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Oxychalcogenides represent a large chemical space with potential application as thermoelectric
materials due to their low thermal conductivity. However, the nature of this behaviour is still under
debate. Understanding the origin of the anharmonicity of these materials is key to developing models
that improves the efficiency of thermoelectric materials. In this work, we combine machine learning
with first principles calculations to explore oxychalcogenides materials. Machine learning not only
accelerates the prediction of the lattice thermal conductivity for large chemical spaces with high
accuracy, but also catalyzes the development of design principles to discover new thermoelectric
materials. Using this approach, lattice thermal conductivity has been directly connected to the effect
of each species in the material, using atomic projections of the scattering rates. The role of the
monovalent atom and the lone pair electron for the trivalent cation are discussed in detail. Based on
this knowledge, it is possible to connect complex properties such as lattice thermal conductivity with
a more manageable synthetic variable such as chemical composition. Using this strategy, we propose
promising new oxychalcogenides such as BiOAgSe, which subsequently has been confirmed as having
ultra-low lattice thermal conductivity and BiOAg0.5Cu0.5Se which presents a lower κl and promising
properties for thermoelectricity.

1 Introduction
Global energy demands require the development of new strategies
to improve the efficiency of our energy grid and, simultaneously,
accelerate the transition to renewable energies. Thermoelectric,
TE, materials are one of the best available solutions when it comes
to reducing the dependency on fossil fuels and making other green
energy resources more cost efficient. However, the discovery and
optimization of new thermoelectric materials face many obstacles.
The efficiency of a thermoelectric materials, measured by its figure
of merit ZT , rarely surpassed 1 during the last 50 years of the
20th century. This is partially due to the relationship between the
transport properties that define ZT ,

ZT =
S2σT

κe +κl
, (1)

where σ is the electrical conductivity, κe and κl are the electronic
and lattice thermal conductivities, T is the temperature and S is
the Seebeck coefficient. Maximizing ZT is a difficult and complex
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task; Wiedemann-Franz law requires σ to be proportional to κe

and Pisarenko relation limits the enlargement of S and σ simulta-
neously.1,2 For this reason, one of the most common strategies for
maximizing ZT is looking for new thermoelectric materials with
low κl .

The experimental measurement of κl or any other of the trans-
port properties involved in ZT represent another obstacle. Most
of these properties are extremely sensitive to synthesis conditions,
hampering the systematic exploration of large chemical spaces.
Despite of these difficulties, thermoelectric materials are experienc-
ing a renaissance during last two decades.3 Atomistic simulations
and computational materials science have propelled the discovery
of many TE materials with ZT values above 2.4 Nevertheless, there
is plenty of room for improvement in this area. For instance, the
accurate prediction of κl requires large and expensive ab-initio
molecular dynamics, MD,5 or the calculation, at least, of 3rd-order
interatomic forces constants, IFCs.6

Machine learning, ML, has recently emerged as the ideal strategy
for reducing computational costs when calculating κl . Accurate
ML-based potentials have reduced the computational cost of ap-
proaches based on MD7 and new methods have been developed to
extract nth-order IFCs using ML at a reduced cost.8,9 These new
approaches have changed the paradigm when exploring new TE
materials. Exploring large chemical spaces is no longer a problem,
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and the scientific community is focusing on extracting design prin-
ciples for these large amount of data.10 However, this last step
cannot be underestimated. Connecting real space variables such
as chemical composition with reciprocal-space variables which
determine transport properties is fundamental for developing new
and more efficient TE materials.11

Oxychalcogenides represent one of these large chemical spaces
that need to be explored in more detail.12 Since BiOCuSe was re-
ported as a promising TE material in 2011,13,14 a large amount of
data has been published with respect to their TE performance.15–17

For instance, different strategies have been proposed to increase
their power factor, such as doping,18 alloying19 or engineering
grain boundaries.20 Torimayama et al. have recently demonstrated
that electron transport properties of these materials can be im-
proved through n-type doping instead of p-type doping.21 How-
ever, the key property that make oxychalcogenides excel as TE
materials is their low lattice thermal conductivity. Interestingly,
this fact has been attributed to different factors, and there is still
some controversy. For instance, Ding et al. described how anhar-
monic vibrations and structural scattering of phonons are partially
caused by in-layer and interlayer off-phase vibrational modes.22

Saha et al. compared the vibrational properties of BiOCuSe and
LaOCuSe, finding that the main reason for their different κl is the
mass difference between Bi and La.23,24 Additionally, Vaqueiro
et al. combined DFT calculations with analysis of in-situ neutron
diffraction data to demonstrate that weak bonding of copper atoms
play a crucial role, reducing the lattice thermal conductivity of
these compounds.25 Although all these works present solid proofs,
most of them are based on the calculation of the harmonic force
constants to study harmonic (phonon dispersion curves) or quasi-
harmonic (Grüneisen parameters) properties. Lattice thermal con-
ductivity is a property that stems from the anharmonicity of the
material, thus, features such as anharmonic force constants and
scattering rates are essential to understanding its behavior. How-
ever, until recently, exploring highly computationally demanding
properties such a κl in large chemical spaces was an unaffordable
task.

Here, we present a new approach in which the low thermal con-
ductivity of oxychalcogenides is directly connected to their chemi-
cal composition. Machine Learning is combined with first princi-
ples calculations to accelerate the calculation of κl for oxychalco-
genides. These results are analyzed through atomic-projected
scattering rates-frequency heat maps, unraveling the role of each
element in the anharmonicity and lattice thermal conductivity of
these materials.

2 Methodology
Geometry optimization. The atoms and the lattice of the
ground state structures were fully relaxed at 0 K with VASP pack-
age,26,27 using projector-augmented wave (PAW) potentials.28

The exchange-correlation functional proposed by Perdew-Burke-
Ernzerhof (PBE)29 was combined with Grimme D3 Van der Waals
corrections30 to obtain the energies. D3 corrections are critical
for a good description of slab interactions and lattice parameters
(Table 1). Core and valence electrons were selected following stan-
dards proposed by Calderon et al.31 Plane waves with a cut-off

of 500 eV were used for valence electrons and the primitive cells
were optimized with a 5×5×3 k-point mesh. Wavefunction was
considered as converged when the energy difference between two
electronic steps was smaller than 10−9 eV. Geometry and lattice
vectors were fully relaxed, using an 8 atoms conventional cell,
until forces over all atoms were smaller than 10−7 eV/Å. An addi-
tional support grid for the evaluation of the augmentation charges
was included to reduce the noise in the forces.

Table 1 Calculated lattice parameters a and c for all the materials explored
in this work. Average lattice thermal conductivity, κl , and its components
in xx and zz directions at 300 K. Experimental values are included in
parenthesis.

Material a c κl κxx
l κ

zz
l

(Å) (W K−1 m−1)

BiOCuSe 3.91 8.97 1.26 1.66 0.47
(3.92)32 (8.91)32 (1.03)14

BiOCuS 3.85 8.59 1.83 2.20 1.08
(3.87)32 (8.56)32

LaOCuS 3.94 8.45 4.41 5.40 1.64
(4.00)33 (8.51)33

AcOCuS 4.045 8.64 1.70 2.44 0.24
LaOAgS 4.03 9.04 2.45 3.28 0.80

(4.05)34 (9.04)34

LaOLiS 3.98 8.70 7.83 9.76 3.97
BiOAgSe 3.99 9.54 0.87 1.09 0.43

(3.99)35 (9.46)35

Supercell single-point calculations and force constants. Inter-
atomic force constants, IFCs, were calculated using the HiPhive
package, which combines the forces calculated for random atomic
distortion in supercells with machine learning regression.8 The
forces were calculated in 5×5×3 supercell (600 atoms) using the
same setup as the one used for the geometry optimizations. The
amplitude of the distortions applied to the atoms plays an impor-
tant role in the calculation of the IFCS so a 2 steps approach was
designed.36 First, small random distortions were generated for all
the atoms of 3 supercells and second and third-order IFCs were
calculated using the HiPhive package. Then, eight new distorted
supercells were created superimposing normal modes with ran-
dom phase factors and amplitudes corresponding to 300 K. The
recursive feature elimination RFE, algorithm was used to obtain
the force constants from the DFT forces. Even though RFE is more
expensive than ordinary least-square regression, this algorithm
requires fewer number of structures to converge. Additionally,
reducing the number of parameters via RFE also simplifies the
model, keeping only the most relevant interaction terms. IFCs
were calculated including cutoffs for second, third and fourth-
order terms. In order to ensure transferability across compounds,
cutoffs were determined based on coordination shells. We have
used a wrapper code for the hiPhive program that automates the
distorted supercell creation, force calculation using VASP, and the
construction of the ML IFCs, which is available for public use.36,37

BTE solver. The ShengBTE package was used to solve the BTE
and obtain lattice thermal conductivity.38 BTE is solved through
the iterative approach, which predicts more accurate values than
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the relaxation time approximation. Lattice thermal conductivity is
calculated as a 3×3 tensor, κ

αβ

l , so the anisotropy of the system
can be analyzed. Oxychalcogenides studied in this work belong to
tetragonal space group so only the diagonal values present non-
null values with κxx = κyy Average lattice thermal conductivity,
κl , will be defined as the average of the diagonal values of the
κ

αβ

l tensor. Total scattering rates, Γtot , were computed including
isotopic and three-phonon scattering. Memory demand and the
convergence of κl with the number of q-points were balanced using
a gaussian smearing of 0.1 eV and a dense mesh of 12×12×12.
Scattering rates heat maps and their projections were obtained
combining ShengBTE and Phonopy39 through a high-throughput
tool which is available for public use.40

3 Results
BiOCuSe. BiOCuSe is a layered oxychalcogenide that belongs
to the tetragonal structural prototype ZrCuSiAs. Its 3D struc-
ture alternates fluorite-like [Bi2O2]2+ slabs with antifluorite-like
[Cu2Se2]2− slabs along the c-axis.12 In order to give a good de-
scription of the long range interactions between layers, Grimme
D3 Van der Waals corrections30 have been included, obtaining
very good agreement with both, a and c, experimental lattice pa-
rameters for BiOCuSe and the other oxychalcogenides included
in this work (Table 1). Dispersion curves extracted from ML-
regression are also in good agreement with the results obtained
using the finite differences approach, full-DFT, where the IFCs are
determined directly from the displacement of one or two specific
atoms in the supercell (Fig. 1a). Root mean square error, RMSE, of
the forces rapidly converges with respect to the number of super-
cells included in the training (Fig. S1a). Average lattice thermal
conductivity, κl , follows the same trend and it is aligned with pre-
vious values calculated using more computationally-demanding
approaches.6 Cutoff-interaction distances of 9.75, 6.89, and 3.71 Å
for the second-, third-, and fourth-order force constants were found
to be sufficient for convergence of the ML-based method. These
cutoffs were consistently modified for other materials based on co-
ordination shells. Lattice thermal conductivity was also converged
with respect to the q-points grid size (Fig. S1b). Using a ML-model
to extract IFCs and compute κl drastically reduces the computa-
tional cost without reducing the accuracy of the predictions. Small
differences with previous calculated κl for BiOCuSe are due to the
use of different exchange correlation functionals.41 Kumar et al.
obtained slightly larger lattice parameters using a PBE+U func-
tional which usually is connected to less rigid bonds and lower
κl . Both, ML-model and full-DFT results, slightly overestimate
experimental values,14 which can be justified because of the poly-
crystalinity of the samples (Fig. 1b). While calculated κl values
correspond to single-crystal and free-defects solids, experimental
measurements were obtain from polycrystalline samples and most
likely in the presence of point defects. Both, grain boundaries and
point defects act as scattering centers, reducing the life time of the
phonons and κl , with respect to single crystal samples.

Effects of chalcogen substitution. It has already been reported
that κl follows a monotonous trend down the chalcogen group for
BiOCQ (Q = S, Se, Te).17,42 Both, experimental measurements
and calculations have reported that κl at 300 K is reduced around
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Fig. 1 (a) Comparison of BiOCuSe phonon dispersion curves obtained
using the machine-learned force constant potential, ML, via HiPhive
with those from the full-DFT method via Phonopy. (b) Comparison
of experimental κl (orange)14 with calculated results using a full-DFT
approach (green),41 and ML-based model (blue) between 300 and 900 K.

25% when S is substituted by Se and between 30-40% when Se is
substituted by Te.17,42 This is not always the case. For instance,
I-III-VI2 chalcopyrite semiconductors follows a nonmonotonous
variation of κl , with selenides being the materials with the low-
est values.36 Substituting Se by S brings strong modifications in
the phonon density of states, DOS (Fig. 2a-b). While vibrational
modes of the [Cu2S2]2− slab are strongly localized on Cu at lower
frequencies (around 2 THz) or S (around 6-8 THz), [Cu2Se2]2−

slab presents more delocalized vibrations between Cu and Se,
participating both atoms in vibrational modes at 2 and 4-5 THz.
There are not significant differences between the group velocities
(Fig. S2) of BiOCuSe and BiOCuS. Although there is an impor-
tant shift to lower energies in the vibrational modes in which the
chalcogen atoms participate, when S is substituted bu Se, the cur-
vature of the dispersion curves is not strongly modified (Fig. S2a).
Thus, group velocities are not significantly changed either, and
their differences in κl should be connected to the anharmonicity
of the systems. Although they can look similar, there are impor-
tant differences in the scattering rates of both compounds in the
2-5 THz region of the spectra, where acoustic-optical phonon scat-
tering takes place (Fig. 2c). Increasing the atomic mass of the
chalcogen delocalizes and reduces the frequencies of the vibra-
tional modes at which the [Cu2Q2]2− slabs are vibrating. This
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Fig. 2 (a-b) Total and projected phonon density of states, DOS, of BiOCuSe and BiOCuS. (c) Total scattering rates, Γtot for BiOCuSe (green) and
BiOCuS (blue) at 300 K. (d) Cumulative κl for BiOCuSe (green solid line) and BiOCuS (blue dashed line) at 300 K.

shift maximized the overlap of these optical vibrational modes
with the acoustic modes that are mainly localized at the Bi atoms,
increasing their scattering rates and reducing κl . The same be-
havior can be extracted from the average accumulative κl where
there are not big differences in κl between BiOCuSe and BiOCuS
up to 2 THz approximately (acoustic region) (Fig. 2d). The lattice
thermal conductivity of both compounds changes in the region
where acoustic-optic scattering takes places.

Effects of the trivalent cation. While there is consensus about
the role of the chalcogen atom and how its chemical substitution
can slightly modify κl for BiOCuQ (Q = S, Se, Te) compounds,
the role of the Bi is certainly under debate. Some authors point
to the Bi atom’s lone pair electron as the main reason for the low
thermal conductivity of BiOCuSe,15,43 but there are also studies
that suggest that the Cu-Q vibrations are the ones which con-
tribute to reduce κl .25 Partially, these discrepancies come from
using only harmonic (phonon dispersion curves) or quasiharmonic
(Gruneisen parameters) features to explore a property that is
strongly coupled to the anharmonicity of the system. Analyzing
the scattering rates is fundamental to understanding the origin
of the low lattice thermal conductivity of oxychalcogenides. In
order to understand the role of Bi, previous works have compared
the vibrational, elastic and electronic properties of the BiOCuQ
materials with their La counterparts.23,24 However, that substitu-

tion introduces more than one change in the system: i) the lone
pair is removed and ii) the mass of the trivalent atom is drastically
reduced. Here, the lattice thermal conductivity and anharmonicity
of BiOCuS, LaOCoS and AcOCuS are compared in order to de-
couple the role of the mass and lone pair of the trivalent atom.
Substituting Bi by Ac, lone pair electron is removed, but the atomic
mass is increased, which complements the information that can
be extracted from substituting Bi by La. In addition to the phonon
DOS and the calculation of the cumulative κl (Fig. 3), scattering
rates - frequencies heat maps have been built, including its projec-
tion over each element (Fig. 4). These representations not only
connect phonon frequencies with a direct measurement of the
anharmoncity of the system, but they also unravel the role of each
species. Phonon density of states, DOS, of LaOCuS and AcOCuS
present similarities with BiOCuSe DOS (Fig. 3a-b). All of them
present a region around 2 THz where optics bands are overlap-
ping with acoustic bands, participating Cu and the trivalent cation.
However, DOS cannot explain the differences in the in-plane (xx)
and perpendicular (zz) cumulative κl . Due to the layered nature
of these materials, κ

zz
l which is perpendicular to the slab stack-

ing, is smaller than κxx
l (Fig. 3c-d). Cumulative κ

zz
l follows the

same trend for all three materials, 100% of κ
zz
l is stored up to

2 THz, approximately. The acoustic-optic scattering region around
2 THz includes atoms from both different layers which can be
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Fig. 3 (a-b) Total and projected phonon density of states, DOS, of LaOCuS and AcOCuS. (c-d) Cumulative κxx
l and κlzz for BiOCuSe, LaOCuS, and

AcOCuS at 300 K.

related to the interlayer off-phase vibrational modes described by
Ding.22 Larger κ

zz
l values are obtained for LaOCuS, then BiOCuS

and finally AcOCuS which points to the atomic mass as the main
responsible of this trend. However, the behavior is more complex
for κxx

l . Cumulative κxx
l presents two main contributions, one in

the 0-3 THz range and another one around 8-13 THz (Fig. 3c-d).
First large contribution to κxx

l follows the same trend than κ
zz
l ,

ranking their values based on the atomic mass of the trivalent
atom. In addition to larger group velocities, heat maps present
lower scattering rates in the 0-3 THz range for LaOCuS, which is
linked to a lower anharmonicity and larger κl (Fig. 4). Second
contribution to κxx

l is entirely due to optical phonons and it is
slightly smaller than the first one, but still constitutes a 30-45%
of the total value. While acoustic phonons with long mean free
paths usually control κl , this is one of the few reported examples
in which high-frequency optical modes strongly modify κl .44 Even
more interestingly, optical modes contributions to κxx

l are different
for each material. BiOCuS presents the lowest κxx

l because the
optical mode contribution to κl is proportionally smaller than in
LaOCuS and AcOCuS. Due to these high frequency contributions,
κxx

l is not ranked by the atomic mass of the trivalent atom. This
behavior is directly connected to the scattering rates of the vibra-
tional modes at high frequencies (Fig. 4). LaOCuS presents the
lower scattering rates for frequencies larger than 7-8 THz, which

is consistent with larger contributions to κl . On the other hand,
BiOCuS exhibits the highest scattering rates at high frequencies, so
their contributions to κl is reduced. Projected scattering rates show
how this high-frequency contribution to κl is mainly localized on
O atoms vibrations. Thus, the differences in the scattering rates
of the high frequency phonons stem from the different nature of
the M-O bonds (M=La, Ac, Bi). If BiOCuS is the material with the
highest scattering rates at high frequencies, atomic mass cannot be
the only variable to consider and its lone pair electron must play
a role. It has been proven that the presence of stereochemically
active lone pair electrons, LPEs, enhances the anharmonicity of a
system and reduce κl .45 This reduction is due to nonlinear repul-
sive electrostatic force between LPEs and other neighboring bonds,
which lowers the lattice symmetry and promote the appearance
of more scattering processes.46,47 Following the revised lone pair
model,48 it has been experimentally confirmed the presence of a
LPE in BiOCuSe.49 Sallis et al. studied the electronic structure of
BiOCuSe and LaOCuse using K-edge x-ray emission spectroscopy,
XES, x-ray absorption spectroscopy, XAS and density functional
theory. They found that LPE in the BiOCuSe is the result of the
formation of a Bi 6s-O 2p bonding state just below the valence
band and the stabilization of the Bi 6s-O 2p anti-bonding state due
to its hybridization with Bi 6p empty states. This hybridization
has also been described through first principles calculations.50,51

Journal Name, [year], [vol.],1–12 | 5



Frequency (THz)

Γ
to
t

` ps
−1
´

Frequency (THz) Frequency (THz)

Frequency (THz)

Γ
to
t

` ps
−1
´

Frequency (THz) Frequency (THz)

Frequency (THz)

Γ
to
t

` ps
−1
´

Frequency (THz) Frequency (THz)

Frequency (THz)

Γ
to
t

` ps
−1
´

Frequency (THz) Frequency (THz)

0 5 10 15

Frequency (THz)

Γ
to
t

` ps
−1
´

0 5 10 15

Frequency (THz)
0 5 10 15

Frequency (THz)

10−2

10−1

100

101

102

103 BiOCuS

10−2

10−1

100

101

102

103 Bi

10−2

10−1

100

101

102

103 O

10−2

10−1

100

101

102

103 Cu

10−2

10−1

100

101

102

103 S

LaOCuS

La

O

Cu

S

AcOCuS

Ac

O

Cu

S

100 101 102 103

Weight

Fig. 4 Scattering rates - frequency heat maps for BiOCuSe (top left), LaOCuS (top mid), and AcOCuS (top right) at 300 K. Heat map color
represents the density of vibrational modes with similar scattering rates and frequencies. Projections on each element have been depicted below the
total contributions.

Here, it is important to stress the relevance of the concept of LPE
as a bonding state, in order to understand their role reducing κl .
Although, optical phonons contributions to κxx

l are mainly pro-
jected on O atoms, the scattering rates of these vibrational modes
are larger than in LaOCuS and AcOCuS because of the Bi-O bond

nature, which is singularly characterized by the presence of a LPE.

The role of Cu. Some previous works have described Cu as the
main contributor to the low lattice thermal conductivity of BiOCuQ
family.25 Vaqueiro et al. used neutro diffraction experiments
and DFT calculations to demonstrate that low-energy vibrational
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modes on Cu and its weak bonding with the chalcogen are essential
to understand their low κl . However, is this a singular interaction
between Cu and the chalcogens or is it possible to obtain similar
results with other elements? Here, the vibrational properties and
κl of LaOMS (M = Cu, Ag, Li) have been explored for a better
understanding of the role of the monovalent cation. While the
substitution of Bi by Ac or La do not produce large modification in
the phonon DOS of the compounds, substituting Cu by Li or Ag
lead to severe modifications of the vibrational structure (Fig. 5a-b).

Li atoms contributions to the DOS are shifted more than 7 THz,
if compared with the projection of Cu atoms in LaOCuS DOS. On
the other hand, Ag substitution shift the monovalent contribution
to the DOS to even lower frequencies, making it as the main con-
tributor to the acoustic modes. The absence of a heavy monovalent
atom such as Cu or Ag also increases the group velocities of the
phonons at low frequencies for LaOLiS (Fig. 5c). This behaviour
has a clear impact in the cumulative κl of LaOLiS which grows
rapidly up to 6 W K−1 m−1 below 4 THz (Fig. 5d). Silver substi-
tution produces the opposite effect on κl because acoustic-optical
scattering region is pushed to even lower frequencies when com-
pared to LaOCuS. That trend can be visualized in the scattering
rates heat maps where LaOAgS scattering rates at low frequencies
are higher than in LaOCuS and LaOLiS. As expected, La and Ag
contributions dominates in this region so the anharmoncitiy comes

from interlayer scattering (Fig. 6).

Designing new oxychalcogenides. Understanding the mecha-
nisms that governs κl in oxychalcogenides become fundamental
for the design of new materials withe potential TE applications.
Larger contribution to κl corresponds to scattering processes be-
tween acoustic and low frequency optical phonons. This scattering
can be maximized with heavy monovalent and trivalent atoms
and using Se or Te. In addition, second contribution to κl at
higher frequencies can be minimized using trivalent atoms with
LPE that increases the scattering rates of high frequency phonons,
mainly localized on O atoms. Taking both considerations into ac-
count, BiOAgSe is proposed as an oxychalcogenide with potential
ultra-low κl . To the best of our knowledge, there are very few
recent reports in which BiOAgSe has been synthesized.35,52,53

Some of these works highlight their optoelectronic properties and
potential photoconversion applications.35,52 Although BiOAgTe
should present also a very low κ,54,55, selenides are usually pre-
ferred instead of tellurides because Tellurium is a very volatile
element which hampers the stability and durability of the material.
BiOAgSe has been very recently reported as a promising candi-
date as TE materials due to its tunable electrical conductivity,56

and, during the preparation of this manuscript, its κl has been
reported using the relaxation time approximation, RTA.53,57 How-
ever, very little has been described about the origin of its ultra-low
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κl . Phonon DOS already shows how there are some important
differences with respect previous materials (Fig. 7a). BiOAgSe
exhibits κl lower than 1.2 W K−1 m−1 at 300 K in both xx and
zz directions and an average κl of 0.87 W K−1 m−1 (Fig. 7b-c).
These values are slightly larger than the ones predicted by Li et
al.57 because the RTA tends to underestimate κl and in very good

agreement with recently calculated values obtained by Zhang et
al.53 solving the BTE iteratively (Fig. 7b). These low values are
due to the effective overlap between acoustic and optical modes
mainly projected on the Bi and Ag atoms (Fig. 7a and Fig. 6).
Contribution to κl at high frequencies is also very small (around
0.3 W K−1 m−1) (Fig. 7c), and it is minimized with respect to other
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oxychalcogenides explored in this work due to the high scattering
rates of the high frequency phonons (Fig. 6). In addition to the
single-crystal lattice thermal conductivity calculated by Li et al.
and the analysis of its origen presented in this work, lattice ther-
mal conductivity for polycrystalline BiOAgSe is included (Fig. 7d).
The effect of nanostructuring on the thermal conductivity is based
on the decomposition of the contributions to κ by the phonon
mean free path.58 In this approach, the value of κl corresponding
to a particular particle size L is calculated as the cumulative con-
tributions for all mean free paths up to L. Large scattering rates or
very short lifetimes produces short mean-free-path so small grains
are needed to major reductions of κl . However, some reduction
can be achieved if the average grain size is reduced to 100 nm,
where the value of κl is below 0.8 W K−1 m−1. These reduction
of κl is in agreement with the experimental measurements of
polycrystalline samples with an average size of few hundreds of
nanometers (0.62 W K−1 m−1 at 300 K).53

Nanostructuring is not the only approach for reducing the lattice
thermal conductivity of solids. Alloying also constitutes a common
strategy to reduce κl .59 This strategy has been implemented in
BiOAgSe replacing one of the two Ag atoms by a Cu atom in its
unit cell. Here, the lattice thermal conductivity of BiOAg0.5Cu0.5Se
has been calculated following a similar methodology. Phonon dis-
persion curves present strong imaginary frequencies which point
out that this material is not dynamically stable at 0 K (Fig. S3).
Dynamical stability at finite temperatures has been analyzed using
the self-consistent phonon, SCPH, approach implemented in the
hiPhive code.8,9 Using this technique, it is possible to include the
anharmonicity effects in the dynamical matrix, obtaining tempera-
ture dependent frequencies for each vibrational mode. It can be
noticed that imaginary frequencies are completely removed be-
tween 200 and 300 K (Fig. 8a), demonstrating the dynamic stabil-
ity of this material at least above 300 K. BiOAg0.5Cu0.5Se presents
a κl of 0.78 W K−1 m−1 at 300 K which is a 10% smaller than κl

for BiOAgSe (Fig. 8b). This reduction is mainly due to the alloying
effect that promotes scattering process in the [AgCuSe2]2− layer.
This behavior can be demonstrated analyzing cumulative κl and
the scattering rates (Fig. 8b). First, there are very little changes
between κ

zz
l for BiOAgSe and BiOAg0.5Cu0.5Se, so the reduction of

κl is not due a modification of the interaction between the layers.
Moreover, the contribution of high frequency vibrational modes to
κxx

l , which are localized in the Bi-O bonds, is similar or both ma-
terials (Fig. 8b). Main differences between both materials comes
from the contribution of optical acoustic modes and low energy
optical modes to κxx

l . This contribution is drastically reduced in
BiOAg0.5Cu0.5Se because of the presence of an additional atom
with a different mass, which increases the scattering rates of the
vibrational modes between 0 and 5 THz (Fig. 8c). Similarly to
BiOAgSe, polycrystalline samples present lower κl , with values
around 0.7 W K−1 m−1 at 300 K for an average grains size between
100 and 500 nm. However, a reduction of the thermal conductivity
is not the only benefit that is obtained when alloying is applied
to thermoelectric materials. The other properties included in ZT ,
S and σ , can be also tuned by different synthetic variables and
strategies such as doping, nanostructuring or alloying. For in-
stance, Xie et al. have found that Cu1−xAgxGaTe2 alloys present
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Fig. 7 (a) Total and projected phonon density of states, DOS, of BiOAgSe
and cumulative κxx

l and κ
zz
l at 300 K. (b) Average κl of BiOAgSe between

300 K and 1000 K. Open points are used for experimental data53 and filled
points for calculated values. The predicted values of this work (blue) are
compared with the results calculated by Li57 (red) and Zhang53 (purple).
(d) Cumulative average lattice thermal conductivity at 300 K from mean-
free path contributions up to distance L for BiOAgSe, indicating the effect
that nanostructuring would have on their κl .

an unusual non-parabolic band structure, which is crucial for ob-
taining a high Seebeck coefficient.60 Moreover, the substitution
of Ag by Cu favors the presence of carriers, which is beneficial
to obtaining higher power factors.61,62 Although the calculation
of ZT is out of the scope of this work, it is possible to anticipate
that BiOAg0.5Cu0.5Se is a potential candidate as thermoelectric
material.
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zz
l for BiOAg0.5Cu0.5Se at 300 K. (c) Total scattering rates, Γtot for BiOAg0.5Cu0.5Se at 300 K. (d) Cumulative average lattice

thermal conductivity at 300 K from mean-free path contributions up to distance L for BiOAg0.5Cu0.5Se, indicating the effect that nanostructuring would
have on their κl .

4 Conclusions

In this work, we have demonstrated how machine learning not
only accelerates the prediction of the lattice thermal conductivity
for large chemical spaces with high accuracy but also catalyzes the
development of design principles to discover new thermoelectric
materials. Lattice thermal conductivity of seven oxychalcogenides
with very different compositions have been predicted and analyzed.
While most previous theoretical work discussed the origin of the
low κl of oxychalcogenides based on harmonic properties, we
introduce a new approach based on the analysis of phonon DOS,
cumulative κl , and most importantly scattering rates heat maps
and their atomic projections. Chemical substitution for all sites
have been considered in order to unravel the role of each chemical
specie. Two main contributions to κl have been described. Low
frequency phonons contribution to κl can be minimized with heavy
trivalent and monovalent cations. Heavy atoms with similar vibra-
tional frequencies promotes the scattering between acoustic and
low-frequency optical modes. We also found that high-frequency
optical modes have an important contribution to κxx

l . Atomic pro-
jections of the scattering rates heat maps show that these modes
are mainly localized on the O atoms. Although O atoms are the
main contributors to these high-frequency phonons, their scat-

tering rates are sensitive to the trivalent atom that is part of the
[M2O2]2+ slab. It has been demonstrated that the atomic mass
of the trivalent atom is not the driven force that modifies the
scattering rates of these modes. However, it is the element with
the LPE, the one that increases the scattering rates and reduces
the contribution of these modes to κl . Finally, we have followed
these design principles based on chemical composition to propose
BiOAgSe and BiOAg0.5Cu0.5Se as two of the best oxychalcogenides
for TE applications.
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