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Enhanced thermoelectric performance by lone-pair electrons and bond anharmonicity

in the two-dimensional Ge,Y, family of materials with Y = N, P, As, or Sb
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Using density functional theory combined with the Boltzmann transport equation, the charge, thermal
transport, and thermoelectric properties in two-dimensional (2D) Ge,Y, (Y = N, P, As, or Sb) monolayers
characterized by two structural phases, i.e., «-Ge,Y, and B-Ge,Y,, have been studied systematically. Our
theoretical results demonstrate that the lone-pair electrons have remarkable influences on their lattice thermal
conductivity. By performing comparative studies on the two different structures of Ge,Sb,, we uncover that the
above influences not only originate from the interactions between the lone-pair electrons around Sb atoms and
the bonding electrons of the adjacent Ge atom, but also from the interlayer Coulomb repulsive forces of lone-pair
electrons distributed in different layers. The latter leads to a strong anharmonicity, which greatly suppresses the
lattice thermal conductivity. Thus, «-Ge,Sb, monolayer has an ultralow thermal conductivity with 0.19 W/mK,
while 8-Ge,Sb, monolayer with 5.1 W/mK at the temperature 300 K. Owing to the ultralow lattice thermal
conductivity induced by lone-pair electrons, the predicted maximum value of the thermoelectric figure of merit
(ZT) reaches 1.2 for p-type and 1.18 for n-type doping «-Ge,Sb,. Our theoretical results put forward another
effective mechanism to design and optimize 2D thermoelectric materials with high thermoelectric conversion

efficiency.

DOLI: 10.1103/PhysRevB.105.075431

I. INTRODUCTION

Thermoelectric technology, enabling a direct conversion
from thermal energy to electricity, provides us an alterna-
tive way for power generation and refrigeration [1,2]. Due
to particular advantages, such as environmental protection
and low-cost device preparations, thermoelectric conversion
energy possesses great potential to be applied in outer space,
industrial waste heat utilization, and other special fields [3-5].
However, low conversion efficiency in thermoelectric ma-
terials is still one of the key factors to restrict the widely
realistic applications of this energy. It has been recognized
that thermoelectric conversion efficiency depends not only on
the working environments, but also on the intrinsic properties
of thermoelectric materials. Usually, it is characterized by a
dimensionless figure of merit ZT = § 26T /(k; + k,), to reflect
the thermoelectric performance of a given material sample,
where S is Seebeck coefficient, o is electrical conductivity, 7'
is ambient temperature, and k; and k, are lattice and electron
thermal conductivity, respectively. Due to the fact that S, o,
and k, are mutually coupled with each other, it is very difficult
to regulate a single parameter to enhance the Z7T value. To
deal with this issue, two strategies are usually suggested: one
is to apply electronic band engineering to improve electronic
properties through enhancing energy band convergence [6-8],
and the other is to reduce the lattice thermal conductivity in a
realistic material, such as by introducing defect structures or
all-scale hierarchical architectures [9,10].
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Since graphene was stripped successfully in experiments,
many of the two-dimensional (2D) materials, exhibiting ex-
otic properties such as high electric conductivity, have been
discovered [11-13]. Some of them have a lattice thermal
conductivity much lower than that in bulk materials due
to boundary effect, quantum confinement effect, and others.
In particular, some 2D materials, such as monolayer transi-
tion metal sulfide [14,15], molybdenum carbides [16], and
group-III monochalcogenide nanosheets [17,18], have been
confirmed experimentally to exhibit excellent thermoelectric
performance. For example, the SnSe monolayer hosts both
low thermal conductivity and outstanding electronic transport
properties, allowing it to exhibit an outstanding Z7T value
(~2.76), even at high temperatures up to 700 K [19]. These
exciting findings indicate that the explorations of new classes
of 2D materials are helpful to search for new physical mecha-
nisms to enhance the thermoelectric figure of merit. Recently,
several group-IV-V monolayer materials characterized by a
single-layer X,Y,-type structure have attracted extensive atten-
tion from researchers [20-25], owing to their novel electronic
properties. For example, Barreteau er al. have successfully
built layered SiP, SiAs, GeP, and GeAs, which have a mon-
oclinic crystal structure with the C2/m space group [26]. The
dynamical stability of the monolayer a- and B-X,Y,-family
materials were confirmed theoretically [27,28]. Moreover,
the experimental synthesis of monolayer SnSb characterized
by a honeycomb-lattice structure and the monolayer GeAs
nanosheets were also reported recently [29,30]. More in-
terestingly, a large amount of lone-pair electrons also exist
in these 2D X,Y,-family materials. These particular proper-
ties support that we can apply this class of 2D materials
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as an ideal material plateau to explore new mechanisms to
enhance and optimize the thermoelectric figure of merit of
low-dimensional material systems [31].

It has already been recognized that the electrostatic re-
pulsion between the lone-pair electron and the neighboring
bonding electron in three-dimensional (3D) bulk materi-
als displays an obvious influence on their lattice thermal
conductivity. For example, the lone-pair electrons in the semi-
conductor Cu3SbSe; contribute to form anharmonic Sb-Se
bonds, resulting in an ultralow lattice thermal conductivity
[32], and a similar feature was found in other 3D materials,
such as AgSbSe, [33], CuSbSe; [34], and BiSbS; [35]. The
influences of lone-pair electrons on the lattice thermal con-
ductivity in low-dimensional materials, however, are not yet
fully understood. In particular, in some previous works, the
lone-pair electrons are reported not to play a similar role on
thermoelectric performance as that in the 3D bulk materials
mentioned above. For example, the lone-pair electrons in the
2D Penta-CN, monolayer cannot obviously reduce the lattice
thermal conductivity to enhance its thermoelectric conversion
efficiency [36]. Therefore, to study the influences of lone-pair
electrons on the thermoelectric performance in 2D materials,
two questions naturally arise: (i) how to exhibit the lone-pair
electrons playing the positive roles on the enhancement of the
thermoelectric figure of merit by using band engineering or
other effective ways, and (ii) how to understand the influence
of bond anharmonicity on the thermoelectric performance in
a realistic 2D material.

In order to clearly demonstrate the above two issues, in this
paper, we investigate symmetrically the thermoelectric prop-
erties of 2D Ge,Y, monolayers (Y = N, P, As, or Sb) which
possess a large amount of controllable lone-pair electrons, by
using first-principles calculations combined with the Boltz-
mann transport theory. Firstly, the first-principles calculations
show that the all Ge,Y, monolayers have excellent dynamical
stability and are characterized by two stable structural phases,
ie., «-Ge, Y, and B-Ge,Y,, and all of them display semicon-
ducting properties. Secondly, the lattice thermal conductivity
of a-Ge, Y, is always smaller with an order of magnitude than
that of 8-Ge,Y, with the same components, which helps us to
uncover another physical mechanism to enhance the thermo-
electric performance in 2D materials. Thirdly, our calculations
demonstrate that the spatial distributions of lone-pair electrons
in Ge,Y, largely influence their lattice thermal conductivity,
since the spatial symmetries of lone-pair electrons in - and
B-Ge,Y, monolayers are much different. More interestingly,
the lone-pair electrons in «-Ge,Sb, lead to weaker Ge-Ge
bonds while stronger anharmonicity, in comparison with the
corresponding parameters in S-Ge,Sb,. As a result, a rather
lower thermal conductivity occurs in «-Ge,Sb, with 0.19
W/mK (while 5.1 W/mK in B8-Ge,Sb,) at 300 K. Owing to
the ultralow lattice thermal conductivity, the maximum value
of ZT in «-Ge,Sb, reaches 1.2 for p-type doping and 1.18 for
the n-type doping example at 300 K, while in 8-Ge,Sb,, 1.08
for the n-type doping at 500 K. Our theoretical results not only
uncover that a new class of 2D materials (i.e., the a-Ge,Sb,
monolayers) can be worked as high-performance and room-
temperature thermoelectric materials, but also clarify how to
improve the thermoelectric performance of 2D materials by
using lone-pair electrons and bond anharmonicity.

The remainder of this paper is organized as follows. In
Sec. 11, the theoretical methods to calculate the electronic
and phononic structures, the lattice thermal conductivity, the
Griineisen dispersions, the carriers’ transport properties, the
Seebeck coefficients, and the thermoelectric figure of merit
are introduced. In Sec. III, the numerical results, including
crystal structural and bonding properties, phonon and thermal
conductivity properties, and thermoelectric performances in
the - and B-Ge,Sb, monolayers are discussed in detail, and
the influences of the spatial distributions of lone-pair electrons
on the thermoelectric conversion efficiency are also demon-
strated. The main results are summarized in the final section,
Sec. IV.

II. THEORETICAL METHODS

A. Density functional theory calculations

The crystal structures of all Ge,Y, monolayers are opti-
mized by utilizing the density functional theory (DFT) based
on the projector augmented wave method, as implemented
in the Vienna ab initio simulation package (VASP) [37,38].
To perform the first-principles calculations, the generalized
gradient approximation of Perdew-Burke-Ernzerhof is chosen
for the exchange correlation potential [39,40]. To avoid inter-
layer interactions, a 15 A vacuum layer is added between two
nearest monolayers in the out-of-plane direction. The cutoff
energy for the plane-wave expansion is set as 700 eV, and
a Monkhorst-Pack k& mesh [41] of 15 x 15 x 1 is adopted
in the first Brillouin zone (BZ). Both atomic positions and
lattice constants in all structures are optimized fully. To obtain
well satisfied results, the convergence criterions of energy and
force are set as 1078 eV and 0.001 eV/A, respectively.

The electronic band structures of Ge,Y, monolayers are
calculated by using the linearized augmented plane wave
method [42,43] within the WIEN-2K program code [44]. The
convergence of matrix size is set as Ryt X Kyvax = 8.5, where
Ryt is the smallest one of all atomic sphere radii and Kyax
is the plane-wave cutoff. For self-consistent calculations, a
dense Brillouin sampling of 47 x 47 x 8§ is used and the total
energy is converged to 10~* Ry. To avoid the underestimation
of the band gap by using the generalized gradient approxima-
tion, more accurate band gaps are calculated by performing
Tran-Blaha modified Becke-Johnson functions [45]. Because
of heavy atoms existing in the all structures, the spin-orbit
coupling (SOC) is considered throughout.

It is noted that to confirm the dynamic stability of all Ge,Y,
monolayers, their phonon spectra are calculated by using the
PHONOPY package [46] with a finite-displacement step of
0.01 A. A supercell containing 100 atoms is adopted for
all crystal structures and the Brillouin sampling is set to
be 5 x 5 x 1. There are eight symmetry-reduced displace-
ments considered for the «-type configuration, while four
symmetry-reduced displacements are considered for the 8-
type configuration.

B. Lattice thermal conductivity

The lattice thermal properties of all Ge, Y, monolayers are
simulated by solving the linear Boltzmann transport equa-
tion (BTE) iteratively considering a three-phonon scattering
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process [47,48]. The lattice thermal conductivity ki, can be
expressed by the sum of contributions over all the phonon
modes A as

1 o
Kot = 375 ;(ﬁwx)zfo(fo + Dy, 8))

where N is the number of wave vectors included in the first
BZ, V is the volume of the crystallographic unit cell, w;
is the angular frequency corresponding to a phonon mode
A, fo is the equilibrium Bose-Einstein distribution function,
and v;, is the phonon group velocity which is determined by
v, = %ZET: The linearized BTE of £’ can be written as F, =
rf (v;, + Ay), in which rf denotes the relaxation time which
can be obtained by the three-phonon transition probabilities
Zf S Fﬁ, ,» summed with the corresponding isotopic disorder
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Note that in Eq. (3), the index S indicates + or —, corre-
sponding to the absorption or the emission process. For § =
+, o1 = (fy — f5) and ¢ = 8(w), + wp — wy), while for
S=— o=+ fy +1)and ¢, = 8(w), — wyy — wy). The
scattering matrix elements V,\im" are associated with the an-
harmonic force constants (FCs), which can be obtained from
DFT calculations. Moreover, the anharmonic FCs are obtained
by using the PHONOPY package [46] with a finite-displacement
step of 0.01 A. To perform the numerical calculations, a
3 x 3 x 1 supercell and a cutoff radius of 0.6 nm are adopted,
and the g-point mesh is employed 30 x 30 x 1 to obtain a
converged lattice thermal conductivity as implemented in the
SHENGBTE package [49].

C. Electrical transport properties

The electrical transport properties of Ge,Y, monolayers are
studied by solving the semiclassical BTE, the thermoelectric
parameters are calculated by using rigid band approximation,
and the related constant scattering times are embedded in the
BOLTZTRAP code [50]. In particular, the electrical conductiv-
ity (oqp), the electrical thermal conductivity (kjlﬂ), and the
Seebeck coefficient (S,4) can be obtained by the following
relations:
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FIG. 1. Top and side views of crystal structures of monolayer

a-Ge, Y, in (a) and B-Ge,Y, in (b) (Y = N, P, As, or Sb), respec-
tively. (c) The first Brillouin zone of the above two crystal structures.

In the above three equations, o,4(¢) is determined by
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where v is the group velocity of the semiclassically treated
carriers in a specific band, and V and T stand for the unit
cell volume and the electron temperature, respectively. The
relaxation time 7 is estimated by deformation potential theory
at two dimensions [51]:
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where the parameters Cyp, m*, and E; are the modulus of elas-
ticity, the mean effective mass, and the deformation potential
constant, respectively.

III. RESULTS AND DISCUSSION

A. Crystal structures and bonding properties

As drawn in Fig. 1, the all structures of Ge,Y, (Y =N,
P, As, or Sb) monolayers are illustrated by replacing atoms
and after sufficient structural relaxation. One can see that the
material examples are composed of two Ge-Y monolayers
connected by Ge-Ge bonds, and constructed by two stablest
phases with hexagonal structures, which belong to two differ-
ent point groups, i.e., D3, for a-Ge,Y, while D3, for 8-Ge, Y,
monolayer, as drawn in Figs. 1(a) and 1(b), respectively.
For example, the detailed lattice parameters of two different
structures of Ge,Sb, monolayer are listed in Table I, and the
structural parameters of other material samples are provided
in Supplemental Material Table S1 [52]. Our first-principles
calculations show that the lattice parameters of «-Ge,Y, are
well consistent with some previous reports [24,28]. How-
ever, our calculations demonstrate that the lattice constants
of a-Ge,Y, have slight differences from those of B-Ge,Y>,
which is different from the results reported in some previous
works [27]. The main reason is that the lone-pair electrons are
considered fully in the all structures studied here. Otherwise,
the numerical results for these two structures of Ge,Y, are in
good agreement with the previous ones [24,28]. Moreover, the
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optimized lattice and thickness constants for «-Ge,Sb, are
4.123 and 5.014 A, while for B-Ge,Sb, they are 4.133 and
4.983 A, respectively. In particular, the Ge-Ge bond length in
a-Ge,Sby (2.499 A) is longer than the corresponding bond
in B-Ge,Sbh, (2.481 A), indicating that the Ge-Ge bond in
a-Ge,Sb, monolayer is relatively weak.

To understand the bond properties in the two different
phases of Ge,Sb, monolayers, their electron localization
functions (ELFs) [53] are firstly calculated. The ELF can
be utilized to quantitatively identify the characters of chem-
ical bonds between the nearest atoms and to examine the
electrons’ pairing property, helping to determine the spa-
tial distributions of special electrons including lone-pair
electrons. Usually, the ELF is defined by ELF = (1 +
{K(r)/Knlp(r)1}?)~", where K is the curvature of electronic
pair density for the electrons with identical spin indexes, p(r)
is the density at position r, and K,[o(r)] is the value of K in a
homogeneous electron gas with density p. It is noted that ELF
is a dimensionless localization index restricted to the region
from O to 1. A high ELF value, such as ELF = 1, stands for
a low probability of finding a second electron with the same
spin in the neighboring region of reference electron. That is to
say that the reference electron is highly localized in this case.
While for a low ELF value, such as ELF = 0, the reference
electron is much delocalized.

Figures 2(a) and 2(b) demonstrate the calculated 3D ELFs
(isosurface level of 0.9572) for «- and B-Ge,Sb, monolayer,
respectively. The mushroom shape of electrons around Sb
atoms clearly indicates the existence of lone-pair electrons,
which are completely localized and tend to distribute upwards
or downwards related to the plane. Moreover, the electrons
sharing in different structural phases can be better visualized
by using a 2D ELF map. As drawn in Figs. 2(c) and 2(d)
from the side view, the ELF of lone-pair electrons in Sb
atoms 1is just in the shape of wick. More interestingly, the
lone-pair electrons in «-Ge,Sb, monolayer are strictly sym-
metrical about the plane, while in -Ge,Sb,, they are nearly
antisymmetrical about the plane, indicating that the lone-pair
electrons will lead to different properties in these two different
configurations, giving us an ideal material platform to study
the influences of the lone-pair electrons with opposite spatial
symmetries on their thermoelectric performance. From the top
view in Figs. 2(e) and 2(f), however, the spatial distributions
of lone-pair electrons are similar to each other. According
to the valence shell electron pair repulsion theory [54], both
Ge-Ge bonding and Ge-Sb bonding are sp’ hybridized and
the Sb atom has five valence electrons in its outermost shell.
Thus, the three valence electrons of the Sb atom form bonds
with the valence electrons in the Ge atom, while the two
remaining electrons in the sp* orbital tend to form two inde-
pendent lone-pair electrons. According to the prediction from

HOa A

| AA A

FIG. 2. (a), (c), and (e) The electronic localization function
(ELF), and their projections on the (110) and (001) planes for
a-Ge,Sh,. (b), (d), and (f) The ELF, and their projections on the
(110) and (001) planes for 8-Ge,Sb,.

Zhang et al. [31,32], as the electronegativity is different, the
electronic repulsion between the lone-pair electrons and the
nearby bonded electrons may lead to the different bonding an-
gle. As a result, the large asymmetric distortions of lone-pair
electrons in «-Ge,Sb, provide a large possibility to produce
strong anharmonicity, which contributes to reduce the lattice
thermal conductivity of material examples.

Going back to the previous two structural phases of Ge,Sb,
monolayers, although the lone-pair electrons are distributed
uniformly in the plane and characterized by the same tendency
out of plane, the bonding angles in them are still different.
The Sb-Ge-Sb bonding angle in «-Ge,Sb, is 99.941°, less
than the corresponding angle of 100.167° in -Ge,Sb,. What
leads to this difference? To answer this question, we should
take into account the Coulomb repulsion between two nearest
lone-pair electrons localized in different layers. As illustrated
in Table I, the atomic distance between the top Sb and the
bottom Sb atoms in a unit cell is 5.014 A in a-Ge,Sb, and
5.525 A in B-Ge,Sb,, and the distances between the near-
est lone-pair electrons in both structures have similar values.

TABLE I. The crystal structure parameters of a- and 8-Ge,Sb, monolayers (in units of A).

Lattice constants Bond length Bond length Thickness Atomic distance
a=>b Ge-Ge Ge-Sb o Sb-Sb (out-of-plane)
a-Ge,Sb, 4.123 2.499 2.692 5.014 5.014
B-Ge,Sb, 4.133 2.481 2.694 4.983 5.529
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FIG. 3. Phonon dispersions of (a) «-Ge,Sb, monolayer and
(b) B-Ge,Sb, monolayer. (c) The comparison of phonon spectra and
the PDOS of two structures at low frequencies; the red and black
lines denote @-Ge,Sb, and 8-Ge, Sb,, respectively. The inset denotes
the lattice vibration mode of the lowest frequency optical band in the
a-Ge,Sb, monolayer. (d) The lattice thermal conductivity for two
structures as a function of temperature; the inset is the magnification
of thermal conductivity in «-Ge,Sb,, showing the inversely propor-
tional temperature property of lattice thermal conductivity.

Moreover, the shorter distance between two nearest lone-pair
electrons indicates the stronger electronic repulsion. There-
fore, «-Ge,Sb; has less lattice constants, longer Ge-Ge bond
length, and smaller angle of Sb-Ge-Sb. It is noted that the ELF
value of the region between Ge-Ge in o-Ge,Sb, monolayer is
approximate to 0.8783, smaller than the corresponding ELF
value of 0.9042 in 8-Ge,Sb, monolayer, suggesting a weak
Ge-Ge bond in the former, while a stronger Ge-Ge bond in the
latter, confirming further the above conclusion. Furthermore,
owing to the fact that the «-Ge,Sb, monolayer has stronger
repulsion between two neighboring lone-pair electrons than
that in 8-Ge,Sb, monolayer, a stronger anharmonicity may
be induced in the former, which helps to enhance the phonon
scattering and to reduce the lattice thermal conductivity.

B. Phonon and thermal conductivity properties

The calculated phonon dispersions of o- and B-Ge,Sb,
monolayers are illustrated in Figs. 3(a) and 3(b), respectively,
and the phonon dispersions of Ge;N,, Ge,;P,, and Ge,As;
monolayers are provided in Supplemental Material, Fig. S1
[52]. One can find that there are not any imaginary parts
of phonon frequencies in the first BZ for all material sam-
ples, indicating that their structures are dynamically stable.
Moreover, both «- and B-Ge,Sb, monolayers display ap-
proximately identical dispersions, owing to their same atomic
masses. We well know that the lattice thermal conductivity
is mainly determined by the dispersion relations at low fre-
quencies, thus it is necessary to perform comparative studies
on the phonon spectra of both structures at low frequencies.
As described in Fig. 3(c), near the high-symmetry point I,
their acoustic branches show the same dispersion relationship,
while near the high-symmetry points M and K, 8-Ge,Sb;, has
lower frequencies in comparison with «-Ge,Sb,. In particular,
near the high-symmetry point I', the atoms tend to vibrate as

a whole as demonstrated in Fig. 3(c). As a result, both phases
of Ge;,Sb, have nearly similar phonon dispersions. However,
near the boundary of the BZ (i.e., the points M and K), due
to the different structural symmetry of two phases, the atoms
tend to vibrate in different modes, leading to the large differ-
ences near these points, as illustrated in Fig. 3(c). Moreover,
the structural symmetry is tightly associated with the spatial
distributions of lone-pair electrons, that is to say, the different
symmetries of lone-pair electrons in these two different phases
of Ge,Sb, also lead to different atomic forces, which deter-
mine the properties of mode softening in them. Moreover, the
lowest optical branch at point I" in the «-Ge,Sb, monolayer
not only displays lower frequencies than the corresponding
branch in B-Ge,Sb,, but also intersects with the acoustic
branches. These properties strengthen the couplings among
the acoustic-optical branches to produce a sharp phononic
density of state (PDOS) peak. In addition, two PDOS peaks
appear at the frequency f = 1.3 and 1.8 THz in «-Ge,Sb,
monolayer and are much sharper than the related two peaks
in B-Ge,Sb,, indicating that the lattice thermal conductiv-
ity in the former may be largely reduced [55]. It should be
noted that the peaks of PDOS are also associated with the
asymmetric distributions of lone-pair electrons as discussed
above.

To verify the above analysis, we calculated the tempera-
ture dependence of lattice thermal conductivity k. in both
structures of Ge,Sb,, as illustrated in Fig. 3(d), in which
the inset denotes the magnification for a-Ge,Sb; to highlight
the feature of T~!. Although both structures are isotropic,
a-Ge;,Sb; has much lower ki, in comparison with §-Ge,Sb,.
It is interesting that this phenomenon is also found in other
examples of Ge,Y, (see Supplemental Material, Fig. S2 [52]).
In particular, the lattice thermal conductivity of all ¢-Ge,Y, is
an order of magnitude smaller than that of the corresponding
B-Ge,Y, possessing the same component and size. As a result,
the a-Ge,Sb, has an ultralow thermal conductivity with 0.19
Wm~'K~! at room temperature, which is obviously lower
than those in other 2D material samples with the structure
of double layers [19]. In addition, the B-Ge,Y, monolayer
also displays a low kj,y value with 5.25 W m~!'K~! at room
temperature, which is well consistent with the result in a
previous report [56]. The low thermal conductivity obtained
here is conducive to design high thermoelectric conversion
efficiency, inspiring us to further examine their thermoelectric
properties.

Next, we turn to clearly demonstrate the relations between
the lone-pair electrons and the ultralow lattice thermal con-
ductivity in these 2D material examples. As described in
Fig. 3(c), the lowest optical branch at point I" is relatively
flatter, due to the Ge-Ge coupling between the upper and
lower layers. Moreover, the lone-pair electrons repel each
other, leading to the different bonding strengths as discussed
previously. As a result, the phonon frequencies contributed
by lone-pair electrons are also different in both structures. To
verify the above conclusion, we turn to examine the charging
trends of potential energy of different atoms in both structures.
In Figs. 4(a) and 4(b), we describe the potential energy for Sb
and Ge atoms as a function of atomic displacement around the
equilibrium positions along in-plane and out-of-plane direc-
tions in a-Ge,Sb, and §-Ge,Sb,, respectively. Thus, we can
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FIG. 4. The calculated potential energy curves for Sb and Ge
atoms as a function of displacement around the equilibrium posi-
tions along in-plane and out-of-plane directions for a-Ge,Sb, and
ﬂ-GeZsz.

obtain the basic energy potential required, as the related atom
is shifted away from their equilibrium positions in plane and
out of plane. For example, the flatter the curve, the less energy
is required to move away from their equilibrium positions,
indicating the weak restoring forces on the vibrating atoms or
the weak bonding [57,58]. From the potential energy surfaces
(PESs), we find that the all Sb and Ge atoms are localized
in deep potential wells. In particular, for the Sb atom in both
structures, the curves of PESs are basically the same. Nev-
ertheless, the PES of Ge atoms in «-Ge;Sb; (red line) along
in-plane direction are flatter than that in 8-Ge,Sb, (black line)
at the same direction [see Fig. 4(b)], indicating that Ge atoms
in «-Ge,Sb, are looser. Furthermore, the PESs for Ge atoms
are almost identical as shown in Fig. 4(b), especially for the
small displacements. Such small difference in the PESs is
well consistent with the small difference in the Ge-Ge bond
lengths (~0.03 A) and the small difference in bonding angle.
Additionally, we find that all the PESs show almost parabolic
behavior versus atomic displacement, indicating that the val-
ues of lattice distortion will not affect the bond anharmonicity
in both structures.

Moreover, the weak Ge-Ge bonds and the loose Ge atoms
could strengthen crystal anharmonicity and further scatter
phonons, resulting in lower lattice thermal conductivity in
«-Ge,Sb, monolayer [59,60]. Note that the strength of an-
harmonicity can be estimated by the Griineisen parameter
[61], which characterizes the relationship between phonon
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FIG. 5. Calculated Groneisen dispersions of acoustic branch for
(a) ¢-Ge,Sb; and (b) 8-Ge,Sb,. The corresponding TA, ZA, and LA
modes are highlighted by red, green, and blue lines, respectively.

frequency and volume change, as defined below:

\% Bwi

wj aV ’
where V is the volume of unit cell and w; is the frequency
of the ith phonon branch. Figure 5 shows the calculated
Griineisen parameters of flexural acoustic (ZA), transverse
acoustic (TA), and longitudinal acoustic (LA) bonds along
the high-symmetry paths in the first BZ, respectively. Unlike
some other 3D crystal structures, our material examples are
isotropic in plane while behaving largely anisotropic out of
plane. Consequently, the all lone-pair electrons are arranged
in the out-of-plane direction, i.e., perpendicular to the plane.
Thus, we cannot directly distinguish the difference of an-
harmonicity at different directions, especially in the same
direction where the lone-pair electrons are mainly located
[34]. Nevertheless, we can analyze the in-plane anharmonic
induced by lone-pair electrons through comparing with these
two different structures. The most important feature drained
from Fig. 5 is that in comparison with §-Ge,Sb,, the un-
usually high values of Griineisen parameters in «-Ge,;Sb,
appear along the path M-K, indicating that along this path,
the unusual Griineisen parameters may be associated with the
different lattice thermal conductivities in these two crystal
structures of Ge,Sb,. Moreover, the spatial distributions of
lone-pair electrons lead to the different Griineisen parameters
along the path M-K. It is noted that the mean Griineisen

parameter (y = ,/ (yiz)) for a-Ge,Sb; is 2.518, larger than the

value of 2.366 for 8-Ge,Sb,. The larger mean Griineisen pa-
rameter indicates strongly anharmonic vibrational properties
and low lattice thermal conductivity in the o-Ge;Sb, mono-
layer. In addition, the lone-pair electrons in both structures
are distributed uniformly in the plane, thus the interactions
between two adjacent lone-pair electrons are the same in
them, while an obvious difference still lies in the vertical
direction, as demonstrated in Fig. 2. Thus, one can conclude
that the different Griineisen parameters originated from the
spatial distributions of lone-pair electrons in 2D allotropes
work as the main factor to influence their lattice thermal
conductivities.

Vi = (10)
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FIG. 6. Electronic band structures of «-Ge,Sb, in (a) and
B-Ge, Sb, in (b) along the high-symmetry k points I', M, K, and IT".

C. Thermoelectric properties

Profiting from the low lattice thermal conductivity induced
by lone-pair electrons, it is significant to further explore
their thermoelectric performance. Firstly, the electronic band
structures of «- and B-Ge,Sb, monolayers are calculated
and drawn in Figs. 6(a) and 6(b), respectively. We find that
the band structures of two different phases are similar with
each other. In particular, both of them display indirect semi-
conducting properties, characterized by the conduction band
minimum (CBM) and the valence band maximum (VBM)
located at points M and I, respectively. These typical prop-
erties are also observed in all other Ge,Y, monolayers (see
Supplemental Material, Fig. S3 [52]). Moreover, the band gap
in - and B-Ge,Sb, is 0.58 and 0.31 eV, respectively. This
significant difference is originated from SOC. It can be clearly
seen that the band splitting occurs in a-Ge,Sb,, while the de-
generacy of electronic bands appears in 8-Ge,Sb,, indicating
that the thermoelectric performance may be enhanced in the
latter [62]. However, the CBM valleys localized at the points
I' and M in «-Ge,Sb; tend to be degenerate with a conduction
band offset AE of 0.35 eV [63]. This larger valley degeneracy
increases the effective mass m* of DOS, leading to a higher
Seebeck coefficient S at the same carrier concentration [6,64].
As a result, the n-type Seebeck coefficientS is larger than the
p type for a-Ge,Sb,, as well as for 8-Ge,Sb,.

Moreover, the calculated effective masses m*, the modulus
of elasticity Cpp, and the deformation potential constant E;
are listed in Table II. Generally, a light-mass band is bene-
ficial to enhance electrical conductivity, while a heavy-mass
band is favorable for a good Seebeck coefficient S. Both for
a- and B-Ge,Sb, monolayers, the CBM has a larger band
effective mass than that of the VBM, which is conducive to

obtain large Seebeck coefficient for n-type monolayer. This
result is consistent with the above one drawn from band
degeneracy. For their band structures, we also obtain that
the CBM in «-Ge;,Sb, has a larger band effective mass than
the corresponding value in -Ge,Sb,. The lower lattice ther-
mal conductivity and the better electronic properties in the
a-Ge,Sb, monolayer indicate it may exhibit better thermo-
electric properties. More than that, the calculated Seebeck
coefficients () and the thermoelectric figure of merit (Z7') of
both structures verify well the above conclusion. In Figs. 7(a)
and 7(b), the thermoelectric coefficient S is drawn versus
the carrier concentration n at T = 300, 500, and 700 K. We
find that S decreases with increasing n or with decreasing T’
at higher carrier concentrations. Moreover, both for «- and
B-Ge,Sb, monolayers, the n-type Seebeck coefficient S (> 0)
is surpassed more largely than the corresponding S (<0) in
the p type and meanwhile, S in 8-Ge,Sb, is surpassed more
largely than that in «-Ge, Sb, at the same temperature and car-
rier concentration. In general, a good thermoelectric material
should possess a Seebeck coefficient S larger than 200 uV /K.
Obviously, both structures meet well this criterion. Never-
theless, only a large Seebeck coefficient cannot determine a
high thermoelectric figure of merit, which drives us to explore
further how to optimize their thermoelectric coefficients.

Figures 7(c) and 7(d) demonstrate the calculated ZT val-
ues of both structures versus the carrier concentration n at
different temperatures. Because the doping generally benefits
the electrical conductivity while it suppresses the Seebeck
coefficient, the ZT value firstly increases and then decreases
with increasing carrier concentration, helping to optimize the
thermoelectric performance. For «-Ge,Sb,, the calculated ZT
value of the p type is slightly larger than the n type at the
optimized carrier concentration and at room temperature, due
to the light effective mass of VBM or high electrical con-
ductivity. The optimized ZT decreases as the temperature
increases characterized by the maximum value of ZT in the n-
type and p-type a-Ge,Sb; is 1.18 (3.2 x 10" electrons/cm?)
and 1.2 (1.04 x 10'"® hole/cm?) at room temperature, re-
spectively, while for -Ge,Sb,, the optimized ZT value in
the n type is significantly greater than that in the p type at
all temperatures. Due to the higher thermal conductivity in
B-Ge,Sby, its thermoelectric performance is slightly worse
than that in a-Ge,Sb,. Different from «a-Ge,Sb,, the max-
imum Z7T in the n-type S-Ge,Sb, is large to 1.07 (8.45 x
10" electrons/cm?) at T = 500 K. Therefore, both struc-
tures exhibit excellent thermoelectric properties at all different
temperatures, confirming further that the 2D material exam-
ples in the IV-V group have potential thermoelectric device
applications.

TABLE II. The calculated elasticity modulus (Cg), deformation potential constants (E;), effective masses (/n*), and relaxation time () of

holes and electrons in the «- and 8-Ge,Sb, monolayers, respectively.

Cop Im™?) E; (eV) m* (me) 7 (s)
«-Ge, Sb, Hole 156.625 2.496 0.660 4.636 x 10713
a-Ge,Sh, Electron 156.625 3.025 2.314 9.004 x 10~
B-Ge,Sb, Hole 153.509 0.964 0.782 1.017 x 10712
B-Ge,Sb, Electron 153.509 1.546 1.976 7.151 x 10713
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FIG. 7. Calculated Seebeck coefficient (S) and thermoelectric figures of merit (Z7) as a function of the carrier concentration » in the
different Ge,Sb, monolayers. (a) and (c) for the n-type and p-type o-Ge,Sb, monolayers; (b) and (d) for the n-type and p-type S-Ge,Sb,

monolayers.

IV. CONCLUSION

In summary, the electronic structures, phononic structures,
and thermoelectric properties of the 2D Ge,Y,-family mate-
rials with two different structural phases have been studied
systemically by using density functional theory combined
with the Boltzmann transport equation. Through the compar-
ative studies on «- and B-Ge;Y, monolayers, we uncover
that the lattice thermal conductivities in these two phases are
influenced largely by the different phononic dispersions at
high-symmetry points, which are originated from the different
spatial distributions of lone-pair electrons in different struc-
tures. Moreover, due to the different spatial symmetries of
lone-pair electrons in the a- and 8-Ge;Y, monolayers, the
Coulomb repulsive forces between the lone-pair electrons in
the upper and those in the lower layers are much different,
which leads to a stronger bond anharmonicity in the former,
while the weaker one in the latter. As a result, the lattice
thermal conductivity in the all «-Ge,Y, monolayers is nearly

about an order of magnitude smaller than the corresponding
one in B-Ge,Y, possessing the same components. Due to
the ultralow lattice thermal conductivity in «-Ge,Y, (0.19
Wm~' K~! at 300 K), the highest ZT value may reach 1.18
for the n-type and 1.2 for the p-type doping at room tempera-
ture, while for Ge,Sb, (5.25 W m~ 'K~ at300 K), the highest
ZT value can reach 1.07 for n-type doping. Our theoretical
results not only demonstrate that the lone-pair electrons can
be applied as an effective way to enhance the thermoelectric
performance in low-dimensional materials, but also uncover
that the 2D Ge,Y,-family materials in the IV-V group have
promising thermoelectric device applications.
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