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Understanding the lattice dynamics and low thermal conductivities of oxychalcogenide materials is critical to
the development of a new generation of better thermoelectric oxide materials. Here we systematically
investigate the lattice vibrational modes as well as phonon thermal conductivity of experimentally synthesized
layered oxychalcogenides BIAgOCh (Ch = S, Se, and Te). First-principles calculations indicate that BiAgOSe
and BiAgOTe are dynamically stable and low-thermal-conductivity materials. The room-temperature

Received 23rd April 2021, lattice thermal conductivity for BiAgOTe is calculated to be 053 W m™! K%, which is smaller than that

Accepted 13th June 2021 (0.88 W m™ K™Y of the promising thermoelectric material BICuOSe. The strong anharmonicity in BiAgOTe
causes short lifetime and low group velocity, which accordingly gives rise to ultralow thermal conductivity in
BiAgOTe compounds. Our work of the insights into the lattice dynamics and low thermal conductivity will

help the development of high-performance thermoelectric oxide materials.
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1. Introduction

Thermoelectric (TE) materials have long been considered as an
alternative tool for power generation and refrigeration due to the
capability of direct conversion between thermal and elec-
trical energy without any mechanical moving parts." The
conversion efficiency of TE materials is determined by a dimen-
sionless figure of merit ZT = S%cT/x, where S, o, k, and T are the
Seebeck coefficient, electrical conductivity, thermal conductivity,
and absolute temperature, respectively.” Extensive efforts have
been devoted to enhancing ZT with strategies of optimizing S by
band engineering® and reducing « through alloying/nanostructur-
ing. However, the complex coupling in the thermoelectric perfor-
mance parameters usually hampers the enhancement of ZT. The
discovery of thermoelectric material SnSe (2.6 + 0.3 at T = 935 K)*
demonstrates that screening materials with intrinsically low
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thermal conductivity is an effective strategy for achieving a high
ZT.>® This simple method helps people to focus on the optimiza-
tion of electrical transport properties alone without considering
complex thermoelectric parameters.

Recently, BiCuOSe oxyselenides have acquired ever-
increasing attention as very promising thermoelectric materials
due to their high value of ZT (1.5 at 900 K).”** The outstanding
TE properties could be mainly ascribed to the intrinsically low
thermal conductivity of BiCuOSe and its alloys.*™*® In previous
studies, much attention has been paid to the lattice dynamics
of BiCuOSe with first-principles calculations. The data on Ag-
based compounds are still scarce in the literature. As the
isomorphic crystals of BiCuOSe, Ag atoms have larger atomic
radius and heavier atomic mass than Cu atoms, which enable
BiAgOCh to exhibit large unit cell volumes and low thermal
conductivity. The dual effects of lone pairs in Bi atoms and
rattling vibrations in Ag atoms give BiAgOCh compounds
weakly bonded [Bi,0,] and [Ag,Ch,] layers, which could lead
to distinct interlayer interactions and further decrease the
lattice thermal conductivity. To discriminate differences and
understand the origin of the intrinsically low thermal conduc-
tivity for both BiAgOCh and BiCuOCh compounds, the study of
the lattice dynamics in BiAgOCh compounds is of fundamental
interest.

In this work, we investigate the phonon transport of
BiAgOCh through solving the linearized phonon Boltz-
mann transport equation. The lattice thermal conductivity
for BiAgOTe is calculated to be 0.53 W m™' K ' at
room temperature, which is smaller than that for BiCuOSe
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(0.88 W m~" K™ '). The large Griineisen parameters in the
wide frequency range indicate strong anharmonicity in BiA-
gOTe. Besides, the compounds have low group velocities and
short phonon lifetimes. The low-frequency optical modes
contribute observably to the total thermal conductivity, while
high-frequency optical phonons cannot be neglected. These
features synergistically dominate the ultralow thermal con-
ductivity of BiAgOTe.

2. Computational details

First-principles calculations are performed by the projector
augmented-wave (PAW) method within the framework of
density functional theory (DFT) as implemented in Vienna
Ab initio Simulation Package (VASP).'®?° The structure is
relaxed with the generalized gradient approximation (GGA)
with Perdew Burke-Ernzerhof (PBE) exchange-correlation
potential.>! The convergence threshold and Hellmann-Feyn-
man forces are set at 107° eV and 0.01 eV A™*, respectively.
The O: 2s®2p*, Ag: 4s'4d'?, S: 35?3p*, Bi: 65°6p°, Se: 4s%4p?,
and Te: 5s>5p” are treated as basis set of valence electronic
orbits, respectively. The plane wave basis set with kinetic
energy cutoff is chosen to be 500 eV, and the 13 x 13 x 8
Monkhorst-Pack special k-point meshes are used to sample
the Brillouin Zone. The van der Waals D3 (vdW-D3) correc-
tions are taken into account for the interlayer van der Waals
interactions.

The phonon dispersions and density of states (DOS) are
calculated using density functional perturbation theory
(DFPT) implemented in Phonopy code.>>>* In this process,
the 3 x 3 x 2 supercell containing 144 atoms with a
3 x 3 X 2 k-mesh for the Brillouin zone sampling is used
for second- and third-order force constant calculations.
The lattice thermal conductivity using a single-mode
relaxation-time (SMRT) method is obtained from the
following formulae:**

1 SMRT
K= NV Z: Cv, ®v;T) (1)

where V,, v, and 1,°M%" are the volume of a unit cell, group

velocity, and SMRT of the phonon mode 4, respectively.
Here, the C, is the mode dependent heat capacity, which
could be calculated by the equation:

exp (7
) =
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eigenvalue equation,
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_L_ASMRT = T, (4)

1
)= 5
+ 21_'1((1)/1) ( )
In addition, the phonon mode contributions to the aniso-
tropic x are discussed using cumulative lattice thermal con-
ductivity defined by

K (w) = J:%Z K,0(w; — o' )do’ (6)

This method above with the simulation package Phono3py
code® has been successfully applied to predicting the thermal
conductivities of many other materials, such as ZrNiPb,>’
BiTeBr,?® and TaCoSn?’ et al.

3. Results and discussion

As shown in Fig. 1(a), similar to the geometry of BiCuOSe,
isostructural BiAgOCh crystals can be described as a stacking of
two layers consisting of a positively charged oxide (Bi,0,>")
layer and a negatively charged chalcogenide (Ag,Ch,>") layer in
the sequence. The optimized lattice constants are a = 3.99, 4.04,
4.14 A and ¢ = 9.26, 9.65, 10.21 A for BiAgOS, BiAgOSe, and
BiAgOTe, respectively, which are close to the experimentally
measured values.® These smallish differences are mainly due to
the fact that GGA often overestimates the lattice constants of
solids.*® Fig. 1(b) shows the calculated electron localization
function for BiAgOCh with a cut by the (100) plane. In BiAgOCh
compounds, Ag and Ch atoms show a weaker bonding than
that of Bi and O atoms, which is similar to BiCuOSe materials.
This reveals anisotropy in bonding character occurring due to
the existence of a distinct oxide (Bi,0,>") layer and chalcogen-
ide (Ag,Ch,>") layer. As discussed in our prior work, the
Ag-Ch bonding is substantially stronger than the Bi-Ch,
Bi-Ag and Bi-O bonding. The coexistence of global and local
chemical bonds with hierarchical strengths” may lead to strong
anisotropic lattice thermal conductivity. Distinctly, Ag and Ch
atoms show a relatively weaker bonding than Cu and Ch atoms,
and this is consistent with the fact that Ag-Ch distances are
always longer than the values of Cu-Ch bonds. The weak
bonding of the Cu atoms in BiCuOSe compounds and

Fig. 1 (a) Schematic illustration of the layered BiAgOCh (Ch = S, Se, and
Te) crystal structures. (b) Electron localization function of BIiAgOCh
projected on the (100) plane.
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superionic conductor Cu,_,Se*® has been confirmed to play a
key role in decreasing lattice thermal conductivity. Hence the
weak Ag bonding may also reduce the x in BiAgOCh.

Fig. 2 shows the phonon dispersion and vibrational DOS for
BiAgOCh materials. All of the phonon frequencies of BiAgOSe
and BiAgOTe are positive in the Brillouin zone, which indicates
that the structures of the two materials are dynamically stable.
For BiAgOS, these are a few negative modes around I', M, and
A points. The highest cutoff frequencies are 15.74, 14.41, and
13.42 THz for BiAgOS, BiAgOSe and BiAgOTe, respectively, with
the chalcogen atomic number increasing. In all compounds,
the vibrations of O decoupled from other atoms and occupy the
high-frequency optical region above about 6.73 THz, while
the acoustic vibrations and the low-frequency optical branches
are mainly from the Bi, Ag, and Ch atoms. Such distributions
are primarily ascribed to the large mass difference between
O and Bi/Ag/Ch atoms. In BiAgOS, there is no phonon gap in
the range from 4 and 8 THz with weak coupling vibrations
between O and S atoms. Meanwhile, a complete decoupling
optic phonon gap appears in BiAgOSe and BiAgOTe and gra-
dually increases when going from S to Se, and Te with the
increasing mass. The mass homology relation can be employed
to explain the above mode frequency difference.'® In particular,
the mass of the unit cell M, changes from 729.826 amu for
BiOAgS to 920.896 amu for BiOAgTe, by a factor of 1.26.
Therefore, the mode frequencies can be decreased by the factor
if replacing the mass of S by that of Te. The change in the
middle low-frequency region of the phonon dispersion is the
reason for the formation of the optical-optical gap.

In order to analyze the origin of low lattice thermal
conductivity in BiAgOCh, the phonon lifetime t and Griinei-
sen parameters y are calculated in Fig. 3. The three lowest
phonon Griineisen parameters and lifetime are shown in
Fig. S2 (ESIT). The y is a dimensionless quantity measuring
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the anharmonic interaction of a crystal, which can be
obtained by*"*?

V Bwivq
Vig=———

_(ul.q oV

@)

Generally, a system with large |y| implies that it possesses
strong anharmonicity and phonon-phonon scattering, result-
ing in short phonon relaxation time t and low x. Obviously, the
BiAgOCh possess obviously large |y| at low-frequency acoustic
phonon modes (Fig. 3). This will generate strong phonon-
phonon interaction, and thus lead to the low lattice thermal
conductivity in BiAgOCh. Generally speaking, acoustic phonon
modes dominate the lattice thermal conductivity. The tiny
unstable acoustic phonon modes for BiAgOS and softened
phonon modes for BiAgOSe along the I'-M direction can be
seen as the reason for strong anharmonicity in the low-
frequency region. From Fig. 3(b), (d) and (f), the phonon life-
time of acoustic branches is higher than their optical modes for
all materials. The t of BiAgOSe at low frequency acoustic
branches is apparently smaller than that of BiAgOTe and
BiAgOS. In high-frequency optical branches, the phonon life-
time for BiAgOTe in a wide frequency range remains unaf-
fected, which indicates that optical branches do not enhance
the scattering channels for BiAgOTe.

The phonon velocities (v) are closely relevant to the phonon
transportation of BiAgOCh. In general, the reduced v will lower
k. Herein we calculate the v in Fig. 4. For all compounds, it is
clearly seen that the group velocities of optical phonon modes
are higher than those of acoustic modes. In BiAgOS and
BiAgOTe, the group velocities along the x-direction are different
from those along the z-direction, which leads to a strong
anisotropy of lattice thermal conductivity. Among the three
compounds, BiAgOTe possesses the lowest group velocities
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Fig. 2 Phonon dispersion curves and vibrational DOS of (a) BiAgOS, (b) BiAgOSe, and (c) BiAgOTe.
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Fig. 3 Calculated Gruneisen parameters for (a) BIAgOS, (c) BiAgOSe, and (e) BiAgOTe. Phonon lifetime for (b) BiAgOS, (d) BiAgOSe, and (f) BiAgOTe.
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Fig. 4 Phonon group velocities as a function of frequency for (a and b) BiAgOS, (c and d) BiAgOSe, and (e and f) BiAgOTe along x (left column) or z-

direction (right column).

along both the x and z-direction. Combined with the above
analysis, the slow speed of phonon, large phonon lifetime 7,
and strong phonon anharmonicity will give an ultralow «x in
BiAgOTe according to Slack’s theory.>?

© 2021 The Author(s). Published by the Royal Society of Chemistry

The calculated lattice thermal conductivity of BiAgOCh as a
function of temperature is shown in Fig. 5. BiAgOTe shows the
lowest lattice thermal conductivity among the three com-
pounds. The average lattice thermal conductivity is calculated

Mater. Adv,, 2021, 2, 4876-4882 | 4879
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Fig. 5 Calculated lattice thermal conductivity (left), accumulated lattice thermal conductivity (middle), and derivatives (right) with respect to frequency

for (a—c) BiAgOS, (d—f) BiAgOSe, and (g—i) BIAgOTe, respectively.

to be 0.53 W m~' K ' at room temperature for BiAgOTe,
which is lower than those of 2.35 W m™* K for PbTe,**
0.62 W m~ ! K* for SnSe,> 0.88 W m* K ! for BiCuSeO,*®
and 0.82 W m~' K~ ' for MgAgSb.>” Meanwhile, its « exhibits
strong anisotropy. There are two reasons for this: (1) the
acoustic branches and some optical branches present different
dispersions along the I'-Z and I'-X directions, which causes an
enormous difference in low group velocities along two different
directions; (2) the atomic interactions along the z (weak elec-
trostatic interactions) and x directions (strong covalent and
ionic bonding interactions) are different. The weak electrostatic
interactions along the z direction impede the phonon transport
and result in low x. For BiAgOS and BiAgOTe, the room
temperature lattice thermal conductivities along z-directions
are 0.20 and 0.11 Wm™* K !, which are much lower than the
x-direction (2.43 and 0.74 Wm™" K "). In the case of BiAgOSe,
the in-plane thermal conductivity is initially larger than the
cross-plane value, decreases with raising the temperature, and
becomes slightly lower than the cross-plane value after 200 K.
In order to probe into its origin, we have calculated the band
structures and density of states of BiAgOSe. As shown in Fig. S3
(ESIf), BiAgOS, BiAgOSe, and BiAgOTe are all indirect band gap
semiconductors since the valence-band maximum (VBM) and
conduction band minimum (CBM) locate at different points.
The band edges changes and exhibit multi-valley features when
going from S, Se, to Te. As for BiAgOSe, the VBM is along the I
to M direction and the CBM is at the Z point. Although it shows
a similar band structure as BiAgOS, the electronic transitions at

4880 | Mater. Adv, 2021, 2, 4876-4882

the points along the I' to Z direction easily occur with the
smaller energy difference in BiAgOSe. From the density of
states in Fig. S4 (ESIt), the Se p and Bi p electrons in BiAgOSe
are highly delocalized in the VB and CB zones with sharp peaks.
Such delocalized p electrons contribute to more orbital overlap
along the out-of-plane direction for BiAgOSe, which endow
BiAgOSe with 3D charge and accordingly quasi-3D phonon
transports. Thus, BiAgOSe has quite different phonon transport
among the three compounds.

The cumulative thermal conductivities along different direc-
tions first keep increasing quickly as frequency increases, and
then gradually approach a plateau. In Fig. 5(b), (e) and (h), the
peak of the derivatives drops rapidly at the high-frequency
region because the acoustic phonon branches and the low-
frequency optical phonon branches strongly coupled with
acoustic modes dominate the lattice thermal conductivity of
BiAgOCh. In the high-frequency region, it can be seen that the
cumulative thermal conductivities of BiAgOS and BiAgOTe
along the x-direction still increase further than that of BiAgOSe.
This indicates phonons with a high-frequency region for
BiCuOS and BiCuOTe along the x-direction have non-
negligible contribution to the lattice thermal conductivity,
which is different from most semiconductor materials.***!

4. Conclusions

In summary, based on first-principles and phonon Boltzmann
transport theory, we study in detail the intrinsic lattice thermal

© 2021 The Author(s). Published by the Royal Society of Chemistry
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conductivity of BIAgOCh. The room-temperature lattice thermal
conductivity of BiAgOTe is found to be 0.53 W m™ " K. Its low
lattice thermal conductivity is mainly from relatively strong
anharmonicity, short relaxation time, and low group velocities.
In addition, we find that the anisotropy of lattice thermal
conductivity stems from the presence of a distinct charged
oxide (Bi,0,") layer and a negatively charged chalcogenide
(Ag,Ch,>") layer. Different from most semiconductors, the
optical branches for BiAgOTe also contribute to total lattice
thermal conductivity. These results imply that BiAgOTe may be
a potential low thermal conductivity material, which will sti-
mulate further experimental work to investigate the thermo-
electric performance of BiAgOTe.
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