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Exploring the origin of ultralow thermal conductivity in layered BiOCuSe
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Using first-principles density functional theory calculations, a systematic study of the lattice dynamics and
related (e.g., dielectric and anharmonic) properties of BiOCuSe (bismuth-copper oxyselenide), along with a
comparison with its isostructural analog LaOCuSe, is performed to find the origin of the ultralow thermal
conductivity κ in BiOCuSe. From the marked differences in some of these properties of the two materials, the
reasons why BiOCuSe is a better thermal insulator than LaOCuSe are elucidated. For this class of oxychalcogenide
thermoelectrics, phonon frequencies with symmetries, characters, spectroscopic activities, displacement patterns,
and pressure coefficients of different zone-center modes, dielectric constants, dynamical charges, and phonon
and Grüneisen dispersions are also determined.

DOI: 10.1103/PhysRevB.92.041202 PACS number(s): 71.15.Mb, 63.20.−e, 73.50.Lw, 78.30.−j

BiOCuSe (also known as BiCuSeO or BiCuOSe)—a
layered, transparent, p-type moderate band gap semiconductor
composed of alternating insulating (Bi2O2)2+ and conductive
(Cu2Se2)2− layers—has attracted increasing attention since it
was reported as a promising thermoelectric (TE) material in
2010 [1]. As TE materials are capable of generating electricity
from waste heat, they are relevant to sustainable and renewable
alternative energy solutions. The efficiency of TE devices is
characterized by a dimensionless figure of merit, ZT = S2σT

κ
,

where S, σ , κ , and T are the Seebeck coefficient, electrical
conductivity, thermal conductivity, and the absolute temper-
ature, respectively [2]. Efforts to enhance the ZT involve
increasing both S and σ , while decreasing κ [3]. Examples of
these efforts include enhancement of S by designing quantum
confinement effects [4], using electron energy barrier filtering
[5], creating electronic resonance states [6], and reduction
of κ by nanostructuring [7–10] and all-scale hierarchical
architecturing [11], while maintaining carrier mobility by
band energy alignment between the nanoprecipitate and matrix
[12,13].

In the past four years, the TE performance (ZT ) was
significantly increased from 0.53 for pristine BiOCuSe to 1.4
[14] by optimization through dopants and texturation. More
specifically, σ was increased by Sr doping [1], introducing
Cu deficiencies [15], and Ba heavy metal doping [16,17];
for textured Bi0.875Ba0.125CuSeO prepared by a hot-forging
process, ZT reaches 1.4 at 923 K [14], which is the highest
value reported so far for a bulk, lead-free, p-type material in
this moderate temperature range [18].

The high ZT value of BiOCuSe largely outperforms
that of other materials due to its intrinsically low κ in the
temperature range of 300 K (∼0.9 W m −1K−1) to 923 K
(∼0.45 W m−1K−1) [17]. This rapid decrease with temperature
indicates that the heat in BiOCuSe is conducted primarily by
phonons, as in other nonmetallic crystalline solids. Interest-
ingly, the κ of BiOCuSe is observed to be four times lower
than that of its isostructural analog, LaOCuSe [19]. Despite
several years of research, surprisingly little is known about
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the main cause of its intrinsically low κ . It has recently been
speculated that such low κ values are most likely a result of
weak chemical bonds (Young’s modulus, Y ∼ 78.8 GPa [20]).
However, among systems with the same crystal structure, it is
very unlikely that the bonding strength would be very different.
In such cases, the system with a heavier element is expected
to exhibit lower thermal conductivity as a higher atomic
mass is likely to produce lower phonon frequencies, stronger
optical-acoustic scattering, and slower sound velocities.

Although a quantitative and comprehensive understanding
of phonon dynamics is crucial to identify the reasons behind
the lower κ in BiOCuSe and to find the best way to scatter,
merge, or/and decay its phonons for phonon engineering, a the-
oretical investigation of its phonons is still lacking [21]. More
regrettably, information (both theoretical and experimental)
regarding its Born effective charge (BEC) and dielectric
constant (DC) is missing in the literature. Motivated by these
considerations, in this Rapid Communication, a systematic
study of the lattice dynamics and related (viz., dielectric,
elastic, and anharmonic) properties of BiOCuSe, together with
a comparison to LaOCuSe, is performed using first-principles
density functional theory (DFT) calculations with the Perdew-
Burke-Ernzerhof for soild (PBEsol) functionals [22].

BiOCuSe and LaOCuSe (MOCuSe, M = Bi and La)
belong to a class of layered materials that adopt the ZrSiCuAs
type structure [see Fig. 1(a)] in the tetragonal P 4/nmm space
group (No. 129) [28]. The PBEsol estimates of the equilibrium
in-plane (out-of-plane) lattice spacings are a = 3.9029 (c =
8.9186) Å for BiOCuSe and a = 4.0230 (c = 8.6509) Å for
LaOCuSe, in good agreement with the respective experi-
mentally measured values of a = 3.9213 (c = 8.9133) Å for
BiOCuSe and a = 4.0670 (c = 8.8006) Å for LaOCuSe. The
same estimates of the Young’s modulus for BiOCuSe and
LaOCuSe are 93 and 101 GPa, respectively. Figure 1(b) shows
the total and projected electronic density of states (EDOS) for
BiOCuSe and LaOCuSe. It is immediately apparent that the
BiOCuSe displays a significantly narrower gap (0.66 eV) than
LaOCuSe (1.4 eV), consistent with optical measurements (the
corresponding measured values are 0.75 eV [29] and 2.8 eV
[30], respectively) [31].

As the MOCuSe unit cell consists of two formula units
comprising eight atoms, there are 24 vibrational modes. At the
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FIG. 1. (Color online) (a) The structural exquisiteness of a naturally occurring superlattice material BiCuSeO, adopting a quaternary
ZrSiCuAs-type tetragonal structure (P 4/nmm space group). (b) Calculated EDOS of the valence and conduction band regions of BiOCuSe
and (c) that of LaOCuSe; the energy axis is referenced with respect to the valence band maximum (VBM) and the major orbital contribution is
highlighted.

� point, the factor group analysis yields

D7
4h = A2u ⊕ Eu (acoustic)

⊕ 3A2u ⊕ 3Eu ⊕ 2A1g ⊕ 2B1g ⊕ 4Eg (optic).

Since the A1g , B1g , and Eg modes are Raman (R) active,
there are eight Raman modes and since the A2u and Eu

modes are infrared (IR) active, there are six IR modes.
From the analysis of eigendisplacements (see Table I), one
can expect that the substitution of Se by another chalcogen
atom should shift significantly the second A1g Raman mode
(∼176.6 cm−1) and the third Eg Raman mode (∼158.0
cm−1). Any defect or doping related to O atoms should
modify the two higher-frequency B1g (∼349.6 cm−1) and Eg

(∼417.6 cm−1) Raman modes, whereas any defect or doping
related to Cu atoms should change the lower-frequency B1g

Raman mode (∼110.1 cm−1). The Cu atoms are involved
also in the two lower-frequency Eg Raman modes (∼64.7
and 78.7 cm−1). When going from BiOCuSe to LaOCuSe, the
lower-frequency A1g Raman mode (∼148.7 cm−1) shifts to
the higher-frequency A1g Raman mode (∼199.8 cm−1) due
mainly to the fact that the latter has a lower mass. The Bi
atoms are also involved in the two lower-frequency Eg Raman
modes.

The longitudinal optical–transverse optical (LO-TO) split-
tings in the IR spectra for displacements parallel to the layers
(in plane) occur for the E2u modes and displacements parallel
to the c axis (out of plane) occur for the A2u modes. These
splittings depend on BEC [34] and on the dielectric screening
of the Coulomb interaction, determined by the electronic part
of the DC [35]. For tetragonal symmetry as in MOCuSe,

the BEC tensor Z
∗αβ
s is diagonal and reduces to two values,

Z∗
xx = Z∗

yy ≡ Z∗
‖ and Z∗

zz ≡ Z∗
⊥, which show considerable

anisotropy (see Table II). The values are significantly large
for Bi, O, and La, suggesting that Bi-O and La-O bonds have
a greater covalent character than Cu-Se bonds. The electronic
dielectric permittivity tensor ε∞ describes the response of the
electron gas to a homogeneous electric field if the ions are taken
as fixed at their equilibrium positions [36]. The calculation
gives ε∞

‖ = 18.01 and ε∞
⊥ = 13.79 for BiOCuSe (8.73 and

7.30 for LaOCuSe), corresponding to an ordinary optical
refractive index, no = 4.24, and an extraordinary refractive
index ne = 3.71 for BiOCuSe (2.95 and 2.70 for LaOCuSe).
Due to the difference between the calculated and measured
band-gap energies, these values are expected to be somewhat
larger than the experimentally measured values, which are not
yet available in the literature. Table II shows that the lattice
contribution to the in-plane dielectric response (ε0

‖ − ε∞
‖ ) is

quite larger in BiOCuSe than in LaOCuSe, which indicates
the presence of a lower-frequency phonon in the former than
in the latter and is consistent with the fact that the Bi atom is
heavier than the La atom.

Figure 2 shows the phonon dispersion curves and DOS of
BiOCuSe and LaOCuSe. In both materials, the vibrations of
O are decoupled from those of other atoms and occupy the
high-frequency region above about 250 cm−1 while the latter
occupy the low-frequency region below about 200 cm−1. For
the same structure, the mass homology relation can be applied
to describe the mode frequency difference, at least for the
low-frequency modes where interatomic force (IF) constants
hardly change; however, for the high-frequency modes, the
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FIG. 2. (Color online) Calculated phonon dispersion and DOS of (a) BiOCuSe and (b) LaOCuSe along the high-symmetry lines of
the Brillouin zone. (c) Calculated phonon dispersion curves of both materials for a direct comparison; solid (red) lines for BiOCuSe and
dashed (blue) lines for LaOCuSe. (d) Calculated original phonon dispersion data of BiOCuSe [from (a)], multiplied by 1.1116 (see text)
are plotted using solid (red) lines for a comparison with the original [from (b)] LaOCuSe dispersion data, plotted now using dashed (blue)
lines.

changes in the IF constants are expected to be large. The
mass of the unit cell Muc changes from 734.9716 amu for
BiOCuSe to 594.8217 amu for LaOCuSe, by a factor of 1.2356.
Therefore, the mode frequencies can be increased by a factor
of

√
1.2356 = 1.1116 if replacing the mass of Bi by that of

La. The original BiOCuSe dispersion, multiplied by 1.1116,
is shown in Fig. 2(d). Such scaling is sufficient to describe the
change in the low-frequency part of the phonon dispersion.
In particular, the low-frequency acoustic modes obtained in
this way match well with those for LaOCuSe, which means
the change of low-frequency acoustic phonons or equivalently,
the change of sound velocities, is almost entirely due to the
mass decrease from Bi to La.

The propagation velocities of longitudinal (vl) and trans-
verse (vt ) acoustic waves are derived from the slope of the
acoustic phonon dispersion in the low-q limit (see Table II).
The Debye temperature (
D) [37] is calculated from the
relation 
D = h

kB
( 3n

4π

)
1/3

va , where h and kB are Planck and
Boltzmann constants, respectively, n is the number of atoms
in the cell, 
 is cell volume, and va is the average sound
wave velocity. The va , obtained [by Eq. (7) in Ref. [17]]
using theoretical vl and vt provided in Table II , is in
reasonable [38] agreement with the experimentally measured
value of 2112 m/s for BiOCuSe [20]. The vl and vt are
essentially harmonic parameters while their ratio vl/vt is an

anharmonic quantity which depends on the ratio between the
axial and shear rigidities of interatomic bonds and thus is
related [see Eqs. (10) and (11) in Ref. [17]] to the Grüneisen
parameter γ , which suggests the degree of anharmonicity
[39,40].

Finally, the most striking result of this study is the crossing
of the low-frequency mode when one goes from LaOCuSe to
BiOCuSe. In BiOCuSe, the lowest-frequency optical (LFO)
mode Eu(IR,TO1) has Eu symmetry, the same as its acoustic
modes, and behaves as a quasiacoustic mode, whereas in
LaOCuSe the LFO mode Eg(R,1) has Eg symmetry [see
Fig. 3(a)]. This symmetry matching as well as a lower value of
the LFO mode in BiOCuSe than in LaOCuSe clearly suggest
that the acoustic modes can interact more strongly or can be
hybridized more strongly in the former than in the latter, lead-
ing to a larger acoustic-optical phonon scattering and hence
lower κ . Additionally, despite being very heavy, Bi atoms in
the Eu(IR,TO1) mode [see Fig. 3(a)] exhibit a significantly
large displacement, indicating higher anharmonic effects.
Indeed, as the Eu(IR,TO1) mode in BiOCuSe has a larger
mode Grüneisen parameter γj [42] than the Eg(R,1) mode in
LaOCuSe [see Fig. 3(b)], the anharmonicity for the former is
larger, leading to a stronger anharmonic scattering at elevated
temperatures [43]. At high temperatures, for nonmetallic
crystalline solids, the anharmonic umklapp processes are
dominant in scattering heat-conducting phonons. Assuming
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FIG. 3. (Color online) (a) Atomic displacement patterns for the respective lowest-frequency optical (LFO) mode, i.e., Eu(IR,TO1) ∼
53 cm−1 in BiOCuSe (left panel) and Eg(R,1) ∼ 62 cm−1 in LaOCuSe (right panel). Arrows are proportional to the amplitude of the atomic
motions. (b) Mode Grüneisen dispersion of the above LFO mode in comparison to that of the longitudinal acoustic (LA) and transverse acoustic
(TA) modes in BiOCuSe (left panel) and in LaOCuSe (right panel), respectively. In both panels, open circles (blue), solid circles (red), and
solid squares (green) stand for LFO, LA, and TA modes.

the heat is conducted only by acoustic and quasiacoustic
phonons via these umklapp scattering processes, the thermal

conductivity can be evaluated by [44] κ = 3.1 × 10−6 M̄
3
Dδ

γ 2
α n2/3T

in W m−1K−1, where M̄ is the average atomic mass in amu,

D is the Debye temperature in K, δ3 is the volume per atom

in Å
3
, n is the number of atoms in the primitive unit cell, and

γα is the average acoustic and quasiacoustic mode Grüneisen
parameter. This relation gives κ = 0.5 W m−1K−1 at T = 923
K for BiOCuSe with γα = 2.9, whereas κ = 1.9 W m−1K−1 at
T = 923 K for LaOCuSe with γα = 1.9. The κ of BiOCuSe is
calculated to be about four times lower than that of its isostruc-
tural analog LaOCuSe using the present PBEsol estimates of
the above parameters. This result is in good agreement with
the experimental observation [19]. Furthermore, the calculated
out-of-plane γα [γ ⊥

α or γα(�Z)] in BiOCuSe [as obtained
from Fig. 3(b), left panel] is found to be about two times
larger than in-plane γα [γ ‖

α or γα(�X)], resulting in that the
out-of-plane thermal conductivity (κzz) in BiOCuSe is about
two times smaller (κzz ≈ 0.31 W m−1K−1 at T = 923 K)
than the in-plane one (κxx ≈ 0.6 W m−1K−1 at T = 923 K).

This suggests that BiOCuSe has an unprecedented twofold
anisotropy of heat flow between the in-plane and out-of-plane
directions.

In conclusion, a first-principles DFT study of the lattice
dynamics and related properties of BiOCuSe and LaOCuSe
is performed to find the reasons why BiOCuSe is a better
thermal insulator than LaOCuSe. For these oxychalcogenides,
phonon frequencies with symmetries, characters, spectro-
scopic activities, displacement patterns, and pressure coef-
ficients of different zone-center modes, dielectric constants,
dynamical charges, and phonon and Grüneisen dispersions are
determined, which will certainly motivate future experimental
studies, especially in IR and Raman spectroscopies. Despite
their similar Young’s modulus values, the material with a
heavier element is found to exhibit lower κ as the higher
atomic mass produces lower phonon frequencies, slower sound
velocities, and a higher average mode Grüneisen parameter,
which are more detrimental to heat transfer. This theoretical
study is likely to be of value for the development of advanced
TE technologies based on this class of oxychalcogenide
thermoelectrics.
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