Applied Surface Science 613 (2023) 156064

ELSEVIER

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Contents lists available at ScienceDirect » Applied
Surface Science

Full length article

Mechanism of the low thermal conductivity in novel

two-dimensional NaCuSe

Chengwei Hu®", Lang Zhou ®", Xiaona Hu ¢, Bing Lv®>™", Zhibin Gao®""

@ School of Physics and Electronic Science, Guizhou Normal University, Guiyang 550025, China

Y Key Laboratory of Low Dimensional Condensed Matter Physics of Higher Educational Institution of Guizhou Province, Guizhou Normal University, Guiyang 550025,

China
€ School of Biological Sciences, Guizhou Education University, Guiyang 550018, China

4 State Key Laboratory for Mechanical Behavior of Materials, Xi'an Jiaotong University, Xi'an 710049, China

ARTICLE INFO ABSTRACT

Keywords: Low lattice thermal conductivity is crucial to obtain an excellent thermoelectric figure of merit (ZT) in ther-
First-principles calculation moelectric (TE) materials. Herein, we study the phonon transport properties of two-dimensional (2D) NaCuSe
Thermoelectric

using first-principles calculations. NaCuSe has an intrinsically low lattice thermal conductivity, 2.46 W/mK at
300 K, which originates from its low mean sound velocity (vp,) and strong phonon anharmonicity. By utilizing the
crystal orbital Hamilton population (COHP) analysis, we attribute low vy, to the filling of anti-bonding orbitals
between Cu-3d and Se-4p states, giving rise to the weak chemical bonds. Also, this research investigates the
scattering processes (the out-of-plan acoustic mode (ZA) + optical mode(O) — O(ZA + O — 0O), the in-plane
transverse acoustic mode (TA) + O — O(TA + O — 0O), and the in-plane longitudinal acoustic mode (LA) +
O — O(LA + O — 0O). The results demonstrate that NaCuSe is of strong phonon anharmonicity, which could guide

Transport property
NaCuSe monolayer

to discover and design of new TE materials.

1. Introduction

Thermoelectric (TE) materials can generate electricity from waste
heat [1-3], which provides a promising method for exploring renewable
energy resources. The conversion efficiency of TE materials mainly de-
pends on the thermoelectric figure of merit (ZT), which is defined as

Z T:,iff,}; , where S refers to Seebeck coefficient, o electrical conductivity,
k; lattice thermal conductivity, and k. electronic thermal conductivity
[1]. In order to obtain a high ZT value, it is necessary to increase the
power factor (PF=S%5) and reduce the thermal conductivity (k; + k).
Since the mean free path of phonon is much smaller than that of elec-
trons, usually k; is dominant and k. is comparatively small, which can be
ignored for semiconductors [2,3]. It is concluded that the k; can be used
to tune the thermoelectric figure of merit, as the electrical conductivity
and Seebeck coefficient usually show the opposite trends. Therefore,
finding a thermoelectric material with low k; offers an important route to
achieve higher ZT.

Some copper-based bulk materials with unexpectedly low k; have
attracted much attention. Recently, first-principles calculations

predicted that CuCl, CuBr, and Cul have low lattice thermal conduc-
tivities, 0.84 W/mkK, 1.25 W/mK, and 1.68 W/mK at 300 K, respectively
[4]. Aside from binary copper-based compounds, several ternary
copper-based compounds also display low k;. For instance, KCusSs,
BaCuyTep, and YCuSe; exhibited low k; with values of 2.08, 2.5, and
2.27 W/mK, respectively [5,6]. In addition, compared to bulk systems,
two-dimensional (2D) materials are relatively easier to modify the
vibrational states due to the reducing dimensionality, which can influ-
ence phonon-phonon scattering and decrease the lattice thermal con-
ductivity [7-9]. Most recently, Xu et al. found that the monolayer KCuSe
has an ultralow of 0.021 W/mK at 300 K [10]. What causes the unusual
thermal transport behavior of copper-based compounds is worth further
exploration in other 2D copper-based TE materials.

In 2021, Liu et al. predicted a novel 2D monolayer NaCuSe from its
bulk phase that has already been fabricated in experiments. They
pointed out that the 2D monolayer NaCuSe has a relatively small
effective carrier mass at the band edge, explaining the high carrier
mobility [11]. However, research has yet to be done concerning the
thermal transport behaviors of the monolayer NaCuSe.
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Fig. 1. (a) Convergence test of thermal conductivity versus the cutoff radius for third-order IFCs. (b) Calculated lattice thermal conductivity k; with respect to

different scalebroad parameters and q-point grid density N at room temperature.
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Fig. 2. (a) Top and side views of an atomic structure for 2D NaCuSe in a 2 x 2 supercell. The tetrahedron structures of CuSe, are represented in light green. (b)
Calculated phonon spectrum and DOS for 2D NaCuSe. Phonon dispersions are shown along the high symmetry points I'-M-K-T" in the Brillouin Zone. The acoustic
phonon branches (ZA, TA, and LA) are indicated in different colors. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

This paper systemically investigates the thermal transport perfor-
mance of 2D NaCuSe by employing the first-principles calculation and
Boltzmann transport theory (BTE). Our calculations indicate that the
low k; value of 2D NaCuSe is 2.46 W/mK at room temperature. Based on
the chemical bonding principles, we find that the low k; is a result of the
low mean sound velocity (vy,), caused by the weak chemical bonds from
the anti-bonding interactions between Cu-3d and Se-4p states. More-
over, the scattering rates of the different scattering channels are inves-
tigated in detail, and we find a strong anharmonicity, demonstrated in
ZA +0 - 0, TA + O — O, and LA + O — O processes. This is critical to
the suppression of the k;.

2. Calculation and method
All first-principles calculations are performed through the Vienna

Ab-initio simulation package (VASP). The electron-ion interactions are
described using Projector-augmented-wave (PAW) potentials [12]. In

contrast, the generalized gradient approximation (GGA) [13] is used to
solve electron exchange-correlation interactions in the scheme of
Perdew-Burke-Ernzerhof. Moreover, the Heyd-Scuseria-Ernzerhof (HSE)
hybrid exchange—correlation functional [14] with the spin-orbit
coupling (SOCQ) is also considered to calculate the band structure of 2D
NaCuSe. DFT-D3 type vdW method was adopted [15]. The energy cutoff
is set to 520 eV, the MP k-mesh is 13 x 13 x 1, and the convergence
criteria for energy and force are 10® eV and 1072 eV/A, respectively.
The interlayer vacuum spacing of 30 A is employed to avoid a fictional
phenomenon. In addition, in order to understand the bonding proper-
ties, the crystal orbital Hamilton population (COHP) analysis is per-
formed utilizing the LOBSTER code [16].

We analyze the phonon transport properties based on Boltzmann
transport theory using ShengBTE code [17]. The second-order inter-
atomic force constants (IFCs) and third-order IFCs of 2D NaCuSe are
calculated by using 4 x 4 x 1 supercells and 3 x 3 x 1 k-mesh [18]. In
Fig. 1(a) and (b), we demonstrate the convergence of k; for different
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Fig. 3. (a)-(f) The vibration contribution of Na, Cu, and Se atoms in the x-y plane and out-plane direction (z). The vibration contribution of Na, Cu, and Se atoms are

represented by red, blue, and orange, respectively.

third-order cutoff radii, scalebroad parameters, and q-point grid. The
converged cutoff of the tenth-nearest-neighbor is employed. The sca-
lebroad parameter and q grid points are 1.0 and 65 x 65 x 1, respec-
tively. In addition, the non-analytical corrections have been applied to
the force constants for phonon dispersion and related calculations,
including Born effective charge and dielectric constant.
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Fig. 4. Total energy fluctuations with respect to time in AIMD simulations at
different temperatures and equilibrium structures for 2D NaCuSe obtained by
AIMD simulations at 300-700 K.

3. Results and discussion
3.1. Structure and stability

The top and side views of the relaxed structure for 2D NaCuSe are
shown in Fig. 2(a). Monolayer NaCuSe belongs to the P4/nmm space
group with a lattice constant of a = 4.08 A, consistent with previous
theoretical reports with a = 4.03 A [11]. The unit cell contains five
atomic layers in the order of Na-Se-Cu-Se-Na along the z direction. The
Cu atoms are connected with four Se atoms by sharing edges, forming a
universal CuSe4 tetrahedron. Moreover, the bond length (2.54 i\) of
Cu—Se demonstrates a weak Cu—Se bond.

The phonon dispersion curve and phonon density of states (DOS) of
2D NaCuSe are shown in Fig. 2(b). As seen from the figure, there is no
imaginary phonon frequency, indicating that the structure is dynami-
cally stable. Besides, TA and ZA branches are obviously concave, indi-
cating the softening of acoustic phonons. Moreover, the low-lying
optical branch is relatively flat, and LA acoustic branch mixes signifi-
cantly with the low-lying optical branch, which will suppress the lattice
thermal conductivity. A similar feature exists in other materials with low
lattice thermal conductivity [19-22]. The low-frequency optical and
acoustic modes are mainly controlled by the vibration of Cu and Se
atoms, while the vibration of Na and Se atoms dominates the high-
frequency optical modes. According to the phonon dispersion, the
value of vy, can be calculated by the formula 3/v2 =1/V3a + 1/V35 + 1/
v, where vza, v1a, and vp are the sound velocities for ZA, TA, and LA
phonons in the long wavelength. The calculated value of vza, vra, and
via are 1350 m/s, 1980 m/s, and 4414 m/s, respectively, from which we
figure out 2D NaCuSe possess low v, of about 1763 m/s, and the value is
lower than MoSisNy4 (2.9 km/s [23]), GaTe (6919 m/s [24]), InSe (6481
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Fig. 5. (a) Crystal orbital Hamilton populations, integrated crystal orbital Hamilton populations, and (b) projected crystal orbital Hamilton populations of

2D NaCuSe.

m/s [24]), T1Se (4517 m/s [24]), SnSe (2700 m/s [25]) and GeSe (3240
m/s [25]). This result is attributed to the weak Cu—Se bond previously
described.

Fig. 3 (a)-(f) shows the vibration contribution of Na, Cu and Se atoms
in the X-Y plane and the (z) axis in the out-of-plane direction. Different
weights are represented by curve thickness. According to the continuity
of the feature vector [18,26,271,|3 ek, 5,(1) ® €14, 5,(D)| = |5,, 5, — 0(A)|
where ey, 5,*(i) and A are the displacements of atom i, and (k, o) is the
phonon mode. The results show the strong hybrid in the x-y plane vi-
brations between Cu atoms and Se atoms and the mixing out of the plane
(z). The optical branch is mainly controlled by the vibration of the x-y
plane of Na and Se atoms, as shown in Fig.3. (a)(c). The acoustic branch
is dominated by vibrations in the Cu x-y plane and the Se z direction, as
shown in Fig.3. (b)(f).

The thermodynamic stability of 2D NaCuSe is studied by performing
ab initio molecular dynamics (AIMD) simulation with a 3 x 3 supercell
at different temperatures. The simulation is carried out within 5 ps with
a time step of 1 fs. The snapshots of the geometries and fluctuation of the
total energy are shown in Fig. 4. It can be seen that the thermal fluc-
tuation of the total energy is little, and the crystal structure and positions
of the atoms are well maintained at room temperature. Moreover, there
is no significant distortion or bond breaking beyond room temperature,
and no cluster is formed. In addition, the total energies only fluctuate
within a small range. These results show that the NaCuSe monolayer is
thermodynamically stable at 300 K-700 K.

Furthermore, the mechanical stability can be verified by the elastic
constant. For 2D NaCuSe, the calculated elastic constants are C1; =
65.816 N/m, C12 = 6.414 N/m, and Ces = 15.905 N/m, respectively,
satisfying the mechanical stability criteria of C;1Cy2 — C3,>0and Ces >
0 [28]. The obtained Young’s modulus E is 65.191 Nm ! by the formula
E = (C} — C%,)/Ci1, and the value is lower than that of graphene (352.2
N/m) [29], monolayer MoS; (199.52 N/m) [30] and monolayer NaCuS
(77.4 N/m) [31], which indicates that 2D NaCuSe is suitable for flexible
thermoelectric devices.

3.2. Anti-bonding from the p-d hybridization

The effects of HSE hybrid functional, SOC interaction, and vdW
correction on the electronic band structure of 2D NaCuSe are plotted in
Fig. S1(a)(b). The results show that SOC has negligible effect on the
electronic structure of 2D NaCuSe. The calculated band gap is 1.06 eV
using the HSE06 functional. Fig. S2 illustrates the projected density of
states (PDOS). It is evident that the 2D NaCuSe has strong p-d hybridi-
zation between Cu-3d and Se-4p orbitals below the Fermi level.

For a better understanding the low mean sound velocity of 2D
NaCuSe from chemical bonding, the crystal orbital Hamiltonian
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Fig. 6. (a) Temperature-dependence of lattice thermal conductivity k; for 2D
NaCuSe from 100 K to 700 K. The black dashed curve represents the fitting
curves of 1/T. (b) Comparison of theoretical lattice thermal conductivity k;
between typical 2D materials (CuSnSe [39], GeTe [40], CupSe [41], SnSe [42],
BSb [43], GeSe [44], PbPdO, [45], GeS [44], TiNF [46], WSSe [47], a-AsP [48],
Hf,CO, [49],WSe, [50], Black-P [51],MoS, [52]) and this work.

populations (COHP) analysis has been performed. The positive values of
COHP indicate that the bonding interactions stabilize the structure, and
negative values imply that anti-bonding interactions destabilize the
structure [32]. As shown in Fig. 5(a), below the Fermi level, the result of
COHP analysis also reveals that the filling of anti-bonding appears in the
Cu—Se bonds, while Na—Se bonds have no anti-bonding peak. Fig. 5(b)
presents the projected crystal orbital Hamilton population (pCOHP). It is
clearly seen that the filling of anti-bonding orbitals is sponsored through
Cu-3d and Se-4p states.

Moreover, hybridizing the filled Cu-3d and Se-4p orbitals forms
bonding and anti-bonding states below the Fermi level. It is mainly
attributed to splitting Cu-3d orbitals into ty; and ey levels under the
tetrahedral crystal field. The bonding and anti-bonding states are
formed by hybridization between tyg orbitals and Se-4p. However, the eg
orbitals hardly interact with Se-4p and form nonbonding states. A
similar phenomenon was also observed in copper-based materials such
as CuBr [33] and Cu,S [34].

Significantly, these anti-bonding orbitals can destabilize the Cu—Se
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Fig. 7. Lattice heat transport properties of 2D NaCuSe. (a) phonon group velocity, (b) phonon lifetime, (c) contribution of phonon modes to the total lattice thermal
conductivity (percentage), and (d) Griineisen parameters y as a function of the phonon frequency. The red, blue, purple, and black markers represent ZA, TA, LA, and
optical phonons. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

bond, reducing sound velocity. Also, the results bring a strong coupling
between the low-frequency optical branch and the acoustic branch
[35,36], confirmed by the phonon dispersion shown in Fig. 2(b).

3.3. Lattice thermal conductivity

The lattice thermal conductivity k; is determined by the formula
[17]:

1 2
ki =35 Cra(¥,) oo )
A4

where V represents the primitive cell volume, C;, 4 is the specific heat
capacity, v§ ¢ and 7} 4 are the phonon group velocity and the relaxation
time, respectively. In this paper, the effective thickness h is 9.6 A, which
is the sum of the radius of Na atoms on the outermost surface and the van
der Waals radius [37,38]. The k; of 2D NaCuSe is calculated using the
iterative method and the single-mode relaxation time approximation
(RTA) solution, as shown in Fig. 6(a). At room temperature, the calcu-
lated k; are 2.46 W/mK and 2.37 W/mK for the iterative method and
RTA solution, respectively. Moreover, the k; can be fitted by a function of
kl°<1/T, indicating that umklapp scattering dominates the heat transport

of 2D NaCuSe. In Fig. 6(b), we compare the calculated k; of the 2D
NaCuSe with well-studied 2D TE materials, and 2D NaCuSe is a potential
TE material.

In order to describe the underlying mechanism of low k; in 2D
NaCuSe, the phonon group velocity (vy), lifetime (z), and Griineisen
parameters (y) are further analyzed. Fig. 7(a) shows the phonon group
velocities at 300 K. The 2D NaCuSe has a low average phonon group

velocity of about 652 m/s, which is favorable for generating low lattice
thermal conductivity. The larger v, is found in acoustic branches
compared to optical branches, indicating a more dispersion behavior of
acoustic phonon modes. The maximum v, of the optical phonon modes
reaches 2.6 km/s, which reveals the contribution of optical phonon
modes to k; should also be considered.

In addition to the phonon group velocity, the phonon relaxation time
is another key to phonon transport. The calculated phonon relaxation
time is presented in Fig. 7(b). The phonon lifetime is dominated by
acoustic phonon modes, especially those phonons below 50 em L. Due
to the involvement of optical phonon in the three-phonon process, the
phonon lifetime of the acoustic branch decreases continuously at 0-70
cm ™!, which will further suppress the kjvalue of 2D NaCuSe. At different
temperatures, the contribution of each phonon mode in total k; is shown
in Fig. 7(c). It can be seen that each phonon mode varies little, especially
beyond 300 K, and can be regarded as independent of temperature. The
result is mainly due to a slight variation in the heat capacity and phonon
lifetime with increasing temperature, as shown in Fig. S3(a) and (b). At
room temperature, the proportions of contributions to total k; are about
36.1%, 20.6%, and 34.8% for ZA, TA, and LA phonons, whereas the
summation of all optical phonons is only 8.5%.

The lattice anharmonicity is determined by the Griineisen parame-
ters y, as shown in Fig. 7(d). The acoustic phonons exhibit a high value in
the frequency region below 70 em ™. The result explains the decline of
the acoustic phonon lifetime. Moreover, the y value suddenly jumps
around the frequency of 75 cm™!, which means strong anharmonic
scattering between acoustic phonon modes and optical phonon modes.

We calculate the average Debye temperature Op, which is defined as:
[53].
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where 0; = ho["™/kg is the Debye temperature of each mode (i = ZA, TA,
and LA), o]"™ is the maximum frequency of each phonon mode. The ©p
of 2D NaCuSe is 97.67 K. In general, the lower Debye temperature in-
dicates that many phonon modes are activated at room temperature,
increasing the phonon population and scattering rate. [42,54].

3.4. Scattering channels

In order to gain insight into the mechanism of the phonon scattering
that restricts thermal conductivity. Fig. 8(a) exhibits the three-phonon
scattering phase space (P3). The scattering phase space is dominated
by acoustic modes and optical modes near the frequency of 70 cm™..
Here we can see a strong anharmonicity among low frequency optical
and acoustic modes. The result will advance the number of scattering
channels for A + A — O and A + O — O processes, where “A” represents
the acoustic modes and “O” is the optical modes.

As described in Fig. 7(c), ZA, TA, and LA phonon are the primary heat
carriers, so our research mainly investigates the phonon scattering of
acoustic modes. For this purpose, we further decompose scattering rates
of acoustic modes into the different scattering channels, as depicted in
Fig. 8(b)-(d). The scattering rates of different scattering channels of ZA
phonon mode are shown in Fig. 8(b). At the low frequency regime below
20 cm ™}, the dominant scattering channels are displayed in ZA + ZA —
TA/LA, ZA + TA/LA - O, and ZA + O — O processes. However, the ZA
+ ZA — TA/LA process declined compared with other channels above
20 cm™ L. The scattering rates of TA and LA phonon modes are plotted in
Fig. 8(c) and Fig. 8(d), respectively. For TA phonon mode, TA + O — O

and TA + ZA — O processes are governing at the frequency regime of the
below 30 cm ™}, then TA + ZA — O processes gradually weaken, and the
dominant scattering channels change to TA + O — O and TA + TA/LA -
O processes. The LA phonon mode is different from ZA and TA phonon
modes, the scattering processes occur in the high frequency region
above 40 cm ™!, and the master scattering channels are demonstrated in
LA + O - O and LA + TA/LA — O processes. It is worth noting that the
scattering processes (ZA + O — O, TA + O - O, LA + O — O) have the
highest scattering rates for ZA, TA, and LA phonon modes, which in-
dicates that the acoustic-optical phonon scattering an important in
suppressing the k;.

4. Conclusion

This paper systematically studies the thermal transport properties of
novel 2D NaCuSe by combining density functional theory (DFT) and
Boltzmann transport theory (BTE). Based on AIMD and phonon disper-
sion results, 2D NaCuSe exhibits thermodynamic stability at 300 K, 500
K, and 700 K. At room temperature, the low lattice thermal conductivity
of 2D NaCuSe is 2.46 W/MK, which is lower than the well-studied 2D TE
materials. Our calculations find that the low k; is attributed to the low
mean sound velocity and strong anharmonicity. The filling of anti-
bonding orbitals between Cu-3d and Se-4p states brings about the low
vm of 1763 m/s. The interaction between low-frequency optical and
acoustic modes in the process of ZA + O - O, TA + O — O, and LA + O
— O generates strong anharmonicity.
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