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We present a detailed first-principles characterisation of the thermoelectric performance of the cubic “r”
phases of SnS and SnSe. The complex structures push the “particle-like” contribution to the lattice
thermal conductivity, ki, below the amorphous limit, resulting in an ultra-low ki from room
temperature upwards. The cubic symmetry supports larger Seebeck coefficients than the orthorhombic
phases, but higher carrier effective masses and stronger electron scattering require high doping levels to

optimise the conductivity and power factors. For © SnSe, we predict a low-temperature n-type figure of
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SnSe. These results demonstrate the exceptional promise of these systems as high-performance

DOI: 10.1039/d4ta058152 thermoelectrics, and highlight structural complexity as a route to optimising low-temperature ZT by
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1 Introduction

With over half of global energy wasted as heat,"” practical heat
recovery is critical from both an environmental and economic
standpoint. Thermoelectric (TE) power directly converts heat to
electricity through the Seebeck effect in a TE material, with
potential applications to energy harvesting and for improving
energy efficiency at multiple scales.” The performance of a TE
material is expressed by the dimensionless figure of merit Z7:**

ZT = ﬂ (1)

Kel + Kiatt

where S is the Seebeck coefficient, ¢ is the electrical conduc-
tivity, $%¢ is the power factor (PF), and k. and k. are the
electronic and lattice (phonon) components of the thermal
conductivity k. S, ¢ and k¢ are related through the carrier
concentration n, which can be controlled by chemical doping
and is typically optimised in heavily-doped semiconductors.?
Klae 1S independent of the electronic transport and must be
minimised to achieve a high ZT. Typical materials engineering
strategies to optimise ZT include doping and alloying, which
can both improve the electrical properties, for example by
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increasing n or modulating the electronic structure to induce
“band convergence”, and/or can reduce the kj¢.*®

A variety of materials have been studied as prospective TEs
including chalcogenides, skutterudites, half-Heuslers, zintl
compounds, clathrates, oxides, and oxychalcogenides (ref. 9
and references therein). The current industry-standard mate-
rials for low- and high-temperature applications are based on
Bi,Te; (ZT = 1 from 350-450 K, ZT up to 1.9 reported for
nanostructured (Bi; _,Sb,)Te; alloys'®'*) and PbTe (ZT up to 2.2
at 915 K with endotaxial nanostructuring'?). However, the low
abundance of Te precludes widespread adoption, and thus
alternative materials composed of more abundant elements are
critical.?

The discovery of high ZT in orthorhombic SnSe (up to 2.6 in
single crystals™ and 3.1 in polycrystalline samples') has led to
considerable interest in the group IV-VI sulphides and sele-
nides. The favourable electrical properties of these materials are
well established from the use of SnS as a photovoltaic (PV)
absorber material,’ and SnS and SnSe both show unusually low
Kiaee associated with the high-temperature Pnma — Cmcm phase
transition.'*" However, the “headline” ZT in orthorhombic
SnSe is only achieved at high temperature, whereas many
potential applications require the recovery of low-grade waste
heat,” and so orthorhombic SnSe cannot replace Bi,Te;.

While the thermoelectric performance of orthorhombic SnS
and SnSe is well characterised, the IV-VI chalcogenides display
a rich structural chemistry, with several potential phases that
could show superior low-temperature performance (Fig. 1).>>*
Among these, the recently-discovered metastable cubic “m”
phase of SnS and SnSe***® have shown considerable potential
for PV applications.””* A recent study of the IV-VI
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Fig.1 Structures adopted by the group IV-VI monochalcogenides: orthorhombic Pnma and Cmcm, rhombohedral R3m, and cubic 7t (P2,3) and

rocksalt (Fm3m) phases. These images were prepared using VESTA 2°

chalcogenides also revealed new structural-property relation-
ships that suggest the 7 structure should lend itself to low kj,¢.>
The potential thermoelectric performance of the 7 phases has
been explored in several computational studies,**** but signif-
icant approximations in the calculations mean the results are at
best indicative.

We have developed a fully ab inito workflow for predicting
ZT, by combining state-of-the-art approaches to computing the
S, 0, Kep and Kiae,”*** which we and others have validated against
multiple classes of TE materials including chalcogenides,***”
oxides**™* and oxychalcogenides.*"** In this study, we apply this
workflow to obtain high-quality reference predictions of the
thermoelectric performance of 7t SnS and SnSe. 7 SnS and SnSe
have lower k. and higher (absolute) S than the corresponding
orthorhombic phases, but at the cost of higher carrier effective
masses, stronger electron scattering, and lower o, which
requires heavier doping to offset. The majority of the k. Occurs
through intraband tunnelling characteristic of amorphous
materials,**** leading to very low thermal conductivity at and
above room temperature. With n-type doping at the level ach-
ieved in experiments on p-type SnS and SnSe,***¢ 7 SnSe has
a low-temperature ZT comparable to Bi,Te; and a high-T ZT
competitive with orthorhombic SnSe, resulting in a large
average ZT for low- to mid-temperature applications. More
generally, these findings highlight targeting structural
complexity as a viable strategy for suppressing the low-T kj,¢ in
TE materials to optimise the ZT toward more widespread heat-
recovery applications.

2 Computational methods

Calculations were performed using plane-wave density-
functional theory (DFT) as implemented in the Vienna Ab ini-
tio Simulation Package (VASP) code.* Initial structures of 7t SnS
and SnSe were taken from previous work* and optimised to
tight tolerances of 10~® eV on the total energy and 107> eV A™*
on the forces. PBEsol+D3 (ref. 48 and 49) was used to describe
electron exchange and correlation, as this has been shown to
provide an accurate description of the structure and dynamics
of these materials.?* Projector-augmented wave (PAW) pseudo-
potentials®>** were used to describe the ion cores, with the
valence configurations: Sn - 5s>5p?, S - 3s°3p*, and Se - 4s*4p”.
A plane-wave basis with a kinetic-energy cutoff of 600 eV was
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employed with a 4 x 4 x 4 I'-centred Monkhorst-Pack k-point
mesh® to model the valence electrons.

Phonon and ki, calculations were performed using the
Phonopy and Phono3py codes.*** The second-order (harmonic)
force constants were obtained using a displacement step of 10>
Aand 2 x 2 x 2 supercell expansions with 512 atoms. The third-
order (anharmonic) force constants were computed using a step
of 3 x 1072 A and the 64-atom unit cells. Phonon dispersion
curves were obtained by interpolating the frequencies along g-
point paths between the high-symmetry points in the P2,3
Brillouin zone. Atom-projected density of states (PDoS) curves
were obtained from frequencies evaluated on uniform I-
centered g-point grids with 24 x 24 x 24 subdivisions. The
“particle-like” contribution to the kj,« was determined by
solving the phonon Boltzmann transport equation (BTE) within
the single-mode relaxation-time approximation (SM-RTA),
using modal properties computed on 10 x 10 x 10 I'-centered
g-point grids. Testing on smaller 8 x 8 x 8 meshes confirmed
the SM-RTA and full linarised BTE solution® are quantitatively
similar (Fig. S1, ESIf). The “wave-like” intraband tunnelling
contribution to the k¢ was additionally obtained by solving the
Wigner transport equation.*>**

The S, ¢ and k. were determined by solving the electron BTE
within the momentum relaxation-time approximation (MRTA)
as implemented in the AMSET code.** Accurate electronic
bandgaps, E,, and uniform band structures were obtained using
non-self-consistent HSE06.>>°® Energy- and momentum-
dependent electron relaxation times were estimated from the
rates of acoustic deformation potential (ADP), ionized impurity
(IMP), piezoelectric (PIE), and polar optical phonon (POP)
scattering.®* The deformation potentials were determined from
single-point calculations on deformed structures generated
with AMSET. The elastic constant matrices C, high-frequency/
static dielectric constants ¢ /es, Born effective-charge tensors
Z* and piezoelectric tensors e(® were obtained using the finite
differences and density-functional perturbation theory (DFPT)
approaches in VASP.”*® All properties were computed with
PBEsol+D3 apart from the ¢, which were computed using non-
self-consistent HSE06. The POP frequencies wp,, were calculated
by combining the phonon frequencies at ¢ = I' from Phonopy
with the Z* from DFPT.*® k-point convergence tests and valida-
tion of non-self-consistent HSE06 are provided in Table S1.}

Finally, defect calculations were performed to investigate
potential dopants for the =« phases, requiring additional

This journal is © The Royal Society of Chemistry 2025
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calculations on a set of reference elemental metals and metal
chalcogenides/halides and a series of Pnma and 7 SnS and SnSe
models with atomic substitutions. A list of reference systems,
and the chosen k-point meshes, are provided in Table S2.f

Additional details of the calculations and analysis performed
in this work, including key equations, are provided in Section 1
of the ESL}

3 Results and discussion
3.1 Structure, dynamics and lattice thermal conductivity

The structural chemistry of the Group IV-VI oxides and chal-
cogenides is strongly influenced by the stereochemical activity
of the valence ns lone pair on the tetrel T>* cations. This gives
rise to five structure types across the TCh series (T = Ge/Sn/Pb,
Ch = S/Se/Te), viz. a high-symmetry cubic rocksalt phase (Fm3m
spacegroup), two low-symmetry orthorhombic phases (Pnma,
Cmcm), and intermediate-symmetry rhombohedral and cubic
phases (R3m/P2,3) (Fig. 1).

The heavier PbCh form the rocksalt structure, in which the
Pb>" cations adopt a centrosymmetric octahedral environment
with six equal Pb-Ch bond lengths and the 6s> lone pairs are
inactive. For GeS/GeSe and SnS/SnSe, the “strain” induced by
placing the Ge>*/Sn*" in a centrosymmetric environment leads
to an energetic preference for the orthorhombic Pnma structure,
where the “pseudo-2D” layered structure and three-coordinate
geometry allow the 4s%/5s” lone pairs to project into an inter-
layer void space. The R3m phase adopted by GeTe, and by SnTe
at low temperature, lies between these extremes, with a cation
off-centering along the rocksalt {111} direction giving three
short and three long T-Te bonds and a partial relaxation of the
strain in the higher-symmetry phase.

The 7 structure is a distorted 2 x 2 x 2 expansion of the
eight-atom rocksalt conventional cell, and differs significantly
from the rhombohedral phase in that it retains a cubic P2,3
spacegroup but with a larger primitive cell with n, = 64 atoms.
The Pnma structure has one unique Sn site with one short and
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two long bonds to chalcogen atoms (Table S31). In contrast, the
7 structure has four Sn sites, with 2 x 4 atoms in
rhombohedral-like sites with three equivalent Sn-Ch distances
and the other 2 x 12 in sites with three different Sn—-Ch bond
lengths.

We predict optimised lattice constants of a = 11.38 and 11.77
A for 7 SnS and SnSe, respectively, which are within 2% of the
measured a = 11.6 and 11.97 A.>**® Previous studies have shown
that both = phases are dynamically stable (i.e. there are no
imaginary modes in the phonon dispersion curves) and ener-
getically metastable with respect to the orthorhombic phases of
SnS and the orthorhombic and rocksalt phases of SnSe.>?*3%5
Our calculated phonon spectra confirm the dynamical stability,
with real frequencies across the Brillouin zone (Fig. 2 and S21).

Using the SM-RTA we predict room-temperature K, from
“particle-like” transport, kp, of 0.26 and 0.18 Wm ' K for 7
SnS and SnSe. These are well below the averaged values of 0.96-
5.00 Wm™" K" for IV-VI chalcogenides in the other structure
types in Fig. 1 obtained from similar calculations.*® We previ-
ously showed that low «j, in the IV-VI chalcogenides arises
from a balance of low phonon group velocities and a large
“phase space” of energy- and momentum-conserving phonon
scattering pathways, favoured by structure types with large
primitive cells, and strong three-phonon interactions, favoured
in structures where the T>" are constrained to locally-symmetric
environments.”® Separating the «, into harmonic (group
velocity) and weighted-average lifetime components, x/t“%™
and t“®™ confirms the large unit cell of the 7 structure reduces
the group velocities by ~75-80% compared to the Pnma phases
(Fig. 3(a)). The %™ of 7 SnS and SnSe are also around 30 and
50% smaller above 300 K (Fig. 3(b)). We stress that we only use
the CRTA model to determine a weighted-average lifetime to
compare materials, and we do not use this approximation to
calculate the k. Comparison of the “phase space” functions
N2(w) indicate that the 7 phases show comparable numbers of
scattering pathways to the Pnma phases, but with higher spec-
tral weight at low frequency (Fig. 3(c)). This does not follow the
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Fig.2 Phonon dispersion and density of states (DoS) of 7w SnS. The blue and orange shaded regions show the projections of the DoS onto the Sn

and S atoms, respectively.
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Fig. 3 Analysis of the “particle-like” thermal conductivity, «,, of = SnS and SnSe using the models employed in our previous studies.?*¢%¢* (a)/(b)
Separation of the scalar average «, into a harmonic term «/t“*™* (a) and weighted-average lifetime t“*™* (b). The «/<“R™ and t“"" are indicative
of differences in the phonon group velocities and lifetimes, respectively. (c) Scaled average number of energy- and momentum-conserving
three-phonon scattering channels (“phase space”, N,) as a function of frequency. (d) Weighted-average three-phonon interaction strengths P
compared to other IV-VI chalcogenides, including Pnma SnS and Ge/Sn selenides and tellurides in the crystal phases shown in Fig. 1. Where
applicable, ranges are indicated by error bars. The data for Pnma SnS and SnSe in (a)—(c) are taken from our previous work.5* The P in (d) are taken
from our previous study,? but include the P for Pnma SnS from ref. 61.

trend with unit-cell size in our previous study,* indicating that
the larger numbers of energy-conserving scattering channels
potentially enabled by the denser phonon dispersions may be
offset by momentum conservation restrictions from the higher
cubic symmetry. The calculated P place the anharmonicity in
the 7 phases between the Pnma and R3m phases (Fig. 3(d)),
which can be ascribed to 25% of the Sn atoms being in more
constrained rhombohedral-like environments (¢f. Table S37).
The dense phonon dispersions result in very small intraband
spacing (¢f. Fig. 2), which, combined with the short lifetimes,
suggests “wave-like” heat transport through intraband tunnel-
ling, characteristic of amorphous materials, is likely to be
significant.**** The condition suggested in ref. 44 is:
fmax
3n,

Af 2.1\/6 e

(2)
where Af,. is the average intraband spacing and fi.x is the

maximum frequency in the dispersion. This condition is close
to being met in both 7t SnS (Afaye = 4.4 x 10~ 2 THZ, fina/(31a) =

5418 | J Mater. Chem. A, 2025, 13, 5415-5426

4 x 107> THz) and SnSe (2.9 x 107> THz, 2.5 x 10~> THz).
Fig. 4(a) shows the contributions of the RTA «,, and intraband
tunnelling «,,, obtained by solving the Wigner transport equa-
tion,**** to the ki of 7 SnSe. The k, and «,, become equal
around 200 K and the &, accounts for 78% of the kj,« at 700 K. In
contrast, the «y, of Pnma SnSe is almost negligible at 300 K and
increases the k. by 18% at 700 K (Fig. S31). 7 and Pnma SnS
show similar, contrasting, behaviour (Fig. S4/S5t). The very low
kp confirms the strategy of targeting large, complex unit cells
can reduce the «;, below the amorphous limit.** A consequence
of the shallow temperature dependence of the «, is that 7 SnS
and SnSe have 70-75% lower thermal conductivity than the
Pnma phases at 300 K, and kj comparable to the layering
b direction in the orthorhombic structures, which is the “hard”
axis for thermal transport,* at high T (Fig. 4(b)).

To the best of our knowledge the k), of v SnS and SnSe have
not been measured. We previously predicted a room-temperature
lattice thermal conductivity of 0.13 W m ' K ' for 7 SnS.®

However, this calculation did not account for intraband

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta05815a

Open Access Article. Published on 03 January 2025. Downloaded on 4/3/2026 5:30:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

92

£

B

x
nsns
Pnma SnS
nsSnSe

— Pnma SnSe

L

£

B

g

0.0 | 1 | 1 |
0 150 300 450 600 750 900
T[K]

Fig. 4 Lattice thermal conductivity ki of 7 SnS and SnSe. (a)
Contribution of "particle-like” and "wave-like" transport «,/k,, to the
total kiate Of 7 SnSe. (b) Comparison of the scalar average kg of © SnS
and SnSe to the orthorhombic Pnma phases. For the two Pnma pha-
ses, we show both the orientationally-averaged k4 (solid lines) and
the ke along the layering direction (crystallographic b axis; dashed
lines). Data for the Pnma phases were taken from our previous work®!
and the ki« Were recalculated to include the k., contribution.

tunneling and is equivalent to the «, obtained in the present
study. Using the data from ref. 62, we obtain a &,, of 0.32 W m™"
K" and a total kju of 0.45 W m~" K~ (Fig. S61), which is 26%
lower than predicted in the present work. One possible expla-
nation for this discrepancy is the use of a dispersion correction in
the present calculations, which has a small but noticeable effect
on the phonon dispersion (Fig. S71).°* This can be ascribed to the
~3.3% smaller equilibrium volume predicted with the disper-
sion correction, since the phonon frequencies, and, by extension,
Kiat, can be highly sensitive to the volume.*

Related to this point, the anharmonicity in the m phases
could indicate large thermal expansion, which could have
a significant impact on the k. Using the quasi-harmonic
phonon calculations in our previous work,” we estimate
volume expansions of 4.1 and 4.3%, relative to the athermal
equilibrium volume, Vj, for 7 SnS and SnSe, respectively, at T =
900 K (Fig. S8t). Given the large cost of computing the third-
order force constants, it is not feasible to perform “full” ke

This journal is © The Royal Society of Chemistry 2025
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calculations at these expanded cell volumes. Instead, we adopt
the approximate model used in our previous work,*~** and
combine harmonic phonon calculations at 3.5/6.6 and 3.4/6.5%
expanded volumes of 7 SnS and SnSe, respectively, from the
calculations in ref. 22 with the P obtained at V=V, in the
present work (see Section 1.4 of the ESIT). This method accounts
for the effect of thermal expansion on the phonon group
velocities and three-phonon scattering phase space, under the
assumption that the average three-phonon interaction
strengths are similar to those at the equilibrium volume.
Expansion of the unit cell leads to a reduction in the phonon
frequencies and, consequently, the . (Fig. S9-S12t). With
a ~3.5% expanded volume, we predict a reduction in kje of
around 13% at T = 900 K (24% at a larger ~6.5% expanded
volume), due mostly to a reduction in the «, (Fig. S11/S127). We
therefore conclude that thermal expansion may have
a moderate impact on the k. of the 7 phases, and that our
predicted k. at high T is likely to be overestimated. For 7 SnS,
we predict that a 3.5% volume expansion will reduce the k, by
18% at 300 K, which suggests that differences in the predicted
Vo largely do account for the discrepancy between the present
work and our previous calculation.®

Other computational studies®**  predicted room-
temperature ki, of 5.15 and 2.54/0.86 W m~ " K~* for 7 SnS
and SnSe using the Slack model,*> but the larger predictions
suggest this model is likely not appropriate for these systems.
On the other hand, ref. 31 predicted thermal conductivities of
0.49 and 0.32 W m ' K™ ' for 7 SnS and SnSe using the Cahill
model for the minimum thermal conductivity,’® which are
remarkably similar to the present calculations.

3.2 Electrical transport

The calculated electronic band structures and DoS of 7 SnS and
SnSe (Fig. S131) are comparable to previous studies®”*® and yield
direct bandgaps of E; = 1.61 and 1.28 eV that are an excellent
match to experimental measurements®?® and previous calcu-
lations.*>*” The o, S and k. of the 7 phases were calculated as
a function of temperature and an extrinsic carrier concentration
n (“doping level”) by solving the electron BTE* with energy- and
monentum-dependent electron scattering rates from four scat-
tering processes common to semiconductors.** With this
approach, we estimate per-state electron lifetimes, which is an
improvement on previous computational studies that have
determined the ¢ and k¢ with respect to an unknown, fixed or
state-independent relaxation times.**

The doping level is a key parameter for optimising the elec-
trical properties of semiconductor thermoelectrics.®> Pnma SnS
and SnSe can be both p-type (hole) and n-type (electron)
doped %5972 at n up to 5 x 10'° cm™3.*5%7! Fig. 5 shows the
predicted ¢, absolute |S|, PF S>¢ and « of the 7w and Pnma*>¥’
phases of SnS and SnSe, for p- and n-type doping with n = 10"°-
10*° em® and T = 700 K. This temperature was chosen to be
well below the high-temperature Pnma — Cmcm phase transi-
tions in orthorhombic SnS and SnSe (T = 878/807 K™).

The 7 phases are predicted to have 10-20x lower ¢ with p-
type doping, and ~10x lower ¢ with n-type doping, than their

J. Mater. Chem. A, 2025, 13, 5415-5426 | 5419
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Fig. 5 Predicted electrical properties of 7 SnS and SnSe as a function of extrinsic carrier concentration n ("doping level’) at T = 700 K: (a)
electrical conductivity o, (b) absolute Seebeck coefficient |S|, (c) power factor 526 (PF), and (d) electronic thermal conductivity k.. Data for p- and
n-type doping are shown by solid and dashed lines respectively. Predicted orientationally-averaged properties for Pnma SnS and SnSe taken from

our previous studies®**” are shown for comparison.

Pnma counterparts (Fig. 5(a)). This is partially offset by a 1.5-2x
larger |S| (Fig. 5(b)), but the net result is that the Pnma phases
have up to 8x larger PFs at a reference n = 4 x 10" cm 3. As for
the Pnma phases,*” we predict larger o but comparable |S| with
n-type doping, yielding reasonable PFs of 1.1 and 1.4 mW m ™"
K2 for 7 SnS and SnSe, respectively, that can be enhanced to
1.7and 2.3 mW m™ ' K at a larger n = 10*° cm " (Fig. 5(c)). On
the other hand, at higher n the k. are proportional to the ¢
through the Wiedemann-Franz law,

Ke = LaT 3)

where L is the Lorentz number, which in general is not constant.
We predict a negligible k. of <0.1 W m™* K" for the 7 phases
with 7 = 4 x 10" em > compared to ~1 W m™* K™ * for n-type
Pnma SnSe under the same conditions. This analysis shows
that optimising the electrical properties of the 7 phases
requires n-type doping at a level comparable to, or ideally higher
than, the highest p-type doping levels reported in experiments
on Pnma SnSe.*>*®
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The electrical conductivity is given by:

pa @

o2

0 = neu = ne X

where e is the elementary charge and u is the carrier mobility,
determined by the lifetime t and conductivity effective mass m_,
obtained from a weighted average over the bands that
contribute to the transport. The Seebeck coefficient is related to
the Seebeck effective mass mg and n according to:?

1) SR ANETE
$= e () ®
where g = *e for hole and electron carriers, respectively, # is the
Planck constant and kg is the Boltzmann constant. The m_. and
mg for the Pnma and 7 phases of SnS and SnSe were determined
according to the procedure in ref. 74 at a nominal n = 4 x
10" em ™" and T = 700 K, and are presented in Table S4.1 We
calculate m:, between 1.1-2.5 m, for the w phases, which are
~5—10x larger than the corresponding 0.15-0.27 m,. for the
Pnma phases. On the other hand, the mg of the 7 phases are 3-

This journal is © The Royal Society of Chemistry 2025
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4x larger than those of the Pnma phases. These differences
partially account for the lower conductivity and higher Seebeck
coefficients of the 7 phases. Furthermore, the m_, for electrons
are around 30 and 45-50% lower than holes in the Pnma and 7
phases, respectively, whereas the mg differ by <10%, which
explains the larger predicted n-type conductivity and power
factors.

The m.. and mg can be used to calculate the Fermi surface
complexity factor (NyK"), where Ny is the effective valley
degeneracy, i.e. the number of band extrema involved in the
transport, and K* is the effective anisotropy factor that
describes the shape of the carrier pockets in the Fermi
surface.” The (NyK") shows a strong correlation to the
maximum power factor, and values above ~10 are character-
istic of materials such as the lead chalcogenides where
features of the electronic structure are known to contribute
significantly to the thermoelectric performance.”*7® We
calculate (NyK") = 4.6/5.1 for p-type Pnma SnS/SnSe and 8.2/
11 for the n-type materials, while the larger m_, of the 7 pha-
ses result in 60-80% smaller values of 1.1/1.7 and 3.2/3.7. This
implies that the electronic structures of the Pnma phases
show features that are beneficial for the thermoelectric
properties, and that these features are largely absent in the
phases. While we do not calculate the Ny or K explicitly, the
values of (NyK")=1.1-3.7 predicted for the m phases
suggest either a low effective valley degeneracy and/or an
effective anisotropy K < 1.

Furthermore, comparing the carrier mobilities as a function
of n indicates the u are also an order of magnitude lower in the
m phases (Fig. $14/S157). The u of both the Pnma and = phases
is limited by polar-optic phonon (POP) scattering®***” (Fig. S14-
S177), for which the scattering rates are proportional to the POP
frequency w,, and inversely proportional to the high-frequency
and static dielectric constants ¢./es.**”” The 7 phases have
larger wp,, and smaller ¢, which both favour stronger scattering.
The lower ¢ of the 7 phases can therefore be explained both by
larger carrier masses, as discussed above, and stronger (POP)
carrier scattering.

The temperature dependence of the electrical properties is
typically secondary to doping level. At the larger n required to
obtain reasonable PFs, the $%¢ of the 7 phases decrease with
temperature due to a metallic-like decrease in o typical of
heavily-doped (“degenerate”) semiconductors (Fig. S18/S197).
As in the Pnma phases, this is partially offset by an increase in
the [S],>**” but for n-type 7-SnSe there is a ~30% reduction in
the PF, from ~2 to 1.4 mW m™* K2, between 300-700 K at our
reference n = 4 x 10" cm >,

There have been a limited number of experimental studies
on the w phases for photovoltaic applications. Measurements
on thin films of n-type 7 SnS yielded a conductivity of 0.1 S cm ™"
at 673 Kand n = 3.7 x 10" cm™>,® which is comparable to our
predicted 0.7 S cm '. Similarly, measurements on
Sn(Sp.455€0.55) films obtained a p-type conductivity of 2 X
1072 S cm ™! at 723 K and n = 10'® cm 3,7 which falls between
our predicted ¢ = 0.9 x 10 >and 6 x 10 >S cm ™' for 7w SnS and
SnSe. Nair et al. reported that the room-temperature o of Pnma
SnS and SnSe are 2-3 orders of magnitude larger than the
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corresponding T phases,*® which is qualitatively consistent with
our findings. The Seebeck coefficients of 485 and 314 pv K™
measured for p-type SnS-SnSe and SnS-SnSe-SnS stacks, with n
=9 x 10" and 10" ¢cm® respectively,® are less than half the
maximum we predict. Our calculations on both 7 structures
suggest the S change sign with temperature at low n, which
could account for this discrepancy (Fig. S18/5197).

We predict Seebeck coefficients of |S| = 300-600 pv K at
carrier concentrations between 10'°-10%° e¢m ™3, which are
similar to the calculations in ref. 31. However, the electron
lifetimes in ref. 31 were calculated from the deformation
potential, and do not account for the dominant POP scattering,
so the predicted conductivity is significantly larger than in the
present study. Our predictions of higher ¢ and PFs with n-type
doping are also qualitatively consistent with the “reduced”
values from the calculations in ref. 30.

3.3 Thermoelectric figure of merit

Combining the S, g, ke and ki, allows us to predict the figure of
merit ZT as a function of doping level and temperature (eqn (1))
For n-type 7 SnSe, an industrially-viable ZT'> 1 can be obtained at
T as low as 300 K, and ZT = 3, comparable to state-of-the-art
experiments on orthorhombic SnSe,* can be obtained at high
temperature (Fig. 6(b)). With n = 4 x 10" em™> we predict
maximum ZT, ZTnay, of 1.6 and 2.4 for n-type 7 SnS and SnSe,
respectively, close to the orthorhombic Pnma — Cmcm transition
temperatures of 878 and 800 K’ (Table S4t). These are larger
than the ZT,, of the p-type Pnma phases predicted by similar
calculations, and very similar to the n-type ZT . (Table S47).>%%
Larger n = 10°° cm > improve the limiting electrical conductivity
and PFs of the 7 phases, yielding significantly improved ZTy,,x of
2.2 and 3. Both the Pnma and 7 phases are predicted to show
superior performance with n-type doping,*” but the differences
are much larger in the 7 phases, with p-type ZT > 1 only attain-
able at high T and large n (Fig. S20 and Table S57).

Previous theoretical studies have predicted p-type ZT of 0.83
and 1.2 for 7 SnS and SnSe, respectively, at 800 K*' and ZT
between 0.74 and 1 between 300-900 K for 7 SnSe.?**> At the
same T = 800 K and n = 10%° ecm > employed in ref. 31, we
predict larger p-type ZT = 1.21 and comparable ZT = 1.25 for
SnS and SnSe. This study also predicted higher S with p-type
doping, in contrast to our results, which is likely due to the
neglect of POP scattering when calculating the ¢ as noted above.
The calculated ZT in ref. 30 are obtained by neglecting the Kja
entirely, while ref. 32 estimates the «j, with the Slack model
and uses a constant electron relaxation time to calculate the o
and kg, all of which are likely to be poor approximations.
However, since neither study specifies the carrier concentra-
tion(s) at which the ZT were calculated, it is impossible to
compare to our calculations.

While many flagship thermoelectrics perform best at high
temperature, the majority of applications require good low-T
performance.”? We predict 7w SnSe to have ZT'=1.1 and 1.3 at 300
K, with n = 4 x 10'® and 10%° em 3, respectively, which are ~2-
3x larger than p-type Pnma SnSe (Fig. 7(a)). The “device effi-
ciency” n of a thermoelectric generator is given by:*
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Fig. 6 Predicted thermoelectric figure of merit ZT of n-type 7 SnS (a) and SnSe (b) as a function of extrinsic electron carrier concentration n
("doping level”) and temperature T. Values of ZT = 0.25, 0.5, 1, 1.5, 2, 2.5, and 3 are shown by contour lines.
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Fig.7 Thermoelectric efficiency of n-type 7 SnS and SnSe. (a) Figure of
merit ZT as a function of temperature. (b) Average figure of merit ZT as
a function of the hot-side temperature T, with a cold-side temperature
T. =300 K. Solid and dashed lines show the predicted ZT/ZT obtained at
doping levels of n = 4 x 10'° and 102° cm~3 respectively. The predicted
orientationally-averaged ZT/ZT of p-type Pnma SnS and SnSe with n =
4 x 10 cm™ are shown for comparison. These data were taken from
our previous studies,®** but the lattice thermal conductivities ki Were
recalculated to include the intraband tunnelling contribution k..
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where Ty, and 7. are the hot- and cold-side temperatures,
respectively, and ZT is the average ZT for the p- and n-type
couple over the temperature range 7. — T}. The continuous
increase in the ZT with temperature results in a ZT that
increases continuously up to ~1.9 and 2.3 at T, = 800 K with the
two doping levels (Fig. 7(b)). In contrast, the slower rise in ZT
with temperature in Pnma SnSe means ZT > 1 is only achieved
when T}, = 650 K. Our results therefore show that n-type 7 SnSe,
given a suitable doping level, could display viable thermoelec-
tric performance for a wide range of low-to-mid temperature
applications.

A similar contrast is seen between 7t and Pnma SnS, i.e. the ©
phase performs better at low 7 and therefore shows a higher ZT
over a wide temperature range. However, the generally lower ZT
means the threshold of ZT = 1 is not reached until T}, = 675 K
(500 K with n = 10*° cm™*). However, for larger T}, = 880 K we
predict reasonable ZT of 1.2 and 1.5 at the two doping levels.
For applications where sulphide-based TEs are preferred,
exploring doping strategies to maximise the n of  SnS may
therefore be facile.

In order to realise our predictions experimentally, the key
challenges of synthesising and stabilising the 7 phases, and
optimising the electrical properties, will need to be addressed.
7 SnS and SnSe have been prepared in nanoparticulate and
thin-film form with a variety of techniques including chemical
bath deposition (CBD),** solution synthesis,?** spray pyrol-
ysis,®*** and aerosol-assisted chemical vapour deposition
(AACVD).** A number of experiments have examined thermal
stability, with the consensus that 7t SnS transforms to the Pnma
phase on heating to around 600 K or higher.*>*** If the stability
“window” cannot be widened, 7 SnS and SnSe could only be
used for low-temperature applications.

This journal is © The Royal Society of Chemistry 2025
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The structural preferences of the IV-VI chalcogenides can be
understood in terms of the stereochemical activity of the tetrel
lone pair, which is driven by the interaction between the tetrel
and chalcogen atoms.*® Generally, the lighter chalcogenides
prefer lower-symmetry phases (e.g. SnS/SnSe and GeS/GeSe
adopt the orthorhombic Pnma phase), while heavier chalco-
genides prefer higher-symmetry phases (e.g. SnTe, GeTe and the
Pb chalcogenides adopt the rhombohedral and rocksalt pha-
ses). Previous studies have found that 7 SnS is closer to the
convex hull than 7 SnSe (AG = 2.3 and 3 kJ per mol per F.U. at
300 K).>**>*® The existence of a direct conversion pathway to the
orthorhombic phase has not, to our knowledge, been estab-
lished, but we have previously considered conversion to the
structurally-similar rocksalt phases and obtained energy
barriers of 8.5 and 2.2 kJ per mol F.U. for = SnS and SnSe.*
Based on this, admittedly incomplete, information, we suggest
that the  phases might be stabilised by elements that favour
the Pnma/R3m-like local geometry over the six-coordinate
geometry in the rocksalt phases. This suggests that a SnS/
SnSe solid solution could be used to stabilise © SnSe, or that
alloying with GeS or GeSe could be used to stabilise the 7
phases of both Sn chalcogenides.

Literature on the relevant properties of the w phases is
currently sparse, and the largest n-type carrier concentrations of
4 x 10" reported to date” are orders of magnitude lower than
we predict are required to achieve high thermoelectric perfor-
mance. p-type orthorhombic SnS and SnSe have been prepared
with 7 up to 4 x 10" cm 3,**¢ and experiments on n-doped
SnSe have reported comparable n up to 5 x 10'° ecm >
Established dopants for the Pnma phases include Na and Ag (p-
type),*>**** and the halogens Cl and Br (n-type).">** Several
studies have also investigated Sb and Bi as potential n-type
dopants, with reported n up to ~4 x 10'° cm 3.9

To determine whether these six dopants might be used to
optimise the carrier concentrations of the m phases, we per-
formed a series of calculations to compare the doping energies
E4 for substitution into Pnma and 1 SnS/SnSe (Section 1.6 and
Table S6, ESIT). For p-type doping, we predict a negative E4 for Na
at the concentrations of ~3 at% in our models, due to the relative
instability of elemental Na, whereas we predict E4 of 1.3-1.5 eV
for Ag. The negative E4 for Na is likely due to our not having
considered all possible competing phases, but the contrast
between the predicted E4 of Na and Ag is nonetheless qualita-
tively consistent with experiments, where large p-type n have
been obtained with Na doping***® but a recent study of Ag-doped
SnS found that high doping levels of up to 2.78 at% led to
segregation of an Ag,SnS; secondary phase.* For Cl and Br we
predict E4 of 1.5-1.7 and 1.4-1.7 eV, respectively, which compare
to values of 0.8-1.1 and 0.6-0.9 eV for Sb and Bi. This suggests
that n-type doping by metal substitution at the Sn site may be
more facile than halide substitution at the chalcogen site. The
calculations predict that all six dopants should fully ionise and
not form localised defect levels (Table S6 and Fig. $21-S247). We
note, however, that experiments have shown that Sb can act as an
amphoteric dopant,® with substitution at both the cation and
anion sites (Sb*'/Sb®7), and the present calculations do not
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account for possible substitution at the chalcogen site. It is also
unclear whether Bi may show similar amphoteric behaviour.

We predict similar £4 for Na and Ag in SnS and SnSe, but
notably higher E; for the majority of the electron donors in SnS,
which suggests that SnSe can be more easily n-type doped.
Excluding Na, for which we predict negative E4 for all four
materials, we predict 5 and 16% larger E4 for Ag in 7 SnS and
SnSe, respectively, compared to the Pnma phases, and 3-20%
larger Eq for the four n-type dopants. This suggests the 7 phases
may be slightly more difficult to dope than their Pnma coun-
terparts, but otherwise have similar defect chemistry, as might
be expected given the similar local structures. To further assess
the stability of the metal dopants, we calculated the precipita-
tion energies Ej, for exsolution of the metal chalcogenide in the
presence of a chalcogen reservoir (Table S61). With the excep-
tion of the E, for Na,S/Na,Se from Pnma SnS and SnSe, which
are 70 and 30 meV, respectively, the E; are negative, indicating
that large concentrations of the dopants may not be accom-
modated unless kinetically trapped. Finally, as a basic “sanity
check” on our values, we also compared the formation energies
E; for the metal chalcogenides, including Pnma SnS and SnSe, to
both the Materials Project calculations®** and to experimental
data where available®**** (Table S71). We find generally good
agreement, which provides some level of confidence in our
predicted Eq/Ep,.

Based on our analysis, we tentatively suggest that it should
be possible to dope 7 SnS and SnSe to achieve at leastn = 5 X
10" em ™ using Na as a p-type dopant and Sb or Bi as n-type
dopants. However, a comprehensive analysis of the defect
chemistry should include intrinsic defects, in particular Sn
vacancies, and different charge states. A further consideration is
also the impact of doping on the (meta)stability of the 7 phases,
since the generally higher E4 could provide an additional
driving force for conversion to the Pnma phase. However, since
the 7t phases are likely to be kinetically formed and trapped, the
effect of the dopants on the kinetics of formation and/or the
energy barrier to conversion to other phases may be more
important considerations. We defer a more comprehensive
exploration of these issues to a future study.

4 Conclusions

This work has provided detailed ab inito reference predictions
of the transport properties and thermoelectric figure of merit of
7 SnS and SnSe.

As predicted by a previous analysis of the lattice thermal
conductivity of the IV-VI chalcogenides, the complex structure
lowers the particle-like transport below the amorphous limit,
and the shallow temperature dependence of the intraband
tunnelling transport leads to k.« much lower than other chal-
cogenides at room temperature, and k. competitive with that
along the layering direction in the orthorhombic phases at high
T. The cubic structures support larger absolute Seebeck coeffi-
cients than the Pnma phases, but larger carrier effective masses
and stronger polar-optic phonon scattering lead to low
conductivity, and n-type doping with carrier concentrations on
the order of 4 x 10'® ecm ™, and ideally larger, are required to
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obtain reasonable power factors. If this is achievable, we predict
that 7w SnSe could show ZT'> 1, competitive with Bi,Te;,” at room
temperature, and Z7T as high as 3 at 800 K, matching state-of-
the-art experiments on Pnma SnSe.'* With a typical 300 K
cold-side temperature, this strong low-temperature perfor-
mance results in a much higher average ZT than we predict for
p-type Pnma SnSe, making 7 SnSe suitable for a wide range of
low- to mid-temperature applications. The predicted perfor-
mance of 7 SnS is also considerably better than p-type Pnma
SnS, such that a ZT > 1 could be achieved for mid-temperature
applications if the n can be optimised.

Despite being discovered almost a decade ago, the potential
TE performance of the 7 monochalcogenides has not yet been
uncovered, due to a combination of experiments focusing on
photovoltaic applications and computational predictions using
unsuitable approximations.***> Among the latter, there are
likely few circumstances where neglecting the ¢ in the ZT
equation would be reasonable.*® The Slack model significantly
overestimates the k. of the 7w phases compared to solving the
Wigner transport equation, although the Cahill model works
remarkably well.** Finally, unless a reasonable estimate of an
electron relaxation time can be obtained (e.g. from experi-
ments'*>'%); our results suggest electronic transport calcula-
tions within the constant relaxation-time approximation cannot
be relied upon for quantitative predictions.** On the other hand,
the good match between our predicted ¢ and experimental
measurements suggests phenomenological models for the
electron scattering may be adequate provided they capture the
dominant scattering mechanism(s) (POP scattering for Pnma
and 7 SnS/SnSe).

While there are potential challenges around stabilising and
heavily doping the 7 phases, in our view the exceptional pre-
dicted TE performance, and in particular the ultra-low xja,
warrants further investigation. On the last point, this study
evidences the successful strategy of targeting structural
complexity as a route to achieving low room-temperature Ky
and high low-temperature ZT. If our understanding of the IV-VI
chalcogenides generalises to the related group IV oxides and V-
VI sesquioxides/sesquichalcogenides, further investigation of
the low-symmetry orthorhombic phases of the Sb,Ch; and
Bi,Ch;s, or ternary IV-V oxides in the pyrochlore and derived
structure types,*® could be rewarding.
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