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The host-guest structure compounds are potential candidates for high-efficiency thermoelectric (TE) materials
because of their good electronic transport combined with ultralow thermal conductivity. In this paper, we
theoretically investigate TE transport properties of the hexagonal A,Se; (A = K, Rb) with strongly quartic
anharmonicity based on an incorporation of first-principles calculations with self-consistent phonon theory and
Boltzmann transport equations. The calculation results reveal that A,Se, (A = K, Rb) have ultralow lattice
thermal conductivities «;, e.g., 0.30-0.34 Wm ™' K~ at room temperature, which are only one third of quartz
glass. The calculated results indicate that the coexistence of small phonon lifetime 7, and phonon group
velocity vy, is the reason for the ultralow k; in these two host-guest structure materials. Additionally, due to
the anisotropic electronic structure, that is, the coexistence of high dispersion and flat band edges, these two
materials capture a high TE power factor along the ¢ axis. As a consequence, the anomalous high ZT values
of 2.95 and 2.17 at 500 K along the c-axis direction are captured in n-type K,Se, and Rb,Se,, which break the
long-term record of ZT' < 2 in most TE materials reported so far. These findings reveal that A,Se, (A = K, Rb)

has broad prospects in TE applications.
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I. INTRODUCTION

In recent years, the demand for clean and highly efficient
energy has renewed attention to thermoelectric (TE) materi-
als, which can generate electrical energy directly from heat
sources without causing additional pollution [1-4]. More im-
portantly, TE devices can use various heat sources (including
solar energy, geothermal energy, and waste heat) to achieve
clean power generation, which makes TE devices more widely
used. Additionally, TE materials can also cool equipment
through the Peltier effect [5]. Therefore, it has always been
our goal to obtain TE materials with better performance.
However, in the TE field, despite a lot of exploration and
research, the low conversion efficiency of materials still limits
the development of TE applications. Generally, a dimension-
less number, called the figure of merit, is used to evaluate the
ability of TE materials to generate electrical energy, which
is represented by ZT'. The TE figure of merit can be defined
as ZT = SZ”, in which S, o, T, and « are the electrical
conductivity, thermopower, absolute temperature, and total
thermal conductivity (lattice plus electrical thermal conductiv-
ity), respectively. In addition, the power factor (PF) is defined
as S0, which characterizes the response of electronic trans-
port performance to temperature gradients in TE materials.
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Therefore, enhancing ZT refers to adjusting the conflicting
material properties by reducing the x (k; plus «.) while in-
creasing the power factor S?c. In particular, the most ideal
TE material should have the characteristics of phonon-glass
electronic crystal (PGEC) [6], which is also the goal we have
been pursuing.

So far, most of the promising TE materials studied are
small band-gap semiconductors with high electrical conduc-
tivity o, such as cubic Rb3;AuO antiperovskite [7], Ba;BiAu
full-Heusler compound [8], and penta-PdTe, monolayer [9].
However, the electrical thermal conductivity «, is positively
correlated with o and the mutual limitation between them
prevents us from using high ¢ as the only criterion for
evaluating good TE materials. Hence, in order to improve
the PF in TE material, an anisotropic electronic band struc-
ture has been suggested, that is, the dispersion band and
flat band edges coexist near the Fermi surface in the same
material [10-12]. The former leads to large thermopower,
while the latter promotes high electrical conductivity. On
the other hand, low lattice thermal conductivity «; is also
one of the key factors to obtain high TE performance.
Generally, it is not difficult to reduce the «;, because the-
oretically «; can reach the amorphous solid limit [13—17].
Low «;, is usually related to strong anharmonicity [18,19],
small phonon group velocity vp, [20,21], and strong phonon
scattering [22,23]. Furthermore, some strategies can also re-
duce «; well, such as introducing defects [24-26], reducing
size [27,28], and applying strain [29,30]. Apart from TE
conversion, low «; materials can also be used for thermal
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barrier coatings, data storage devices, and thermal manage-
ment [31-33].

Unfortunately, although these strategies can effectively im-
prove the conversion efficiency of TE materials, the ZT of
most reported TE materials is still low. Even at very high
temperatures, the ZT value of these TE materials will not
exceed 2.5, such as FeNbSb with a ZT' ~ 1.5 at 1200 K
[34], PbTe:Na with a ZT ~ 1.4 at 750 K [35], and PbTe-SrTe
with a ZT ~ 2.5 at 923 K [36]. Recently, due to the ultralow
k;, combined with good electronic properties, a high ZT >
3 has been predicted in the a-axis oriented n-type KBaBi
with a hexagonal crystal structure [37], breaking the long-term
record of ZT < 2.5. Nevertheless, the hexagonal KBaBi has
not yet been synthesized experimentally, which also provides
a new challenge for obtaining good TE materials.

In this paper, inspired by the unique anisotropic structure
of the hexagonal crystal system and feasible experimental
preparation schemes [38—41], we turn our attention to the «
phase A;Se; (A = K, Rb) to obtain available high-ZT materi-
als. Specifically, the anisotropic geometric structure will bring
physical insights into the transport properties of materials,
and feasible preparation schemes will enable the materials to
have greater application potential. Therefore, we theoretically
investigate the transport behavior of K,;Se and Rb,Se, by
using the self-consistent phonon theory (SCP) combined with
the Boltzmann transport equation (BTE). Our main finding
is that the alkali-metal atoms can rattle in the pseudocages
composed of the Se atoms. The rattling of alkali-metal atoms
leads to the the coexistence of strong phonon scattering and
softening of acoustic phonon modes. On the other hand, the
strong interactions of Se atoms lead to the coexistence of
high electronic dispersion band edges and electronic flat band
edges, thereby causing good electron transport performance.
In addition, the replacement of heavy guest atoms increases
the «;, of the host-guest structure, because the rattling modes
of the guest atoms that inhibit «; are destroyed [42]. As a
result, the anomalous high ZT > 2.5 at 500 K along the
¢ axis is captured in the n-type hexagonal K,Se, crystal.
Additionally, the n-type Rb,Se, also exhibits excellent TE
performance, with ZT' exceeding 2 at 500 K along the ¢ axis.

II. METHODOLOGY

All first-principles calculations are performed in the
framework of ground-state Kohn-Sham density functional
theory (DFT) [43,44], implemented in the VASP package [45].
In addition, we use the projector-augmented wave method
combined with the plane-wave basis set to simulated ions
cores and valence electrons. In all DFT calculations, we
choose 520 eV as the cutoff energy of the plane-wave basis
set, and use the Perdew-Burke-Ernzerhof (PBE) functional
[46] to deal with the exchange-correlational interactions. For
hexagonal A,Se, (A = K, Rb), the primitive cell contains 12
atoms. In order to obtain the best structure, the hexagonal
K,Se, and Rb,Se, are completely relaxed ina 7 x 7 x 10 k-
point sampling, until the energy convergence and the norms
of all the forces are less than 107 eV and 5 x 1073 eV/A,
respectively. Furthermore, according to the density func-
tional perturbation theory (DFPT) [47], we also calculated the
Bonn effective charges and dielectric tensors needed for the

nonanalytic part in the dynamic matrix. For investigating the
bonding properties, we calculated the electron localization
function of A,;Se; (A = K, Rb) with 7 x 7 x 10 k-point
meshes.

For calculating the phonon and thermal transport prop-
erties, the interatomic force constants (IFCs) (second to
sixth order) are captured from the ALAMODE code [48,49].
First, we captured the second-order IFCs by virtue of the
finite-displacement approach in a 1 x 1 x 2 supercell with
displacement of 0.01 A [50]. Then, we performed the 3000-
step ab initio molecular dynamics (AIMD) simulations with
the time step of 2 fs to obtain 60 snapshots at 300 K, and then
the 60 snapshot atoms move in random directions 0.1 A, and
get 60 quasirandom structures. Next, the third- and sixth-order
IFCs are trained by using the compressive sensing lattice
dynamics (CSLD) method [51] in the 60 quasirandom struc-
tures. Based on the calculated IFCs combined with the phonon
Boltzmann transport equation, we obtained the harmonic and
anharmonic phonon and thermal transport properties of K,Se,
and Rb,Se,. Based on the relaxation time approximation
(RTA), the «; tensor is written as

- 1
*"(T)-m i (TWe b, (1), (1)

q.J

where €2 is the unit cell volume, N, is the number of wave
vectors, @ and B denote Cartesian coordinates directions, ¢
and j are the signs of phonon modes, C, ; is the specific heat

capacity, v v*P) s the phonon group velocity, and 7, j(T) is
the phonon lifetime. Additionally, Matthiessen’s rule is used
to estimate the phonon lifetime, which is written as

T, (T) = 2[4 (T) + Tp5(T))]. @

in which F“"h(T) are three-phonon scattering rates and

F“O (T) are phonon isotope scattering rates. For SCP calcula-
tlons the anharmonic renormalization of phonon frequencies
is captured from effective (second- and fourth-order) IFCs.
Finally, «;’ A and KSCP are obtained in 12 x 12 x 14 k-point
samphngs by using the BTE of the RTA.

We also calculated the electronic transport in these two
materials using the AMSET package [52] based on the electron
BTE. The code uses the fully anisotropic acoustic deforma-
tion potential (ADP) method to treat the electron-acoustic
phonon interaction, including the perturbations from longitu-
dinal (transversal) modes and anisotropy in the deformation
response to support the anisotropic materials. On the other
hand, the electro-optical phonon interaction is treated by us-
ing the polar optical phonon (POP) method. Moreover, the
effect of ionized impurity scattering is also included. We use
the PBE functional to calculate the electronic band structure,
high-frequency dielectric constants, and deformation poten-
tials. The DFPT with the PBE functional was used to capture
the static dielectric constants, effective polar phonon fre-
quency, and elastic constants. The HSEO6 functional is used
to capture the rational band gap. On this basis, we recalculate
the electronic structure in a dense 47 x 47 x 59 k-point grid
in order to capture the rational electron relaxation time t,
and electronic transport properties. By using Fermi’s “golden
rule,” the different scattering rate of materials from initial state
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TABLE 1. The calculated lattice constants (a°® and a°) (in A) and irreducible elastic constants (in GPa) for K,Se, and Rb,Se,, where we
have five independent components. The experimental lattice constants (a°"") quoted from Ref. [39] are listed for comparison.

Semiconductor a’® ast coPt et C1 1 C12 C13 C33 C44 C66
K,Se, 9.03 8.91 6.09 6.04 29.1 13.0 8.4 21.4 8.3 8.1
Rb,Se, 9.42 9.21 6.34 6.20 24.7 11.8 8.3 15.5 7.5 6.5

Yk to final state V44 can be written as

T = 2 gk, QP (Enk — Emicrq) 3)
nk—mk+q — 7 8mm(K, q nk mk+q)»

in which n and m are the signs of the energy level, k and
k + q denote the coordinates of reciprocal space, g,k is the
energy state ,k, and g, (K, q) is the electron-phonon scat-
tering matrix element from initial state v, into final state
Vimk+q- Finally, the rational carrier relaxation time, , can be
calculated as

1

- = pADP 4 pPOP | pIMP (4)
where PAPP PPOP and PIMP gre the scattering rate of the
completely anisotropic acoustic deformation potential, the
scattering rate of the polar optical phonon, and the scattering
rate of the ionized impurity, respectively. For details, please
refer to the Supplemental Material [53]. In addition, these
two materials’ parameters from first-principles calculations,
including dielectric tensors, phonon frequencies, and elastic
constants, are listed in Table S1 in the Supplemental Material
[53].

III. RESULTS AND DISCUSSION

The «-phase A;Se; (A = K, Rb) crystallize in the Na,O;-
type hexagonal lattice structure with the P62m[189] space
group. The atomic structure of these two materials is noncen-
trosymmetric, and the unit cell contains six alkali-metal (A =
K, Rb) atoms and six Se atoms. Using the PBE exchange-
correlational functional, the optimized lattice constants for
hexagonal K,Se, and Rb,Se, are listed in Table I, and the
experimental lattice constants [39] are also listed for com-
parison. The results indicate that the calculated values are
consistent with the observed experimental values. Generally,
the geometric structure is a key factor affecting the transport
performance of TE materials. For the hexagonal A;Se; (A =
K, Rb), the Se atoms comprise a pseudocage, and alkali-metal
atoms fill the pseudocages, forming the host-guest structure.
Analogously to clathrates, the hexagonal A,Se; (A = K, Rb)
is expected to bring physical insights to the investigation of
the transport properties.

Furthermore, we investigate mechanical and thermody-
namic stability for K,Se, and Rb,Se;. The calculated elastic
constants of these two materials are listed in Table I. For the
hexagonal crystal structure, the mechanical stability criteria
are written as

Cii > [Cial, GCs3(Ci1 +Ci2) > 2Cf5,  Cags > 0. (5)

The calculated results indicate that the elastic constants of
these two materials satisfy the above stability criteria [54],
and K;Se, and Rb,Se, are mechanically stable. In addition,

the thermodynamic stability of these two materials is checked,
and the composition phase diagrams A,Se_, (A = K, Rb) are
shown in Figs. S1(a) and S1(b) in the Supplemental Mate-
rial [53]. The results indicate that A,Se;_, (A = K, Rb) are
thermodynamically stable [55,56]. Moreover, the stabilities
of K,Se, and Rb,Se, at high temperature are estimated by
using AIMD simulations with 40 ps (20 000 steps). The results
indicate that K,Se, and Rb,Se, are stable at 500 K.

For the vibrational properties, we investigate the harmonic
phonon dispersion curves of K,;Se, and Rb,Se,, as shown
by the light cyan lines in Figs. 1(c) and 1(d). For these two
materials, there are no imaginary frequencies in the phonon
dispersion curves, which means that they are dynamically
stable. In addition, considering the nonanalytic correction of
the phonon spectrum caused by the dipole-dipole interaction,
the optical phonon branch is divided into two branches at T’;
one is the transverse optical phonon branch, and the other is
the longitudinal optical phonon branch. Due to the heavier Rb
atoms, the phonon frequency of Rb,Se; is lower than that of
K,Se,, which usually means that the phonon group velocity
vpnh Of RbySe; is smaller. Meantime, the low phonon group
velocity vp, in RbySe; also results in a small «; [see Eq. (1)].

On this basis, we also consider the effect of the renor-
malization of phonon energies caused by the quartic anhar-
monicity to thermal transport in K;Se, and Rb,Se,. Based
on the CSLD method combined with SCP theory, the tem-
perature dependent anharmonic phonon dispersion curves are
plotted in Figs. 1(c) and 1(d). With the increase of temper-
ature, we clearly observe that the low-lying phonon modes
below 80 cm~! have obvious hardening in K,Se, due to
strong anharmonicity of Se atoms. In Rb,Se;, the hardening
of low-lying phonon modes is due to the common contribution
of Rb and Se atoms, because the Rb atom is also the main
component of low-frequency phonon branches. In addition,
the intermediate frequency optical phonon branch mainly con-
tributed by the vibration of the K atoms is also significantly
hardened, manifesting that the K atoms also have a strong an-
harmonicity. In contrast, most intermediate frequency optical
phonon branches corresponding to the vibrations of Rb and
Se atoms are only slightly hardened. This unique vibration
property related to K atoms is similar to the action of “rattling”
modes in cage compounds, showing a strong temperature de-
pendence in K;Se,. These rattling modes can be confirmed by
the weak bonding strength of the K atoms, because there are
few local electrons around the K atoms, as shown in Fig. 6.
Additionally, the anharmonic renormalization of the phonon
frequencies in these two materials reduces the high-frequency
optical phonon branches composed of the relative vibration
of Se atoms. To sum up, the k;, of these two materials will
increase after considering the quartic anharmonicity, because
it is mainly contributed by the acoustic and low-frequency
optical phonon branches.
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FIG. 1. The vibration modes of the Se atoms in (a) the 22 phonon
branches and (b) the 36 phonon branches at the I" point for «-M,Se,
(A = K, Rb) (P62m), where purple and green balls represent the A
(A = K, Rb) atoms and Se atoms, respectively. The above vibration
modes are visualized using VESTA software [57]. (c, d) The harmonic
phonon dispersion curves and phonon density of states (HPDOS),
anharmonic phonon dispersion curves, and phonon density of states
(AHPDOS) for (c) K,Se, and (d) Rb,Se,. For phonon dispersion
curves, the violet and red lines signify the anharmonic dispersion
curves at 300 and 500 K, respectively, while the light cyan lines
signify the harmonic dispersion curves. For HPDOS and AHPDOS,
the black, olive, and red lines signify the total and partial PDOS of
alkali-metal atoms and selenium atoms, respectively. For the AHP-
DOS, we only show the result at 300 K.

In order to further investigate the relationship between the
vibration properties and the crystal structure, we also calculate
the PDOS of unequal atoms and the visual vibration modes at
the I" point for these two materials, as shown in Fig. 1 and in
Fig. S2 in the Supplemental Material [53]. At first, it is worth
noting that K,;Se, and Rb,Se; have the same high-frequency
optical phonon branches near 240 cm™!, which mainly con-
sist of Se atoms. Furthermore, we found that the two peaks
of the high-frequency optical phonon branches are mainly
composed of unequal relative vibrations of Se atoms. Gen-
erally, the high-frequency phonon branches consist of lighter
atoms’ vibrations, while low-frequency phonon branches con-
sist of heavier atoms. This anomalous phenomenon is unique

I L I B B ]
@ "u_ 2 (b) axis —o0—K,Se,, HP+BTE :
0.8 f —=—K,Se,, SCP+BTE
P —o—Rb,Se,, HP+BTE
e 06 —e—Rb,Se,, SCP+BTE
% 0.4 F
02F
O . | L L L L | L L L L | L L L L | L f f L | ]
100 200 300 400 500
1 — T 'T (IK)' L I
(b) I caxis ——XK,Se,, HP+BTE ]
0.8 | —=—K,Se,, SCP+BTE
gt —o—Rb,Se,, HP+BTE |
£ 0oF —e—Rb,Se,, SCP+BTE
% 0.4 F
02F
0 : 1 L L L L | L L | L L L L | L L L L | ]
100 200 300 400 500
T (K)

FIG. 2. The temperature-dependence lattice thermal conductivi-
ties x1(T) of K,Se, and Rb,Se, by using the SCP theory combined
with the phonon BTE along the (a) a or b axis and (b) ¢ axis,
respectively. In addition, the combination of HP and phonon BTE
results of these two materials is also exhibited for comparison.

and interesting because the Se atom is not a light element
in these two materials. In order to explore the underlying
physical mechanism of this unique phenomenon, we research
the vibration modes of the Se atoms in the highest and sec-
ond highest optical phonon modes at the I" point [see Figs.
S2(e) and S2(f) in the Supplemental Material [53]]. Since the
alkali-metal atoms’ contribution to the high-frequency optical
phonon branches is small, we only investigate the vibration of
the Se atoms. The results exhibited that the highest and second
highest optical phonon modes at the I" point are mainly caused
by relative vibration of the unequal Se atom pairs along the z
direction.

We also investigated the bonding properties of these two
materials from the two-dimensional projected electron local-
ization function [58], as shown in Figs. 6(a) and 6(b). In the
(100) plane, there are more local electrons between Se atom
pairs along the z direction, which means that there is a rela-
tively strong bond between them. Meanwhile, the strong bond
between Se atom pairs makes the relative vibration between
them more intense, causing the vibration of the heavier atoms
to dominate the high-frequency phonon branches. While the
rattling mode of K atoms suppresses the collective vibration
of the crystal, it softens the acoustic phonon modes, thereby
reducing the phonon group velocity vp,. Additionally, since
the the electrons near Se atoms are more localized in the (001)
plane, the bond around the Se atom is weaker. Therefore, the
relative vibration of the Se atoms along the xy plane direction
contributes to the low-frequency optical phonon branches.
The result is consistent with the corresponding atomic
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FIG. 3. Lattice thermal conductivity spectra ;(w) (filled area
below the curves) and relevant cumulative «; in K,Se, and Rb,Se,
(lines). Royal and red colors signify the a- and b-axis directions
and c-axis direction, respectively. (a) /*(w) and relevant cumula-
tive k1 for K»Se,. (b) x5 (w) and relevant cumulative «>F for
K, Se; at 300 K. (c) kA (w) and relevant cumulative [ for Rb,Se,.
(d) k5P (w) and relevant cumulative x> for Rb,Se; at 300 K.

vibration [Fig. 1(a)]. In summary, the alkali-metal atoms rat-
tling in the Se anion framework lead to the softening of
acoustic phonon modes, thereby reducing the acoustic phonon
group velocity (upn). This is a benefit to lower thermal con-
ductivity.

Now, we turn to investigate the lattice thermal conductivity
kg, which plays an important role in the fields of thermoelec-
tricity and thermal management. The calculated harmonic and
anharmonic «; of these two materials are shown in Fig. 2,
which shows the anisotropic thermal transport behavior along
a and c axes, respectively. We predicted the harmonic lat-
tice thermal conductivity «['* of 0.23 (0.24) and 0.24 (0.22)
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FIG. 4. The cumulative «; as a function of the maximum of
phonon mean free paths (MPMFPs) at 300 K for (a) o-K,Se, and
(b) C(—szsez.

WK~'m~! along the ¢ (a and b) axis at 300 K in K,Se;
and Rb,Se,, respectively, which are only a quarter of the « of
quartz glass (0.9 W K~ m~!). Moreover, we also calculate
the anharmonic lattice thermal conductivity «? by taking
into account the influence of anharmonic renormalization of
the phonon energies. The values of x;F are 0.34 (0.30) and
0.31 (0.30) WK~ ' m™! along the ¢ (a and b) axis at 300 K in
K,Se, and Rb;,Se,, respectively, which are obviously higher
than «}'*. The calculated results exhibited that the anharmonic
renormalization of phonon energies plays an important role in
thermal transport. Remarkably, even considering the harden-
ing of phonon frequencies by anharmonic renormalization, the
1c2CP of these two materials is still ultralow, which is only one
third of quartz glass. For the a-axis (b-axis) direction, the k.
of Rb,Se, is significantly lower than that of K,Se,, which can
be explained as the heavier Rb atom resulting in a smaller upy.
Anomalously, Rb,Se;, despite the heavier Rb atom, exhibits
a higher «; than K,Se; along the ¢ axis. We find that the
heavier Rb atom suppressed the rattling mode of the guest
atom, resulting in the decrease in phonon scattering, that is,
the increase in phonon lifetime. This interesting phenomenon
is consistent with ZnSe, (xz, ~ 0.69 WK~'m™!) [59] and
CdSe; (k7 ~ 0.75 W K~ m™1) [60]. The results indicate that
the the replacement of the heavier guest atom inhibits the
rattling modes, thereby decreasing the phonon scattering.
Furthermore, we can approximately use a power function
kp ~ T7% to describe the temperature dependence of the
lattice thermal conductivity. For the harmonic lattice thermal
conductivity k1A, the o values are 1.04 (0.99) and 1.01 (0.96)
along the ¢ (a and b) axis in K;Se, and Rb,Se;, respec-
tively, while the anharmonic lattice thermal conductivity «; P
has a weak temperature dependence due to the anharmonic
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FIG. 5. The calculated projected electronic band structure and
corresponding electronic density of states (EDOS) for (a) K;Se, and
(b) Rb,Se, using the PBE functional. In particular, the Fermi energy
level is set at 0 eV.

renormalization of phonon energies, and the « values are 0.86
(0.85) and 0.83 (0.84) along the ¢ (a and b) axis in K,Se, and
Rb;Se,, respectively. Obviously, the «;, along the c-axis direc-
tion exhibits a weaker temperature dependence than that along
the a-axis direction, which is due to the strong anharmonicity
caused by the combination of the rattling mode and the strong
bonding of the Se atom pair.

In order to clarify the microscopic mechanism of ultralow
x7, and the influence of anharmonic renormalization of the
phonon frequencies on «;, for these two materials, we analyze
many factors that affect «;, for instance, phonon frequen-
cies w, phonon group velocity vp,, and phonon lifetime Tpy.
First, we researched the lattice thermal conductivity spectra
kr(w) and corresponding cumulative «;, for K,Se;, as shown
in Fig. 3. In our calculations, the k7F(w) exhibits a shape
similar to K{IA(a)), and has a tendency to move to higher
phonon energy due to the hardening of the low-lying phonon
branches, which is consistent with the trend of the phonon
spectrum. In addition, the peak values of k7 (w) have been
significantly improved after considering anharmonic renor-
malization of the phonon frequencies. Additionally, «. ()
show that acoustic phonon branches mainly contribute to
k1, for K;Se,. In contrast, a large part of «; for Rb,Se; is
composed of low-frequency optical phonon branches. This
is because the low-frequency optical phonon branches shift
down and close to acoustic phonon branches, so that the
optical phonon modes also participate in the thermal con-
duct. Furthermore, these downward-moving optical phonon

FIG. 6. The two-dimensional (2D) projection electron local
function (ELF) in the (a) (001) plane and (b) (010) plane for A,Se,
(A =K, Rb). The ELF value range from O to 1, in which 1 represents
the fully localized electrons and O represents completely delocalized
electrons. The distances from the origin are 1.82 and 5.21 A in the
(001) plane and (100) plane, respectively. (c) The charge density
difference for A,Se; (A = K, Rb). Blue signifies that the atom loses
electrons, and red signifies that the atom gains electrons. The above
2DELF are visualized using VESTA software [57].

branches enhance phonon-phonon scattering, thereby reduc-
ing the lattice thermal conductivity.

Except for the influence of phonon frequencies wpp, the
phonon group velocity vy, also plays a crucial role in «; be-
cause vgh o« Kk [see Eq. (1)]. Obviously, due to the hardening
of the low-frequency phonon mode caused by anharmonic
renormalization, the phonon group velocity v, of these two
materials increases, as shown in Fig. S3 in the Supplemen-
tal Material [53]. In addition, the acoustic phonon branches
of these two materials have a higher vy, due to the larger
phonon dispersion. Additionally, there is a large vy, along the
¢ axis in low-frequency optical phonon branches because of
the vibration of Se atoms. Due to the hybridization of alkali-
metal atoms and Se atoms, the low-frequency optical phonon
branches have soft dispersion along the a-axis and b-axis
direction, which makes them have a smaller v,;,. Additionally,
the last important factor is the phonon lifetime p,, which
is proportional to x; [see Eq. (1)]. In our calculations, we
consider the three-phonon scattering processes and the isotope
scattering processes for these two materials, while the former
is usually more important. The three-phonon scattering rate is
determined by the three-phonon scattering phase space (W)
and the Griineisen parameter (y). The former represents the
number of three-phonon scattering channels, and the latter
represents the anharmonic interaction between atoms. The
calculated 7y, ¥, and W are shown in Fig. S4 in the Supple-
mental Material [53]. As expected, the low-frequency optical
phonon branch also has a relatively long phonon lifetime 7y,
which further supports our previous analysis of k;(w) along
the ¢ axis. Additionally, T, for Rb,Se; is obviously longer
than that for K;Se; in low-frequency optical phonon branches,
which is the cause of higher «; along the ¢ axis in Rb,Se;.
In addition, the anharmonic renormalization of phonon
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FIG. 7. The electronic transport parameters for n-type K,Se, and n-type Rb,Se,. (a) Electrical conductivity o along the a(b) axis (left)
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S along the a(b) axis (left) and along the ¢ axis (right). (d) Power factor S?o along the a(b) axis (left) and along the c axis (right).

frequencies increases t,n, which is reflected in the increased
y and W for these two materials, as shown in Fig. S4 in the
Supplemental Material [53]. As the result, the combination of
small 1, and small vy, explains the origin of the ultralow «z
of these two materials.

Additionally, nanostructuring can capture lower «;, be-
cause the reduction in size limits the phonon mean free paths
(MFPs). Figure 4 shows the cumulative k; as the maximum
phonon MFPs at 300 K for these two materials. In our cal-
culations, the maximum values of x}* («?P) corresponding
to maximum phonon MFPs are 21.93 (34.18), 29.79 (35.89),
17.41 (22.81), and 15.76 (19.18) nm for K;Se, along a and
b axes, K,Se, along the ¢ axis, Rb,Se, along a and b axes,
and Rb,Se, along the c axis, respectively. If the maximum
phonon MFP is limited to 10 nm, all ¥} will be less than
0.28 WK"m™!, and the minimum value can even reach 0.20
WK 'm™! for K,Se, along the ¢ axis. For «; considering
the anharmonic renormalization of phonon energies, we did
not consider the influence of four-phonon scattering and grain
boundary scattering, so k;, was overestimated [22].

If these two materials have good electronic transport per-
formance, they will have broad prospects in thermoelectric
application. Based on the PBE exchange-correction func-
tional, the band gaps of K,Se, and Rb,Se, are 0.701 and
0.902 eV, respectively. Since the PBE exchange-correction
functional always underestimates the band gap of semi-
conductors, we also calculate the band gap of the HSE06
exchange-correction functional. The PBE electronic band
structures for these two materials are plotted in Fig. 5, and
the HSEO6 electronic band structures are plotted in Fig. S5
in the Supplemental Material [53]. K;Se, and Rb,Se, have
similar electronic band structures and belong to the indirect
band-gap semiconductors. In addition, the conduction band
minimum (CBM) is situated at the A point and the valence
band maximum (VBM) is located at the I" point. The band
gaps of the HSEOQ6 exchange-correction functional are 1.663
and 1.869 eV for K,Se, and Rb,Se,, respectively. Since
the electronic band structures calculated by using HSE06
and PBE functionals are not significantly different except
for the band gap, we use the electronic band structure and
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corresponding electronic density of states (EDOS) of PBE cal-
culations to qualitatively investigate the electronic transport
properties of these two materials. Apparently, the pseudocage
composed of Se atoms is the main contributor to the electronic
band structure near the Fermi level, which is consistent with
other similar structures [59,60]. In addition, the pseudocage
leads to an anisotropic electronic band structure along the z
direction near the CBM edge, that is, the coexistence of high
dispersion and flat band edge. The anisotropic band edge leads
to high electrical conductivity and large Seebeck coefficient.
The results further confirm our previous conclusion, that is,
the host-guest structure reduces «; while maintaining good
electronic transport performance.

Moreover, we also calculate the charge density difference
for A;Se; (A = K, Rb) in order to investigate the charge
transfer between the atoms of these two materials, as shown
in Fig. 6(c). Since the electrons around the K atom are al-
most fully localized, its contribution to the electronic band
structure is small. Therefore, we pay more attention to the
contribution of Se atom pairs to the electron band structure.
We find that the Se atom pairs along the z direction lose
electrons, while the Se atom pairs along the xy plane gain
electrons. The results are very consistent with the distribution
of the Se atomic orbital EDOS (see Fig. S6 in the Supple-
mental Material [53]), that is, the p.,, orbital of the Se atom
mainly contributes to the VBM, while the p, orbital mainly
contributes to the CBM. Obviously, the large EDOS near the
VBM proves that there are more electrons in the Se atom
along the xy plane direction, which will result in a larger S
in p-type K,Se, and Rb,Se,. Additionally, the p, orbital of
the Se atom has a large EDOS near the CBM, which means
that n-type K;,Se, and Rb,Se, have larger S along the c-axis
direction.

The electronic band structure indicates that these two mate-
rials with electron doping are expected to have good electronic
transport properties along the c-axis direction. In order to
confirm the above analysis, we calculate the carrier scattering
rates (see Fig. S7 in the Supplemental Material [53]) and
corresponding transport behavior for these two materials (see
Fig. 7 and see Fig. S8 in the Supplemental Material [53]) by
considering the ADP, POP, and ionized impurity scattering.
To capture a rational electronic transport behavior, the band
gap of the HSE(Q6 functional is used as the input parameter
for these two materials. The calculated results show excellent
TE performance for n-type K,;Se, and Rb,Se,. Due to the
anisotropic electronic band structure along the ¢ axis, the
existence of large S and o results in a high power factor in
these two materials with n-type doping. Due to the large dis-
persion band along the I'-A point at the CBM, an anomalously
high electrical conductivity o is obtained. As the temperature
increases, the scattering rates increases, resulting in a signif-
icant decrease in o. In addition, k, and o exhibit the same
trend, which can be explained by the Wiedemann-Franz law
(k. = Lo T). L signifies the Lorenz number, which is usually
constant. Furthermore, the flat band results in large S because
of the high EDOS near the CBM. Finally, the maximum PF
will exceed 20 mW /(mK?) in K,Se, along the c axis at 500 K.
Additionally, the p-type A;Se; (A = K, Rb) have also good
electronic transport properties due to large S.

Combined with the ultralow «;, the phonon-glass
electronic-crystal characteristics is captured in these two ma-

——SCP, 300K, a(b) axis
- - -HP,300K, a(b) axis - - -HP, 300K, c axis
SCP, 500K, a(b) axis SCP, 500K, c axis
HP, 500K, a(b) axis = = -HP, 500K, c axis
4 . .

(a) - - -

SCP, 300K, c axis

K,Se,

?018 1619 1620 1021
n, (cm™)

FIG. 8. The dimensionless TE figure of merit for (a) n-type
K,Se, and (b) n-type Rb,Se;.

terials. The calculated TE figure of merit with temperature
and carrier concentration for these two materials is shown in
Fig. 8 and in Fig. S9 in the Supplemental Material [53].
Based on the SCP (harmonic phonon theory) lattice thermal
conductivity, the optimal ZT is 2.95 (3.44) for K;,Se, at n, =
2 x 10" (1 x 10') cm—3 at 500 K along the ¢ axis due to the
coexistence of high PF and ultralow «; as shown in Fig. S10
in the Supplemental Material [53]. Additionally, the n-type
K5Se, has also high ZT'; the value is 1.0 along the ¢ axis at
300 K using the SCP results. Additionally, the n-type Rb,Se,
also exhibits a high ZT ~ 2.17 at n, = 2 x 10" cm™3 at
500 K along the c axis using the SCP theory. Due to the large
EDOS near the VBM, the p-type Rb,Se; captured maximum
ZT ~ 173 atn, =5 x 10?° cm™3 at 500 K along the ¢ axis
using the SCP theory. The value of ZT calculated by «; of
the HP4+-BTE method gives the upper limit, while ZT calcu-
lated by the SCP+BTE method gives the lower limit. Even
considering the lower limit of ZT, the results indicate that
n-type K;,Se; and Rb,Se; still have excellent TE performance.
In addition, low electron doping concentration and a feasible
preparation scheme mean that these two materials are more
competitive in the application of thermoelectric materials.

IV. CONCLUSION

In summary, we use first-principles calculations combined
with SCP theory and the Boltzmann transport equation to sys-
tematically investigate the thermal transport and TE transport
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properties of K,Se, and Rb,Se,. Due to the unique anisotropic
guest-host  structure, the phonon-glass electron-crystal
features are captured along the c-axis direction in n-type
K>Se;, and Rb,Se,. The calculations show that the
alkali-metal atom rattles in the cages composed of Se
atoms, causing the coexistence of strong phonon scattering
and small phonon group velocity, thereby reducing «;. In
addition, the lighter guest atom leads to stronger rattling
modes in the host-guest structure, resulting in increased
phonon scattering. Meanwhile, the cage composed of Se
atoms leads to the coexistence of high dispersion and flat
band edge near the CBM. Due to the anisotropic electronic
band structure leading to the coexistence of high o and
large S, these two materials also exhibit good electronic
properties; e.g., at the optimal doping concentration, n-type
K;,Se, exceeds 2.5 at 500 K along the c-axis direction.
Therefore, the anomalous ZT of 2.95 is captured along the

¢ axis in n-type K,Se,. Meantime, the optimal Z7T of 2.17
is obtained along the c¢ axis in n-type Rb,Se,. This paper
emphasizes the use of anisotropic bonding of the host-guest
structure to capture ultralow «, and reveals the crucial role of
guest atoms in phonon scattering processes. In addition, we
clarify the correction of k; and the corresponding microscope
mechanism through the anharmonic renormalization of
phonon energies.
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