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Layered LaCuOSe: A Promising Anisotropic Thermoelectric Material
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Thermoelectric (TE) materials can convert temperature difffferences into electricity directly and
reversibly without air pollution, which provides a viable route for alleviating global warming and the
energy crisis. Here, we use first-principles calculations combined with semiclassical Boltzmann transport
theory to assess the potential of layered LaCuOSe for TE applications. Originating from the layered crystal
structure, the electronic and thermal transport properties (i.e., Seebeck coefficient, electrical conductivity,
and thermal conductivity) are highly anisotropic between the in-plane and out-of-plane directions. The
optimal figure of merit of 2.71 is achieved along the out-of-plane direction for electron doping at 900 K.
Such excellent TE properties can be attributed to desired La-Se interlayer interaction between adjacent
layers and relatively strong coupling between acoustic phonons and optical phonons, resulting in simul-
taneous enhancement of the electrical conductivity and suppression of the lattice thermal conductivity.
This study provides an effective route to improve the TE performance of layered LaCuOSe by utilizing
the anisotropic character of transport properties and offers implications in promoting related experimental

investigations.
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I. INTRODUCTION

Ever-increasingly serious energy shortage and the
greenhouse effect have become global issues, which
strongly demand renewable and clean energy resources
[1-6]. In recent years, thermoelectric (TE) materials,
which are capable of directly and reversibly converting
temperature differences into electricity via the Seebeck
and Peltier effect, have been considered as one highly
possible solution [7—11]. The efficiency of TE materials
can be measured by the figure of merit, ZT = S?0 T/, in
which S, o, T, and « are the Seebeck coefficient, elec-
trical conductivity, temperature, and thermal conductivity,
respectively [12]. An excellent TE material should exhibit
a large Seebeck coefficient, a high electrical conductivity,
and low thermal conductivity. Nevertheless, due to strong
inherent coupling of these coefficients, it is not easy to
increase the power factor, PF (S?0’), and reduce the ther-
mal conductivity simultaneously [13]. Thus, to improve
the conversion efficiency of TE materials, several strate-
gies have been developed, e.g., grain boundary engineering
[14,15], interface engineering [16,17], band-structure engi-
neering [18,19], nanostructure engineering [20,21], and
strain engineering [22,23]. Apart from optimizing existing
TE materials, the exploration of TE materials is another
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important way to improve TE conversion efficiency, i.e.,
finding materials with excellent TE performance in exist-
ing materials and predicting alternative TE materials
[11,24]. The specific methods for materials discovery
include experimental research [25-28] and theoretical pre-
diction (such as first-principles calculations [11,29], high-
throughput computations [30-32]). For example, first-
principles calculations carried out by Tao et al. [11]
reveal that the new two-dimensional (2D) material InPs,
which has outstanding optical character and great poten-
tial in photovoltaic solar cells, is also an excellent TE
material.

Layered materials attract wide attention due to their
intrinsic ultralow lattice thermal conductivities and large
Seebeck coefficients [29,33]. These properties mainly
depend on the coupling between adjacent layers, which
can be either weak van der Waals (vdW) interactions
[29] or sizable quasi-covalent bonding [34—36]. Generally,
the interface interactions between adjacent layers cause
large phonon anharmonicity, leading to dissipative phonon
transport and ultralow lattice thermal conductivity. Such
characteristics enable layered materials to show potential
as TE materials. However, because of the absence of effec-
tive bonding between adjacent layers in conventional vdW
layered materials, their electrical conductivities are usually
low [29]. Therefore, if suitable layered materials with rel-
atively strong interlayer coupling, and thus, high electrical
conductivity can be identified, then these materials may
exhibit large ZT values.

© 2020 American Physical Society
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As a classic p-type layered oxychalcogenide semicon-
ductor, LaCuOSe exhibits interesting photoelectric, mag-
netic, and electronic transport properties, which have been
the previous focus for this material [37—39]. On the other
hand, the natural layered structure of LaCuOSe combined
with excellent intrinsic electrical properties suggest its
potential for TE applications. From the crystal structure
perspective, the (Cu,Se;)?~ layers in LaCuOSe can be
considered as the two-dimensional sublattice of the tradi-
tional TE material Cu,Se [see Figs. 1(a) and 1(b)] [40].
Due to the carrier confinement effect in the (CuySe;)>™
layers, the Seebeck coefficient of LaCuOSe is expected
to be higher than that of bulk Cu,Se [41]. From the
bonding perspective, the large difference among La—Se,
La—0O, and Cu—Se bonds in layered LaCuOSe leads
to large phonon anharmonicity, and thus, to low lattice
thermal conductivity. Very importantly, this layered crys-
tal exhibits high electrical conductivity, and the electrical
conductivity can be controlled by element doping [42].
Recently, Yasukawa et al. took the first step to experi-
mentally study the possibility of applying this material
toward TE applications by measuring the thermoelectric
properties for both pristine and doped LaCuOSe [43]. They
find that Sr doping can significantly increase the electri-
cal conductivity, thus leading to an enhancement of the
power factor, while its Seebeck coefficient is still small

and there are no reliable reports on the thermal conduc-
tivity or Z7 value. On the other hand, Hidenori et al. report
that the carrier mobility and effective mass of LaCuOSe
are of anisotropic character, originating from the layered
crystal structure [39]. Saha and Dutta find that the ther-
mal conductivity of LaCuOSe exhibits strong anisotropy
[44]. As a result, it is expected that the thermoelectric
properties of LaCuOSe are anisotropic, which might pro-
vide a possibility to obtain a high figure of merit (Z7)
along a certain direction. Unfortunately, systemic stud-
ies on the TE performance of LaCuOSe, especially the
direction-dependent thermal-electric properties, are not yet
reported.

Here, the electronic and thermal transport properties of
LaCuOSe are systematically studied using first-principles
methods combined with semiclassical Boltzmann transport
theory. The effects of La-Se interaction between adjacent
layers and anharmonic interaction of phonons on the TE
performance of LaCuOSe are investigated. The optimal ZT'
value of LaCuOSe is strongly direction dependent, which
is as high as 2.71 at 900 K along the ¢ axis direction and
0.26 along the a axis direction. Therefore, LaCuOSe has
great potential in the application of highly efficient TE
materials. This study demonstrates that layered LaCuOSe
can achieve high thermal-electric performance by utilizing
the anisotropic character of transport properties, which is

FIG. 1. Top view (a) and front
view (b) of the crystal structure
of LaCuOSe. The calculated band
structure (c) and total and partial
density of states (d) for LaCuOSe.
The calculated band-decomposed
charge density of valence bands
(e) and conduction bands (f) near
the Fermi level at G point for
LaCuOSe.
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of important significance for promoting related theoretical
and experimental investigations.

II. COMPUTATIONAL DETAILS

Our first-principles calculations are performed by using
density functional theory (DFT), as implemented in the
Vienna ab initio Simulation Package (VASP) code [45—47].
The exchange-correlation effects are treated by the general-
ized gradient approximation (GGA) [48,49] in the Perdew-
Burke-Ernzerhof (PBE) parametrization [50]. To obtain
accurate electronic structure and transport coefficients, the
Heyd-Scuseria-Ernzerhof hybrid functional (HSE06) [51]
is adopted to describe the exchange-correlation energy, and
the effect of spin-orbit coupling (SOC) is considered. The
plane-wave kinetic energy cutoff is set at 400 eV. We per-
form a series of test calculations to determine the k-point
sampling for evaluating the transport coefficients. Figure 2
shows the ratio of electrical conductivity to relaxation
time (0/t) and Seebeck coefficients, S, along the a and ¢
axes for n- and p-type LaCuOSe obtained by employing
6x6x3,8x8x4,10x10x5,and 12 x 12 x 6 k-point
samplings. It is shown that the 12 x 12 x 6 Monkhorst-
Pack k-mesh can provide converged results. This k-point
sampling, thus, is employed in our study to evaluate the

transport coefficients. The convergence criteria for energy
and force are 10™* and 1075 eV/A, respectively. The
electronic transport coefficients of both n- and p-type
LaCuOSe are obtained by semiclassical Boltzmann the-
ory within the relaxation-time approximation (RTA) in the
BoltzTraP2 code [52]. The relaxation time (t) is calcu-
lated by the deformation potential (DP) theory [53]. The
second- and third-order interatomic force constants (IFCs),
as inputs of the Phonopy package [54] and ShengBTE code
[55] to calculate the phonon structure and lattice thermal
conductivity, respectively, are obtained by using 4 x 4 x 1
and 3 x 3 x 1 supercells, which contain 128 and 72 atoms,
respectively. The crystal structure is plotted using VESTA
software [56].

ITI. RESULTS AND DISCUSSIONS

A. Crystal structure and electronic structure of
LaCuOSe

LaCuOSe crystallizes in a Zu-Si-Cu-As-type structure
with the P4/nmm (No. 129) space group [57]. The antiflu-
orite layers (La;0,)** and fluoritelike layers (Cu,Se;)?~
are stacked perpendicularly along the ¢ axis in the
tetragonal unit cell, as shown in Figs. 1(a) and 1(b). Our

FIG. 2. Seebeck coefficient, S [(a),(b)], and ratio

of electrical conductivity to relaxation time, o/t
[(c),(d)], along the a and ¢ axes as a function
of carrier concentration for n-type LaCuOSe at
900 K obtained by different K-point sampling in
the Brillouin zone.
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TABLE 1. The calculated equilibrium lattice constants, interlayer spacing (), and band gaps (£g) for LaCuOSe and other TE
materials. The obtainable experimental and theoretical values are also listed.
a(A) b(A) c(A) d(A) Eg (eV)
LaCuOSe Our calc 4.06 4.06 8.77 1.66 2.59
Other calc [44] 4.02 4.02 8.65 1.64 1.4
Expt. [57] 4.07 4.07 8.80 — 2.8
LaCuOS Other calc [81] 3.99 3.99 8.52 1.61 1.67
Expt. [57] 3.99 3.99 8.52 — 3.2
LaCuOTe Other calc [81] 4.18 4.18 9.34 1.83 1.2
Expt. [57] 4.18 4.18 9.34 — 23
BiCuOS Other calc [82] 3.88 3.88 8.60 1.59 0.67
Expt. [83] 3.87 3.87 8.56 — 1.1
BiCuOSe Other calc [82] 3.94 3.94 9.02 1.67 0.47
Expt. [83] 3.93 3.93 8.93 0.8
BiCuOTe Other calc [82] 4.04 4.04 9.93 1.84 0.21
Expt. [83] 4.04 4.04 9.52 — 0.4
PtS, Other calc [35] 3.58 3.58 6.25 2.54 0.48
PtSe; Other calc [36] 3.76 3.76 6.12 3.27 —
GeAs; Other calc [29] 10.15 14.84 3.71 1.02 0.96
SnSe Other calc [84] 11.79 4.22 4.55 3.01 0.6
SnS, Other calc [69] 3.70 3.70 6.98 3.60 2.04
SnSe, Other calc [69] 3.87 3.87 6.91 3.58 1.09

optimized equilibrium lattice constants are a =4.06 A and
c¢=8.77 A, which are consistent with the experimental
values of a=4.07 A and ¢=8.80 A [57] and other cal-
culation results of a=4.02 A and ¢=8.65 A [44] (see
Table I). The nearest atoms between adjacent layers are
La and Se atoms, and the vertical interlayer spacing of
1.66 A between the adjacent layers of LaCuOSe is smaller
than that in many typical layered materials. For example,
the interlayer spacings are 2.54 A in platinum disulfide
(PtS;) [35] and 3.27 A in black phosphorus (PtSe;) [36].
Table I also shows the interlayer spacing of some typical
TE materials for comparison. It is known that the vertical
interlayer spacing of layered material is critical for deter-
mining the electronic structure, and thus, related electrical
or thermoelectric properties. For example, an ultrasmall
interlayer spacing of near 1 A for layered GeAs, is shown
to significantly increase the out-of-plane electrical conduc-
tivity [29]. Thus, it is expected that such a short vertical
interlayer spacing in LaCuOSe may also provide desired
channels for electron transport between the (La,0,)** and
(CuzSe;)?~ layers.

The band structure and density of state distribution for
LaCuOSe are plotted in Figs. 1(c) and 1(d), respectively. It
is shown that both the conduction band minimum (CBM)
and valence band maximum (VBM) are positioned at the
G point, indicating that the band gap is of direct character.
Additionally, the conduction band (valence band) around
the Fermi level is mainly contributed to by La atoms (Cu
and Se atoms), in analogy to other La-based thermoelec-
tric perovskites with similar crystal structures and lattice
parameters [S8—61]. The calculated band gap of 2.59 eV is
in good agreement with the experimental value of 2.8 eV

[57]. Since the HSEO06 functional and SOC effects are
considered in this calculation, our result is larger than
that of the standard DFT and GGA result of 1.4 eV [44]
(see Table I).

B. Relaxation time and electron-transport properties
of LaCuOSe

Based on the optimized structure, the thermoelec-
tric properties of LaCuOSe in the temperature range of
300900 K are investigated. Experimentally, it has been
reported that LaCuOSe can exist stably at about 673 K,
and this material can be sintered at a temperature higher
than 1200 K [43,62]. In the literature, the phase stability of
LaCuOSe between 600 and 900 K has not been reported
thus far, while its analogs, i.e., LaCuOSe [63] and BiC-
uOSe [64], have been reported to exist stably at 900 K.
In this study, an ab initio molecular dynamics (AIMD)
method is employed to investigate the phase stability of
LaCuOSe under different temperatures. The calculations
are performed using a canonical ensemble (NVT) with a
Nose-Hoover heat bath scheme [65]. Figure 3(a) shows the
evolution of free energy of LaCuOSe with time at tem-
peratures of 300, 600, and 900 K. The simulation time of
4 ps is used to ensure that the system reaches equilibrium
under different temperatures. The equilibrium geometrical
structures of LaCuOSe at temperatures of 300, 600, and
900 K are illustrated in Figs. 3(b)-3(d), respectively. It is
shown that LaCuOSe remains crystalline between 300 and
900 K.

According to the relaxation-time approximation, the
energy-dependent electrical conductivity can be calculated
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FIG. 3. (a) Free energy fluctuations with respect to time
in AIMD simulations at different temperatures for LaCuOSe.
(b)+d) Equilibrium structures of LaCuOSe obtained by AIMD
simulations at 300900 K.

as [29]

e af°

o=3 /r(k)v(k)v(k) |: aE]dk’ (1)
where e, Q,7(k), v(k), and f© are the electron charge,
volume of the unit cell, relaxation time, group velocity,
and Fermi-Dirac distribution function, respectively. / © is
the probability of a quantum state with energy E being
occupied by an electron. For classic metals, the values of
of °/OE are typically concentrated near the Fermi level in
the energy range of E; — (kgT/2) to Ef + (kgT/2). How-
ever, for classic semiconductors, due to the existence of the
forbidden energy gap, the effective density of states for car-
riers only becomes nonzero starting from band edges, e.g.,
the VBM and CBM. Thus, generally only carriers near the
CBM and VBM contribute to the electrical conductivities
of semiconductors, and most of these carriers are essen-
tially distributed in the range of kzT near the CBM and

VBM. Considering the temperature evolution, the values
of kgT are 0.026 eV at 300 and 0.078 eV for 900 K, i.e.,
the distribution range of carriers is expected to be increased
by thermal excitation as the temperature rises. The energy
difference between the lowest two conduction bands (high-
est two valence bands) for LaCuOSe at the G point is about
0.1 (0.15) eV, which is close to the value of 0.078 eV for
kgT at 900 K, and thus, the conduction band next to CBM
(CB1) and the valence band next to VBM (VB1) may also
affect the electrical conductivity of LaCuOSe at high tem-
peratures. We further calculate the probabilities of carrier
occupation ( %) for CB1, CBM, VBI, and VBM, and we
find that the ratios of ' ° for CB1 to that for CBM, i.e.,
fO(CBl)/fO(CBM), are 2.87% at 300 K and 30.9% at 900 K.
Similarly, the ratios of ° for VBI1 to that for VBM, i.e.,
72 wen/f  vemy» are 0.27% at 300 K and 13.9% at 900 K.
The results indicate that the electrical conductivity mecha-
nism of LaCuOSe is significantly affected by temperature.
At low temperatures, conductivity is mostly contributed
to by the CBM and VBM, while, at high temperatures,
both CB1 and VBI1 participate in conduction. Here, we
note that, although more electrons (bands) are involved, the
overall macroscopic conductivity is still limited by phonon
scattering at high temperatures [see Figs. 4(c) and 4(d)].
Additionally, for n- or p-type doped LaCuOSe, the doped
carriers will be distributed on higher (lower) energy levels,
and thus, enhance the electron-transport performance.
Based on the Eq. (1), the relaxation time, 7 (the aver-
age time between two consecutive scattering events), is
required for the calculation of the electrical conductivity, o
[52]. According to the single parabolic band (SPB) model
[66], the energy-dependent relaxation time can be defined
as t(F) = toE", where the scatting mechanism parameter,
r, is set as —1/2. The acoustic phonon scattering-limited
relaxation time, 7y, is given by the DP theory [53]

h4Cﬁ
Ty = )
T 8miksT2m*)2E?

@)

where h, C;;, kg, m*, and E; are the Planck constant, elas-
tic constant, Boltzmann constant, effective mass, and DP
constant, respectively. The calculated values of m*, F,
and Cj; are listed in Table II. The carrier-concentration-
dependent relaxation time for both p- and n-type LaCuOSe
at 300, 600, and 900 K are shown in Figs. 4(a) and 4(b),
respectively. First, the relaxation time is dependent on car-
rier types, i.e., the hole relaxation time is smaller than the
electron relaxation time at the same temperature due to the
lower chemical potential with hole doping. Second, the
relaxation time is also dependent on crystal orientations,
mainly due to different elastic constants and DP constants,
as well as the coupling between in-plane and out-of-plane
directions. For p-type LaCuOSe, the hole relaxation time
along the a axis (solid lines) direction is smaller than that
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(a) (b) FIG. 4. Calculated relaxation time, t [(a),(b)],
3 - 16 ‘ and electrical conductivity, o [(c),(d)], as a func-
ggg lli a axis -type ggg Ié a axis n-type tion of carrier concentration for LaCuOSe.
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along the ¢ axis (dashed lines) direction under each con-
sidered temperature [Fig. 4(a)]. However, n-type LaCuOSe
shows the opposite trend, i.e., the electron relaxation time
is higher along the a axis [Fig. 4(b)]. Third, relaxation time
decreases as temperature rises, i.e., the relaxation times for
p-and n-type LaCuOSe vary over a large range from 1.6 to
0.3 fsand 8.2 to 1.8 f's at temperatures of 300900 K, due
to more frequent scattering of carriers at higher tempera-
ture [29,67]. Frequent scattering suppresses the transport
of carriers and leads to low electrical conductivity. Thus,
the large reduction in relaxation time suggests that the elec-
trical conductivity of LaCuOSe decreases markedly as the
temperature rises. A similar strong dependence of relax-
ation time on temperature is also found in other anisotropic
layered materials, e.g., the relaxation times are 132 f's for
GeAs; [29] and 324 f's for GeSe [67] at 300800 K.
Based on the obtained relaxation time, anisotropic elec-

. . -3
Carrier concentration (cm™)

higher than that along the c axis (dashed lines) at each tem-
perature, e.g., at room temperature, o along the @ axis is
about three times higher than that along the ¢ axis. This dif-
ference is even more significant at higher temperature, for
example, at 900 K, o along the a axis is nearly one order of
magnitude higher than that along the ¢ axis (see values in
Table III). This electrical conductivity anisotropy is due to
the relatively weaker interactions between layers along the
¢ axis, which is consistent with previously reported charac-
teristics of layered materials [68,69]. Moreover, at a given
orientation and temperature, the electrical conductivity

TABLE II. The calculated DP constant £, elastic constant C;,
and effective mass m* for LaCuOSe. The m, is the electronic
mass.

trical conductivity (o) of LaCuOSe is obtained and the Carrier type E1 (eV) Cii (GPa) m* (me)
results are plotted in Figs. 4(c) and 4(d). In all cases, the  a axis Electron —15.56 92.0 0.34
electrical conductivities of both p- and n-type LaCuOSe Hole —8.23 92.0 2.47
increase as the carrier concentration rises. Regardless of ~ caxis  Electron —13.57 61.2 0.37
Hole -9.25 61.2 1.84

carrier types, o along the a axis (solid lines) is always
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TABLE TII.  The calculated electrical conductivity o and Seebeck coefficient S of LaCuOSe for carrier concentrations of 1 x 108
and 1 x 10! cm™3.

p-type n-type
1x108 cm™3 1x10* cm™3 1x108 cm™3 1 x10* cm™3

a axis ¢ axis a axis ¢ axis a axis ¢ axis a axis c axis
o (S/m) 300 K 18.8 6.9 22842.4 3072.1 308.6 129.9 640561.1 76740.3
600 K 10.2 2.2 11298.5 1255.2 196.3 64.2 225083.2 43477.1
900 K 6.9 1.1 7222.2 725.6 141.5 36.6 121878.2 27791.3

S (uV/K) 300 K 630.0 560.0 60.5 23.6 —643.7 —484.6 —44.6 —53.7
600 K 706.3 629.5 117.3 58.4 —671.5 —-590.9 —86.4 —126.4

900 K 743.2 676.6 153.1 111.2 -707.5 —687.6 —126.3 —178.9

of n-type LaCuOSe is larger than that of p-type LaCu-  explore the origin of different transport behaviors of elec-
OSe. For example, at room temperature, n-type LaCuOSe  trons and holes, the band-decomposed charge densities
shows typically 1625 times higher electrical conductiv-  near the Fermi level are also plotted, as shown in Figs.
ity than that of p-type doping (depending on orientation 1(e) and 1(f). In our calculation, the isosurface level is set
and carrier concentration), while, at a higher temperature  at a value of 0.0005. At the VBM, the charge densities of
of 900 K, this difference is increased to 40 times for ¢ atoms show strong localization and no conducive pathways
orientation (see Table III). Apparently, the higher elec-  are generated between atoms at this isosurface value, lead-
trical conductivity for the n-type case is consistent with  ing to weak charge transfer and low electrical conductivity
its longer relaxation time. Yet, according to Eq. (1), t  for p-type LaCuOSe [Fig. 1(e)]. In contrast, at the CBM,
is not the only parameter to determine o. Therefore, to  the electron density distribution is much more delocalized

(a) (b) FIG. 5. Calculated Seebeck coefficient, §
900 0 a),(b)], and power factor, PF [(c),(d)], as a
-type ——300 K a axis n-type [( ) ( )] p . I¢ ) ( )]
. function of carrier concentration for LaCuOSe.
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FIG. 6. Calculated electronic thermal conductivity, «., for p- (a) and n-type (b) LaCuOSe as a function of carrier concentration. (c)
Calculated lattice thermal conductivity, «;, as a function of temperature. The calculated phonon dispersion (d) and phonon total and

partial density of states (e) for LaCuOSe.

over the La and Se atoms, resulting in La-Se interaction
and conduction-channel formation for electrons between
the (Lay0,)>* and (Cu,Se,)?~ layers along the out-of-
plane direction. Moreover, the electron conduction path-
way is also found within the in-plane (Cu,Se;)>~ layers
[Fig. 1(f)]. The formation of multiple electron-conduction
channels accounts for the observed high conductivity of
n-type LaCuOSe [70].

C. Seebeck coefficient and power factor of LaCuOSe

The calculated Seebeck coefficients of LaCuOSe are
given in Figs. 5(a) and 5(b). Generally, the absolute val-
ues of the Seebeck coefficients for both p- and n-type
LaCuOSe decrease as the carrier concentration rises. For
a specific carrier concentration, the Seebeck coefficient of
p-type LaCuOSe along the a axis (S, solid lines) is larger
than that along the ¢ axis (S, dashed lines) under each
temperature [see Fig. 5(a)]. For example, the values of

S, and S, at 300 K are 630 and 560 uV/K, respectively,
for a doping concentration of 1 x 10'® ¢cm=3 (see Table
III). On the other hand, n-type LaCuOSe also shows a
similar orientation-dependent trend at low electron con-
centrations. For example, at a temperature of 300 K,
the absolute value of the Seebeck coefficient along the
a axis (|S,]) is greater than that along the ¢ axis (|S.];
see Table III). However, for n-type LaCuOSe there is a
critical carrier-concentration threshold (9 x 10%° cm™3),
where |S.| becomes greater than |S,| [Fig. 5(b)]. A simi-
lar crossover of orientation-dependent Seebeck coefficients
is also observed at higher temperatures (i.e., 600 and
900 K) in n-type LaCuOSe. These results demonstrate that
the Seebeck coefficients of both p- and n-type LaCuOSe
are anisotropic, and the anisotropic Seebeck coefficient
for n-type LaCuOSe is affected by carrier concentration.
To explore the origin of Seebeck coefficient anisotropy
and its carrier-concentration dependence for two systems,
the internal relationship between coefficient S and the
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electronic structure is further investigated. Generally, the
Seebeck coefficient can be described as [71]

B 8n2k§m*T< T )2/3 3

S = =
3eh? 3n

in which T and e are temperature and electronic charge,
respectively. Table II shows that, for the p-type system,
the hole effective mass along the a axis (2.47 m,) is much
larger than that along the ¢ axis (1.84 m,), resulting in
S, always being larger than S, regardless of tempera-
ture and carrier concentration, as observed in Fig. 5(a). In
contrast, for the n-type system, electron effective masses
along different directions are close to each other, i.e., 0.34
m, for the a axis and 0.37 m, for the ¢ axis, due to
comparable band curvatures for the bottom of the con-
duction bands along in-plane and out-of-plane directions
[Fig. 1(c)]. Therefore, according to Eq. (3), the values
of |S,] and |S,| for n-type LaCuOSe are expected to be
comparable; however, the results in Fig. 5(b) show clear
anisotropy of the Seebeck coefficient in #-type LaCuOSe.
This apparent inconsistency can be ascribed to the band-
degeneracy-related Seebeck contribution. From the band
structure in Fig. 1(c), it is seen that the lowest two con-
duction bands of LaCuOSe show degenerate behavior, i.e.,
the energy difference between the lowest two conduction
bands at the G point is very small, in the order of 0.1 eV
(please refer to previous discussion in Sec. III B). There-
fore, for n-type LaCuOSe, the doped electrons will occupy
both CBM and CBI1, and thus, both will contribute to the
Seebeck coefficient [10,18,19]. As a result, the macro-
scopic Seebeck coefficient, as reflected by Eq. (3), will
not only be determined by band curvatures and electron
density at the CBM, but also by the degree of conduction-
band degeneracy and electron filling on the CB1. Since the
degree of band degeneracy for CBM and CBI1 is affected
by both crystal orientation and overall doping level, it is
reasonable to expect different carrier-concentration depen-
dences of |S,| and |S,| for n-type LaCuOSe, i.e., crossover
at high carrier concentrations, as shown in Fig. 5(b). These
phenomena, i.e., the energy-band degeneracy leading to
crossover of the Seebeck coefficient in different directions
as the carrier concentration rises, are found in many TE
materials, such as GeAs, and GeSe [29,67].

The thermoelectric power factor (PF = S?0') determines
the coupling effects between the Seebeck coefficient and
electrical conductivity. The calculated PF values of LaCu-
OSe as a function of carrier concentration are plotted in
Figs. 5(c) and 5(d). It is clearly seen that n-type LaCuOSe
possesses a significantly higher optimal PF value than that
of the p-type system. For instance, the maximum PF value
for n-type LaCuOSe (300 K, a axis) is 2.68 mW/mK?,
which is one order of magnitude larger than the value of
0.17 mW/mK? for p-type LaCuOSe under the same con-
ditions (300 K, a axis). Interestingly, the obtained highest

PF value of 2.68 mW/mK? for LaCuOSe is much larger
than those of well-known oxyselenide TE materials, e.g.,
BiCuOSe [64] and Bi,0,Se [71], for which the maximum
PF values are reported to be about 0.18 and 0.95 mW/mK?
at 300 K, respectively. Similar to ¢ and S, PF also shows
a strong dependence on crystal orientation. The PF' values
of p- and n-type LaCuOSe along the a axis (solid lines)
are much larger than those along the ¢ axis (dashed lines)
at the same temperature. For example, at 300 K, the max-
imum PF value of 2.68 mW/mK? for n-type LaCuOSe
along the a axis is larger than that of 1.38 mW/mK? along
the ¢ axis. Furthermore, although p-type LaCuOSe shows
a smaller PF, it exhibits more significant anisotropy than
that of n-type LaCuOSe. For example, the PF' anisotropy
(ratio of PF maximum along the a axis to that along the
¢ axis) for n-type LaCuOSe varies from 1.9 to 1.6 as the
temperature rises from 300 to 900 K, while the value for
p-type LaCuOSe is remarkably larger, i.e., more than 8.7
in the same temperature range. This PF anisotropy behav-
ior results from the synergetic effect of the anisotropic
Seebeck coefficient and electrical conductivity.

D. Thermal transport properties of LaCuOSe

Thermal conductivity, «, includes electronic thermal
conductivity, k., and lattice thermal conductivity, «;. The
electronic thermal conductivity obtained directly from the
BoltzTraP2 code, i.e., k, is calculated under closed-circuit
conditions. Since the electronic thermal conductivity is
defined as the heat current per unit of temperature gradi-
ent under open-circuit conditions, the electronic thermal
conductivity obtained directly from the BoltzTraP2 code
has to be corrected by k. = kg — To'S? [72]. In this study,
the electronic thermal conductivity under open-circuit con-
ditions is obtained by the Wiedemann—Franz law [73,74],
i.e., k. = Lo T, where L is Lorenz constant. We also com-
pare the electronic thermal conductivities obtained by the
BoltzTraP2 code (plus correction) with the values obtained
by the Wiedemann-Franz law, and we find that the results
obtained by the two different methods are generally con-
sistent with each other. The calculated electronic thermal
conductivity as a function of carrier concentration is plot-
ted in Figs. 6(a) and 6(b). Because «, and o are linearly
correlated, the variation of «, with carrier concentration
follows the same trend of o as that shown in Figs. 4(c)
and 4(d). On the other hand, based on the second- and
third-order interatomic force constants, the lattice ther-
mal conductivity, «;, of LaCuOSe is obtained. Figure
6(c) presents the calculated temperature-dependent «; for
LaCuOSe with different orientations along with the aver-
age value. Since phonon scattering becomes stronger with
the increase of temperature, «; decreases as the temper-
ature rises. It is noted that the lattice thermal conductivity
along the a axis decreases more remarkably than that along
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TABLE IV. The lattice thermal conductivities (in W/mK) at room temperature and optimal Z7 values for LaCuOSe and other TE

materials.
K lay Kla Kip Kle ZT value
LaCuOSe Our calc 1.73 2.51 2.51 0.18 2.71 (900 K)
Expt. [43] 2.10 — — - -
AgCrSe, Expt. [85] ~1.6 — - - 0.90 (750 K)
AgSbTe, Expt. [79] 0.68 — — — 1.30 (720 K)
BiSbTe Expt. [86] ~0.9 — — — 1.05 (323 K)
BiCuOSe Other calc [77,82] 0.87 1.10 1.10 0.41 0.92 (900 K)
Expt. [87] 0.77 — — — 0.31 (650 K)
Bi,0,Se Other calc [78] 1.14 1.32 1.32 0.82 0.53 (500 K)
Expt. [88] 1.10 - - - 0.15 (800 K)
GeAs; Other calc [29] 7.31 2.34 18.2 1.41 2.78 (800 K)
In3Ses-s Expt. [89] 1.18 — — — 1.48 (705 K)
PbTe Other calc [75] ~2.4 — — — —
Expt. [90] 1.50 — — — 0.48 (723 K)
MgAgSb Expt. [91] ~1.1 — — — 0.90 (450 K)
SnSe Expt. [25] 0.61 0.47 0.69 0.67 2.62 (923 K)
SnSe, Other calc [69] 0.51 0.55 0.55 0.42 0.86 (800 K)

the ¢ axis. In the temperature range of 300-900 K, the lat-
tice thermal conductivities along the a axis (k,) and ¢ axis
(x ;) are calculated to be 2.51-0.84 and 0.18-0.06 W/mK,
respectively. The lattice thermal conductivity of LaCuOSe
shows strong anisotropic character. The room-temperature
Kia/k ). ratio of 13.64 for LaCuOSe is much larger than
that of other anisotropic TE materials, e.g., 6.55 for GeAs;
[29] and 3.44 for phosphorene [33]. Additionally, LaCu-
OSe exhibits ultralow average lattice thermal conductivity.
The average lattice thermal conductivity of 1.73 W/mK
is obtained at 300 K, which is consistent with the exper-
imental value of 2.1 W/mK reported by Yasukawa et al.
[43]. Such a low lattice thermal conductivity of LaCu-
OSe is comparable to that of well-known TE materials,
such as PbTe [75] and Bi,Se; [76], for which the aver-
age lattice thermal conductivities are reported to be about
2.4 and 2.0 W/mK at 300 K, respectively. The lattice
thermal conductivities of some typical TE materials are
also given in Table IV, and the out-of-plane lattice ther-
mal conductivities are marked in bold type. It is noted
that the lattice thermal conductivity for LaCuOSe along
the ¢ axis has the lowest value among the reported TE
materials.

The phonon spectrum and phonon density of state dis-
tribution for LaCuOSe are shown in Figs. 6(d) and 6(e).
The frequency gap between the high- and low-frequency
modes of the optical branches is 2.01 THz. The acoustic
branches and low-frequency optical branches are domi-
nated by La, Se, and Cu atoms, and the high-frequency
optical modes are dominated by O atoms. Such distribu-
tions mainly result from the large mass differences between
O and La (Cu, Se) atoms. Generally, the band gap of the
phonon spectrum includes the acoustic-optical band gap
and the optical-optical band gap. The appearance of the

acoustic-optical band gap can greatly reduce the scatter-
ing of acoustic phonons and optical phonons, and thus,
increase the lattice thermal conductivity. In other words,
the strong coupling between the acoustic branches and
optical branches can significantly reduce the lattice ther-
mal conductivity. As for the optical-optical band gap (i.e.,
the separation of partial density of states between differ-
ent atoms appearing in the vibration range of the optical
phonon), it can cause a slight increase in the lattice ther-
mal conductivity, which is negligible compared with the
effect of the acoustic-optical band gap or acoustic-optical
coupling [77]. As observed from Fig. 6(e), obvious density
of states overlapping occurs in LaCuOSe near a frequency
of about 1.5 THz, which indicates that coupling between
the acoustic branches and optical branches is strong. This
strong coupling reflects large anharmonic scattering, which
results in low mean free paths of phonons and suppressed
phonon transport, and thus, eventually leads to a low lattice
thermal conductivity of LaCuOSe [78]. Similar phenom-
ena are also found in many layered materials, such as
Bi,0,Se and Bi,O,Te, for which the lattice thermal con-
ductivities are reported to be 1.14 and 0.58 W/mK at
room temperature, respectively [78]. The low lattice ther-
mal conductivity can also be explained by the Griineisen
parameter, y, which reflects the change of phonon fre-
quency with the crystal volume [25]. High y means a
large lattice anharmonicity, and thus, low «;. For exam-
ple, the average values of y of SnSe [25], AgSbTe, [79],
and PbTe [75] are 2.87, 2.05, and 1.45, respectively, corre-
sponding to average «; values 0of 0.61, 0.68, and 2.4 W/mK
at room temperature. In our calculation, the average y of
2.67 reflects large lattice anharmonicity in layered LaCu-
OSe. Thus, this material exhibits a low lattice thermal
conductivity.
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TABLE V. The calculated phonon velocity, V,, and Debye tem-
perature, ® p, for out-of-plane acoustic branches (ZA), transverse
acoustic branches (TA), and longitudinal acoustic branches (LA)
for LaCuOSe.

Vg (km/s) Op (K)
ZA TA LA ZA TA LA

G-X (aaxis) 4.05 500 824 10.68 11.15 14.66
G-Z (caxis) 338 338 6.14 524 5.24 9.89

Next, we explore the mechanism for the large anisotropy
of lattice thermal conductivity. Generally, the lattice ther-
mal conductivity along the 8 direction, kg (8=a, c), can
be described as the sum of contributions over all phonon
modes, A(q,j ), with the wave vector, q, and branch index,

J [29]:

1
2
Kip = § @) Crian) Ve T 4)
q

in which the Nq and V are the number of sampled q
points in the Brillouin zone and volume of the unit cell,
respectively. Cy(q,j)> Vi(q,j)> and Ty(q,;) are the specific heat
contribution, phonon group velocity, and phonon relax-
ation time of every phonon mode, respectively. The lattice
heat conduction can be regarded as the diffusion motion of
phonons. Therefore, the difference of phonon group veloc-
ities (sound velocities) in different directions reflects the
anisotropy of lattice thermal conductivity. On the other
hand, the large anisotropy for lattice thermal conductiv-
ity can also be understood from the internal relationship
between the lattice thermal conductivity and Debye tem-
perature, which can be given by the Slack equation [44]:

where M ,©pg, 8, and N are the average mass of the
atoms, the Debye temperature along the § direction, lattice
size, and number of atoms in the cell, respectively. Gen-
erally, the Debye temperature increases with the bonding
stiffness; therefore, layered crystals with strong in-plane
bonding and weak out-of-plane bonding often show larger
O, along the a direction than that along the ¢ direction, and
thus, yield a larger in-plane lattice thermal conductivity
[80]. The phonon group velocities and Debye tempera-
tures for the out-of-plane acoustic branch (ZA), the trans-
verse acoustic branch (TA), and the longitudinal acoustic
branch (LA) are calculated, and the results are presented in
Table V. It is found that the phonon group velocities and
Debye temperatures along the G-X direction are always
much larger than those along the G-Z direction for a spe-
cific branch. Hence, according to Eqs. (4) and (5), the
lattice thermal conductivity along the a axis direction is
much higher than that along the ¢ axis direction under each
considered temperature. Similar phenomena are observed
for many well-known anisotropic materials [29,78].

E. Figure of merit

With all transport properties available, the figure of
merit, ZT, of LaCuOSe can be determined. The results are
shown in Figs. 7(a) and 7(b). The ZT values of both p-
and n-type LaCuOSe are dependent on the thermal-electric
transport directions, while the anisotropy of ZT values is
not as obvious as those of PF values and thermal conduc-
tivities. Under each considered temperature, the optimal
ZT value of n-type LaCuOSe is superior to that of the p-
type system, due to relatively large electrical conductivity
of the n-type doping system [see Figs. 4(c) and 4(d)]. The
maximum Z7 values of n- and p-type LaCuOSe are 2.71
and 0.29 for carrier concentrations of about 1.2 x 10?° and
7.1 x 10%° cm ™3 at 900 K, respectively. The obtained high
ZT (2.71), particularly for n-type LaCuOSe, is ascribed to

FIG. 7. Calculated figure of merit, ZT, for p- (a)

M®7,,8N'/
Kig = Af, (5)
y<T
(a) (b)
0.6 4.5
——300 K a axis -type ——300 K a axis n-type
- - -300K ¢ axis - - -300K ¢ axis
11— 600 K a axis 11— 600 K a axis
- - =600 K ¢ axis - - =600 K ¢ axis
0.44 — 900K a axis 304 ——90Ka axis
- - =900 K ¢ axis - - =900 K ¢ axis

Carrier concentration (cm™)

and n-type (b) LaCuOSe as a function of carrier
concentration.

10*
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the increased electrical conductivity and power factor, as
well as suppressed lattice thermal conductivity along the
¢ axis. Such a high ZT value of n-type LaCuOSe is com-
parable to that of typical anisotropic TE materials, such as
SnSe and GeAs,, for which the ZT values are reported to be
2.6 at 923 K [25] and 2.78 at 800 K [29], respectively (see
Table IV for a more detailed comparison with other TE
materials). These results indicate that layered LaCuOSe is
a promising TE material, and n-type doping is an effective
way to improve the TE performance of LaCuOSe.

IV. CONCLUSIONS

The thermoelectric properties of layered oxyselenide
LaCuOSe are systematically investigated by first-principles
calculations. The electronic and thermal transport coeffi-
cients of LaCuOSe exhibit large anisotropy between the
in-plane and the out-of-plane directions. A large power
factor of 2.10 (1.31) mW/mK? along the a axis (c axis)
direction can be achieved at 900 K, because of the large
electrical conductivity. Phonon structure calculations sug-
gest strong coupling between acoustic branches and optical
branches, which significantly suppresses the bulk thermal
transport, leading to low lattice thermal conductivities of
0.84 (0.06) W/mK along the a axis (c axis) at 900 K.
The observed larger power factor and ultralow intrinsic
lattice conductivity yield unexpected large ZT values of
2.71 (1.32) along the ¢ axis (a axis) for electron doping
at 900 K, and thus, demonstrate that LaCuOSe is a promis-
ing material for TE applications. This study also provides
an effective route to maximize the TE performance of lay-
ered LaCuOSe and has implications in promoting related
experimental investigations.
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