 2 Effective masses of holes and electrons for o and B-BaSnSs

my my m,
o-BaSnS; e 1.168 0.262 0.678
h 0.425 0.653 1.192
B-BaSnS; e 0.329 0.605 0.836
h 0.979 1.282 1.549

thermal conductivity.” This value is lower than that of some
common chalcogenide compounds, such as CaZrSe;, which has
a Debye temperature of 450 K and an average lattice thermal
conductivity of 1.17 W mK ™" at 300 K, with a maximum Z7 value

3.2 Optical properties

The optical properties of a material can be analyzed to assess its
potential applications in the field of optoelectronics. Fig. 3
examines the optical properties of «-BaSnS; and B-BaSnS;,
focusing on dielectric function ¢(w), absorption coefficient «a(w),
refractive index n(w), energy loss factor L(w), and reflectivity
R(w). The dielectric function ¢(w) is divided into two parts ¢(w) =
&(w) + iey(w), where &(w) denotes the real part and &,(w)
denotes the imaginary part of the dielectric function, respec-
tively. The aforementioned parameters can be represented
using the equations'* provided below:

of 1.004.%° However, the actual lattice thermal conductivity is = e (w’) ,
also influenced by other factors, such as phonon scattering. a(w) =1+ P L W2 — o2 dw (10)
Vez 3 N o2 /
&(w) = [ Jd kZ|<kn\p|kn >} f(kn) [1 —f(kn )}6(E/m —-E,; - hw) (11)
Fig. 2 presents the band structure and density of states (DOS)
calculated using the HSEO06 functional for the two structures,
with the band gaps of the o and B phases of BaSnS; being a(w) = ﬂ\/z( e12(w) + 22 (w) —el(w)) (12)
1.63 eV and 1.12 eV, respectively. Both are indirect band gap ¢
semiconductors and both the conduction band and valence
band exhibit band degeneracy. However, the valence band /&1 (w) + iy (w) — 1 ?
shows a more complex multi-valley structure. This high degree R(w) = o1 (@) + iex(w) + 1 (13)
of degeneracy indicates a higher Seebeck coefficient,** sug-
gesting that p-type doping could result in a larger Seebeck
coefficient. n(w) = \/\/ e’ (w) + &%) + & (w) (14)
In addition, the projected density of states (PDOS) was 2
calculated to analyze the contributions of different atomic
orbitals. For both structures, the conduction band shows L(w) = el (15)
comparable contributions from S and Sn atoms, while the [sl(w)2+sz(w)2}

valence band is predominantly contributed by S atoms, indi-
cating that the heavy holes are mainly located around the S
atoms. The calculated effective masses of carriers are shown in
Table 2. For both structures, the effective mass of holes is
overall larger than that of electrons, which may result in lower
mobility and require heavy doping to improve performance.

12182 | RSC Adv,, 2025, 15, 12179-12190

In eqn (10), p is the principal value of the integral, » is the
frequency. In eqn (11), 4w denotes the energy of the incident
photon, while p represents the momentum operator. The
eigenfunction corresponding to the eigenvalue Ey, is denoted by
|kn) and f{kn) signifies the Fermi distribution function.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optical properties of «-BaSnSz and B-BaSnSs, including (a) real part of the dielectric function, (b) imaginary part of the dielectric function,
(c) optical absorption coefficient, (d) energy loss function, (e) reflectivity, and (f) refractive index.

The dielectric function is a key physical parameter that
characterizes how a material responds to electromagnetic
waves. Fig. 3(a) and (b) depict the real and imaginary compo-
nents of the dielectric function. The real part, ¢;, represents the
material's ability to store energy from an electric field. At zero
frequency, the real part of the dielectric function, & (w), is
referred to as the static dielectric constant. The static dielectric
constants of a-BaSnS; and B-BaSnS; are 6.44 and 8.47, respec-
tively. The real part of the dielectric functions of a-BaSnS; and
B-BaSnS; exhibits multiple peaks within the energy range of 0-
6 eV, which result from effective electronic transitions from the
valence band to the conduction band. For ¢-BaSnS;, the coor-
dinates of the highest two peaks of the real part of the dielectric
function are (2.89, 8.32) and (5.37, 8.99) in a-axis; (2.87, 9.78)
and (4.64, 9.18) in the b-axis; (3.17, 8.32) and (5.57, 9.61) in the ¢-
axis. For B-BaSnS;, they are (1.07, 10.27) and (2.73, 7.83); (1.61,
11.52) and (4.66, 8.71); (1.48, 11.22) and (4.54, 6.41). As the

© 2025 The Author(s). Published by the Royal Society of Chemistry

photon energy increases, the values gradually decrease and
eventually become negative.

The imaginary part, ¢,, measures the material's ability to
absorb energy from the electric field and is directly linked to the
bandgap. For a-BaSnS; and B-BaSnS;, it can be seen that there is
no significant absorption within their bandgap range (1.63 eV
and 1.12 eV). Their &(w) peak energies are approximately
6.49 eV and 5.05 eV. The absorption coefficient of a material
measures its ability to capture light, which directly impacts the
power conversion efficiency of solar cells. High absorption
coefficients are crucial for such applications. As shown in
Fig. 3(c), when the energy of the photon equals the bandgap of
the material, absorption of the incident photon will occur. The
two materials have similar absorption coefficients in the energy
range of 0-10 eV. For the a structure, the absorption coefficient
in all directions increases with photon energy, exhibiting an
absorption peak around 7.5 eV, with a value of approximately
1.5 x 10° cm™'. Afterward, small fluctuations occur as the

RSC Adv, 2025, 15, 12179-12190 | 12183
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Fig. 4 Phonon dispersion and density of states for (a) «-BaSnSz and (b) B-BaSnSs at 200 K, 400 K, and 600 K.

energy continues to rise. In the case of the f structure, the a, b,
and ¢ directions each show two prominent absorption peaks
within the 0-14 eV range. The first peak corresponds to photon
energies and absorption coefficients of 8.1 eV (1.43 x 10°cm ™),
5.3 eV (1.04 x 10° em™ '), and 7.3 eV (1.41 x 10° cm %),
respectively. Their second peak is observed around 10.4 eV, with
a magnitude of approximately 1.75x 10° cm™".

Fig. 3(d) presents the energy loss as a function of photon
energy. For both materials, the energy loss is minimal in the low
photon energy region but increases to a maximum in the high
photon energy region, corresponding to where ¢;(w) approaches
zero. Beyond 12 eV, the energy loss function of B-BaSnS; becomes
significantly larger than that of a-BaSnS, likely due to its lower
reflectivity within this energy range. The reflectivity and refractive
index are two important parameters necessary for solar applica-
tions. The reflectivity gives a measure of reflecting light or

radiation. In contrast, the refractive index reflects the material's
transparency. As shown in Fig. 3(e) and (f), the average static
reflectivity values for a-BaSnS; and B-BaSnS; are 19% and 24%,
respectively, with maximum values in the b direction of 43% and
53%. For the refractive index, it exhibits a trend similar to that of
the real part of the dielectric function, with multiple peaks
appearing within the 0-6 eV range. The average static refractive
index values for a-BaSnS; and B are 2.54 and 2.91, respectively,
with maximum values of 3.30 (in the c-axis) corresponding to an
energy of 5.78 eV, and 3.47 (in the b-axis) corresponding to an
energy of 1.73 eV. Overall, their high absorption coefficients make
them widely applicable in photocatalytic water splitting for
hydrogen production, environmental purification, and optoelec-
tronic devices such as photodetectors and phototransistors. The
high refractive index also makes them suitable for thin-film-
based optoelectronic devices.
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Fig. 5 Lattice thermal conductivity of (a) «-BaSnSz and (b) B-BaSnSz as a function of temperature; (c) thermal conductivity spectra and
cumulative thermal conductivity along the a, b, and c-directions at 300 K.
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3.3 Phonon dispersion and lattice thermal conductivity

We examined the impact of temperature on the phonon
dispersion of the structures. As illustrated in Fig. 4(a) and (b), an
upward shift of the phonon modes in the low-frequency region
is observed for both structures as the temperature increases,
a phenomenon known as phonon hardening. Similar

View Article Online

RSC Advances

hardening of optical phonon modes has also been reported in
analogous perovskite structures.®3* In the high-frequency
region (200 cm~'-310 cm™ '), the phonon dispersion of the a-
BaSnS; remains largely unaffected by temperature. In contrast,
the phonon hardening observed in the B-BaSnS; gradually
diminishes

with increasing frequency and ultimately
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Fig.6 Calculated Phonon group velocity (a and b), phonon lifetime (c and d) (the black solid line illustrates the Wigner limit, while the green curve
indicates the loffe-Regel limit), Gruneisen parameter (e and f), and three-phonon scattering phase space (g and h) as a function of frequency at

300 K and 600 K.
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transitions into a softening phenomenon. Fig. 4 also shows the
corresponding density of states at different temperatures, and
the shifts in the peak positions also reflect a similar hardening
trend in the mid-to low-frequency phonon dispersion. In the
high-frequency region, the phonons are mainly contributed by
the vibrations of S atoms, while the low-frequency optical and
acoustic regions are dominated by Ba and Sn atoms.

Fig. 5(a) and (b) illustrates the temperature dependence of k;,
for the o and B-BaSnS;. We calculated the lattice thermal
conductivity using the particle-like propagation and wave-like
tunneling transport channels, respectively. At 300 K, the k&, of
the a-phase along the a, b, and ¢ directions is 0.61, 1.93, and
0.57 W m~ ' K%, respectively, with an average value of 1.03 W
m ™' K. The average value of the k. is 0.112 Wm ™" K" For the
B-phase, the corresponding values are 0.138(kp-a), 0.129(kp-b),
0.117(ky-c), 0.128(k,-average), 0.179(k.-average) W m ' K . To
quantify the importance of the low-frequency modes, the
cumulative thermal conductivity relative to frequency is calcu-
lated. Fig. 5(c) present the thermal conductivity spectra and
cumulative thermal conductivity for the two structures along
the a, b, and c directions at 300 K, respectively. For the a-BaSnS;,
both high-frequency and low-frequency phonon modes play
a substantial role in determining the lattice thermal conduc-
tivity. In comparison, the lattice thermal conductivity of the B-
BaSnS; is mainly contributed by phonons in the low-to-mid
frequency range (0-150 cm ™).
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On the other hand, it can be observed that the thermal
conductivity of both structures is quite low. Moreover, for the
B structure, the proportion of the k. in the total thermal
conductivity is substantial. We then study some phonon prop-
erties to investigate the underlying causes. As shown in eqn (7),
group velocity and phonon lifetime(z) directly influence the
lattice thermal conductivity. Fig. 6 further examines the phonon
properties relevant to this relationship at 300 K and 600 K.
Fig. 6(a) and (b) illustrate the group velocities of the two
structures. For both structures, the group velocities are
predominantly concentrated below 2 km s ™. The low V,;, can be
ascribed to the flat phonons in most g spaces.*® In addition, the
group velocities in the high-frequency region are generally lower
than those in the low-frequency region. The heavier Ba atoms in
the material lead to a lower group velocity. Within the frequency
range corresponding to phonon dispersion hardening, the
group velocity increases slightly with rising temperature, which
is attributed to anharmonic phonon renormalization leading to
an upshift of the low-frequency phonon modes. Nevertheless,
the extremely low lattice thermal conductivity of the B-BaSnS;
remains unexplained. To further investigate, we proceeded to
calculate the phonon lifetimes of the structure. As shown in
Fig. 6(c) and (d), the phonon lifetimes of the «-BaSnS; are
predominantly in the range of 1-10 ps, whereas those of the -
BaSnS; are an order of magnitude lower, concentrated in the
range of 0.1-1 ps. We propose that these extremely short
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Fig.7 The overall and scattering mechanism resolved mobilities for n-type and p-type doping as a function of temperature. All the results have
a doping concentration of 1 x 10 cm™>. (a and b) a-BaSnSs; (c and d) B-BaSnSs.
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phonon lifetimes are the primary reason for the ultralow lattice
thermal conductivity of B-BaSnS;.

A recent breakthrough introduces the concept of the Wigner
time limit to classify phonons into different thermal transport
behaviors: particle-like propagation and wavelike tunneling.®®
As shown by the black solid line in the Fig. 6(c) and (d). The
limit is defined as twigner = 3Nat/®Wmax, Where Ny is the number
of atoms in the unit cell and wpay is the maximum phonon
frequency. The green curve shows the Ioffe-Regel limit, Tyofre-
Regel = 2T/w, in which w is the phonon frequency. Phonon
lifetime exceeding tioffe-regel can be described by the Wigner
transport equation. Phonons with 7 > twjigner behave as particle-
like phonons that contribute mainly to «j,, whereas the large
phonons population with Tigge.regel < T < Twigner displays wave-
like phonons feature that contributes mainly to k.. For the a-
BaSnS;, most phonons have lifetimes below the Wigner limit at
300 K, whereas for the -BaSnS;, all phonon lifetimes fall below
this limit, underscoring the significance of wavelike tunneling
as a transport channel. Moreover, this also explains why, in the
B-BaSnS;, k. exceeds k,. To obtain a deeper understanding of
the microscopic mechanisms of the wavelike phonon tunneling
thermal transport, we plot three-dimensional visualizations of
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the mode-specific contribution to «. at 300 K. As shown in
Fig. S2,t the quasi-degenerate eigenstates (w1l = w2) contribute
most to k. because the smaller the energy difference between
eigenstates, the stronger the wavelike tunneling effect that is
produced.*”

To investigate the origin of the extremely low phonon life-
times in the B-BaSnS;, we calculated the Griineisen parameter
() for both compounds, with the results shown in Fig. 6(e) and
(f). According to the Debye model, the phonon lifetime (1) is
inversely proportional to the square of y. In the low-to-mid
frequency range, both compounds exhibit relatively large
absolute values of y, with a maximum value near 8 for the a-
BaSnS; and 10 for the B-BaSnS;, indicating strong anharmo-
nicity in both materials. Beyond 150 cm ™", y converges toward
zero, suggesting that high-frequency optical phonon modes
contribute minimally to anharmonicity. Additionally, the large
negative values of vy indicate that both compounds are likely to
undergo negative thermal expansion upon heating.*® For a more
detailed investigation, vy is further mapped onto the phonon
dispersion along high-symmetry paths (refer to Fig. S3 in the
ESIt). For the a-BaSnS;, it is evident that only the acoustic and
low-frequency optical phonon modes exhibit relatively large vy
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Fig. 8 Electrical transport properties at 300 K and 600 K: (a and b) the absolute value of the Seebeck coefficient, (c and d) electrical conductivity,

and (e and f) power factor.
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values, while the v values for phonon modes in other frequency
ranges are nearly zero. In contrast, for the f-BaSnSs;, phonon
modes below 150 cm™ ' generally show large vy values, with the
maximum values observed in the acoustic modes. This indi-
cates strong anharmonicity, which significantly enhances three-
phonon scattering processes. Moreover, the corresponding
Griineisen parameter decreases significantly with increasing
temperature.

Finally, the three-phonon scattering phase space of the
materials was calculated, as shown in Fig. 6(g) and (h). The
three-phonon scattering phase space (SPS) increases signifi-
cantly as the temperature rises from 300 K to 600 K. This is due
to the increase in phonon occupancy and the enhancement of
anharmonicity with rising temperature, leading to more three-
phonon scattering processes and simultaneously reducing
phonon lifetime. By considering anharmonic phonon renorm-
alization, the SPS shifts to higher frequency regions (phonon
hardening), while its amplitude decreases, which is consistent
with the decrease phonon lifetimes observed in the calculations
in Fig. 6(c) and (d). In summary, the low group velocity and
short phonon lifetimes, primarily caused by the high anhar-
monicity in the low-frequency region, are the key contributors
to the low lattice thermal conductivity of both materials. This
effect is particularly pronounced in the f-BaSnS;.
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3.4 Electronic properties and figure of merit

In this study, we considered ADP, POP, and IMP scattering
mechanisms to investigate the electronic transport properties
of p-type and n-type carriers. The relevant input parameters can
be found in the ESL{ We further examined the temperature
dependence of carrier mobility at a fixed doping concentration
of 1 x 10"® em ™3, as illustrated in Fig. 7. For both structures, the
contributions of ADP and IMP are 1 to 2 orders of magnitude
larger than that of POP, and the smaller POP contribution
results in a reduction in the total mobility. Comparing the total
mobility of o-BaSnS; at room temperature, which is 7.8 cm* V™"
s~ for p-type carriers and 12.6 cm® V' s~ for n-type carriers, it
is evident that B-BaSnS; is more significantly impacted, with its
total mobility at room temperature being suppressed to 4.6 cm>
v~ s for p-type carriers and 7.3 cm® V' s for n-type
carriers. The electrons’ mobility is relatively higher than that
of the holes, substantiating that for n-doping.

Fig. 8 illustrate the Seebeck coefficient, electrical conduc-
tivity, and power factor as functions of carrier concentration for
both p-type and n-type doping at temperatures of 300 K and 600
K, which is highly similar to the results obtained by Li et al.*
Specifically, Fig. 8(a) and (b) show that the absolute value of the
Seebeck increases, while it rises with increasing temperature.
This trend is consistent with the theoretical formula:*
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Fig.9 Thermoelectric figure of merit (ZT) as a function of carrier concentration at 300 K and 600 K for n-type and p-type doping, respectively. (a

and b) a-BaSnSs; (c and d) B-BaSnSs.
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AT 3eRr \Bn
where V, e, m*, and n represent the voltage, electron charge,
effective mass, and charge carrier concentration, respectively.
The maximum Seebeck coefficients of BaSnS; at 300 K are 611
uv K~ for p-type and 545 uV K~ * for n-type in the a-phase, and
633 puv K~ for p-type and 607 pvV K~ for n-type in the B-phase,
respectively.

Fig. 8(c) and (d) present the electrical conductivity of the
o and B-BaSnS;. Electrical conductivity (o) is directly dependent
on carrier mobility (u), as described by the equation, ¢ = nepu.
Similar to mobility, ¢ decreases as temperature increases.
However, an increase in carrier concentration also results in
arise in ¢. From Fig. 7, it can be seen that the mobility of the a-
BaSnS; is higher than that of the B-BaSnS;. Therefore, the
electrical conductivity of the a-BaSnS; is also greater, with its
maximum value being approximately twice that of the f-BaSnSs;.

Moreover, the PF as a function of carrier concentration at
different temperatures, is instrumental in determining the
optimal doping level for maximizing thermoelectric perfor-
mance. PF increases with carrier concentration, reaching a peak
value and then decreasing as illustrated in Fig. 8(e) and (f). The
maximum power factors (PF) of the o-BaSnS; are 1.43 mW m ™"
K2 for p-type and 1.63 mW m ™' K for n-type, while those of
the B-phase are 0.58 mW m ™" K * for p-type and 1.61 mW m
K2 for n-type.

We calculated the ZT values of BaSnS; along different crys-
tallographic directions, varying with carrier concentration and
temperature, as depicted in Fig. 9. Both structures reach their
maximum Z7T values at 600 K. Under specific carrier concen-
trations, the maximum ZT observed in o-BaSnS; for p-type is
1.05, which is higher than that of its n-type. Similarly, For ZT of
the B-BaSnS; is found to be 0.61 for p-type and 1.06 for n-type.
These maximum ZT are attained along the g-axis.

4 Conclusions

This study systematically explores the mechanical, optical, and
thermoelectric properties of a-BaSnS; and B-BaSnS; using first-
principles calculations. The B-phase demonstrates superior
ductility and flexibility, as evidenced by its higher B/G ratio
(2.32) and Poisson's ratio (0.31), making it a promising candi-
date for flexible device applications. Both phases exhibit
moderate bandgaps of 1.63 eV (a-phase) and 1.12 eV (B-phase),
as well as high absorption coefficients (~1 x 10° cm™") in the
ultraviolet region, highlighting their potential for optoelec-
tronic applications.

In terms of thermal transport, the a-phase shows an average
lattice thermal conductivity of 1.03(k,) and 0.112(k.) Wm ' K
at 300 K, while the B-phase achieves an exceptionally low value
of 0.128(k,) and 0.197(k)W m ' K ', making it advantageous
for thermoelectric applications. The electrical transport prop-
erties were studied at 300 K and 600 K. For a-BaSnS3, the p-type
ZT surpasses the n-type, reaching a maximum of 1.05 along the
a-axis. In contrast, the B phase exhibits relatively higher ZT
values for n-type carriers, reaching 1.06 along the g-axis. In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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summary, these findings provide a theoretical foundation for
their use in waste heat recovery, solar energy harvesting, and
flexible electronic devices.
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