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n for high thermoelectric
performance in monolayer black phosphorus,
a-arsenene and aW-antimonene

Bo Peng,a Hao Zhang, *ac Hezhu Shao, b Ke Xu,a Gang Ni,a Jing Li, a

Heyuan Zhua and Costas M. Soukouliscd

Identifying materials with intrinsically high thermoelectric performance remains a challenge even with the

aid of a high-throughput search. Here, using a chemically intuitive approach based on the bond-orbital

theory, three anisotropic 2D group-V materials (monolayer black phosphorus, a-arsenene, and aW-

antimonene) are identified as candidates for high thermoelectric energy conversion efficiency. Concepts,

such as bond length, bond angle, and bond strength, are used to explain the trends in their electronic

properties, such as the band gap and the effective mass. Our first principles calculations confirm that

high carrier mobilities and large Seebeck coefficients can be obtained at the same time in these

materials, due to complex Fermi surfaces originating from the anisotropic structures. An intuitive

understanding of how the bonding character affects phonon transport is also provided with emphasis on

the importance of bonding strength and bond anharmonicity. High thermoelectric performance is

observed in these materials. Our approach provides a powerful tool to identify new thermoelectric

materials and evaluate their transport properties.
1 Introduction

In any energy conversion process, there is always some energy
wasted as heat. At present, about two-thirds of the utilized energy
worldwide is wasted in the form of heat, stimulating efforts to
capture this wasted heat to generate emission-free electricity for
both environmental and economic reasons. Thermoelectric
materials convert heat directly into electricity. However, one main
challenge of implementing thermoelectric energy conversion in
commercial applications is the low efficiency of thermoelectric
materials. The performance of thermoelectric materials is quan-
tied by the thermoelectric gure of merit1–3

zT ¼ sS2T

k
; (1)

where s is the electrical conductivity, S is the Seebeck coefficient
measuring the electrical potential difference created from
a temperature gradient, and k is the thermal conductivity
approximated by the combination of the electronic and lattice
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thermal conductivity, k ¼ kel + kL. The optimization of zT is
difficult because of the conicting trends in s, S, and k. For
instance, increasing s usually indicates lowering S, while kel is
proportional to s according to the Wiedemann–Franz relation.4

Moreover, reducing kL without sacricing electrical transport
properties remains a problem, due to the strong interdepen-
dence between electrical and thermal transport.

Approaches for achieving high thermoelectric performance
include improving carrier mobility by modulation doping,5

enhancing the Seebeck coefficient by band convergence and the
introduction of resonance states,6 reducing thermal conductivity
with nanostructures,7 adding a new degree of freedom by defect
engineering,8 and creating electron-crystal phonon-glass struc-
tures.9 Another strategy is to identify materials with intrinsically
high thermoelectric performance.10,11 Recently, computational
material techniques have been developed to perform a high-
throughput ab initio search for materials with intrinsically high
thermoelectric performance.12–14 In addition, techniques in the
eld of information science, such as compressive sensing, can be
used to generate ab initio training data and select physically
important terms in thermoelectric performance.15 However, the
main disadvantage of these approaches is being non-intuitive. A
comprehensive understanding of intrinsic properties, such as
effective mass, band gap, electron scattering, and phonon scat-
tering, can be exploited to accelerate the optimization of ther-
moelectric transport properties. Considering a chemical point of
view, these properties rely on the structural chemistry of a mate-
rial. The key issue is an intuitive understanding of how the
This journal is © The Royal Society of Chemistry 2018
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bonding character affects electrical and phonon transport, which
provides a simple, but quanlitative, perspective on thermoelectric
performance.1

Other than the non-intuitive methods, this understanding
approaches thermoelectric material design using the chemical
intuition provided by bond-orbital theory and a classic under-
standing of bond length, structure, strength and anharmo-
nicity.1 Here we extend this intuitive idea to the family of 2D
materials. Three materials, monolayer black phosphorus,
a-arsenene, and aW-antimonene, are identied to have poten-
tially high thermoelectric performance using chemical intui-
tion. Both their electrical and phonon transport properties are
explored by rst-principles calculations and the Boltzmann
transport equation for electrons and phonons.16,17 These can be
understood by structural chemistry, especially chemical
bonding. This chemical approach by thinking about bonding
interactions provides a new strategy to nd new thermoelectric
materials and can be integrated into a high-throughput search,
as we will develop in the future.
2 Chemical intuition

We address challenges such as how to evaluate the band gap
and engineer the effective mass by employing a simplied
bondingmodel. Materials with suitable electronic structures for
thermoelectric applications must be non-polar, with large bond
length and anisotropic structure. Aer setting the benchmark
for thermoelectric materials, we take the family of 2D materials
as an example to examine this chemically intuitive approach.
Then we search among 2D materials to choose a system for
exploration.
2.1 Simplied bonding model

Bond-orbital theory provides a simplied model of band
structure evolution by the interactions of atomic orbitals using
Fig. 1 Transformation of the LCAO, from atomic s and p orbitals to hybri
and (b) non-polar crystal Z. (c) The broadening of the valence band increa
(d) Configuration of the energy band and DOS of a multivalley semicond
phonons.

This journal is © The Royal Society of Chemistry 2018
a chemical picture.18 As shown in Fig. 1(a), in a polar solid with
composition XY, atomic orbitals of element X and element Y
hybridize with each other, leading to a bonding state XY and an
antibonding state XY*. These bonding orbitals nally form
bands. The linear combination of atomic orbitals (LCAO)
provides a description of the electronic structure in an intuitive
bonding picture. The band gap, Eg, is related to these bonding
parameters:

(1) 2A is the energy difference between the atomic orbitals of
X and Y. A represents the hybrid polar energy in the tight-
binding approach.18 The higher the electronegativity of an
element, i.e., larger ionization energy, the lower the energy of
the atomic orbitals.19 A larger difference in electronegativity
between X and Y usually leads to a larger Eg.

(2) 2B corresponds to the bonding–antibonding splitting.
(B–A) is the bonding energy from the stabilization of the
bonding orbital XY compared to the atomic orbital Y, and the
destabilization of the antibonding orbital XY* compared to the
atomic orbital X, respectively. B can be expressed as18,20

B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2 þ A2

p
; (2)

where V is the hybrid covalent energy that reveals the strength of
orbital overlap interactions.

(3)WVB andWCB are the width of the valence and conduction
band, respectively. The band width increases with larger overlap
of neighboring orbitals. This can be understood where the
individual states are broadened into a band due to orbital
overlap interactions.

The tight-binding approach offers a chemically intuitive
description of the electronic structure, and is a useful tool to
predict Eg without high-level calculations. Within the frame-
work of the linear combination of atomic orbitals (LCAO)
theory, the challenge of “What is the best electronic structure
for thermoelectric materials?” can be addressed using the
chemical understanding of bonding.
ds, to bond orbitals, and eventually to band states in (a) polar crystal XY
ses with increasing orbital overlap, leading to a small DOS and a lowm*.
uctor. (e) Scattering of carriers by acoustic phonons and polar optical

J. Mater. Chem. A, 2018, 6, 2018–2033 | 2019
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2.2 Best electronic structure for thermoelectric materials

Considering the optimum band gap for thermoelectric appli-
cations, it has been argued that the best materials should have
a narrow band gap with high carrier concentration.4 To
suppress the contribution from minority carriers, an optimum
band gap of 0.15–0.26 eV is required.21,22 For polar compounds
(A s 0), the bonding–antibonding splitting 2B ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2 þ A2

p
is

larger than that of non-polar materials (A ¼ 0), leading to
a larger Eg. Monolayer graphene and BN are typical examples of
how the electronegativity difference inuences Eg. Graphene
and BN have the same planar structures and similar lattice
constants, each with eight valence electrons in the unit cell. In
addition to the covalent character, monolayer BN also has
a polar character in the bonds, i.e. A s 0, which results in
a much larger Eg than graphene.23 Fig. 1(b) shows the narrow Eg
in non-polar crystals – preferred in thermoelectric materials.

In non-polarmaterials, eqn (2) becomes B¼ V. The strength of
orbital coupling, V, decreases with increasing bond length, d,24

V � 1

d2
: (3)

Increasing d lowers the bonding strength by decreasing
orbital overlap, which decreases the separation between the
bonding and antibonding bands.1 In 2D group-V materials with
increasing bond length, the trend of Eg (P) >Eg (As) > Eg (Sb) > Eg
(Bi) indicates how d inuences the electronic structure.25

Besides A and V, the dispersion of the valence and conduc-
tion band, WVB and WCB, is critical to determine the electronic
structure as well. Similar to V, the broadening of the band
width, W, increases with increasing orbital overlap. The band
width in 1D non-polar semiconductors is determined by V,1

W ¼ 4V. (4)

A strong overlap (small d) usually leads to a broad band,
which results in a low effective mass, m*, and a low density-of-
states (DOS), as shown in Fig. 1(c). In contrast, a narrow band,
due to long bonds, corresponds to a high m* and a large DOS.
Heavy carriers are easily localized and less mobile (m ¼ es/m*).
However, the Seebeck coefficient, S, is large at the edge of
a heavy band.3 Materials with highm* possess large S, but low m.
This inherent trade-off is one of the main challenges in
designing thermoelectric materials.

To overcome the trade-off, one approach is to take advantage
of complex Fermi surfaces, such as high band degeneracy.26 As
shown in Fig. 1(d), the band shape of each Fermi surface pocket is
unchanged, but a strong enhancement of the DOS can be
induced. Thus, a large S can be achieved without sacricing m

when intervalley scattering is neglected. The complex band
structure is oen exploited in anisotropic materials, such as
SnSe.11,27 In fact, anisotropic materials with anisotropic band
masses can have the same effect and offer great opportunities to
optimize the carrier mobility along the direction of low effective
mass, while many states are available in the transverse direction.

Now, we look at the role of electronegativity. For polar
compounds, Eg is determined by the hybrid polar energy A and the
2020 | J. Mater. Chem. A, 2018, 6, 2018–2033
hybrid covalent energy V. Actually, V becomes less important as A
increases.1 This explains whymonolayer BN has a similar d (1.45 Å)
to graphene (1.42 Å), but much larger Eg (4.61 eV).23 Similar to Eg,
the dispersion, W, is determined by the electronegativity differ-
ence, A, rather than the overlap, V.1 For the isoelectronic series Ge,
GaAs, ZnSe, and CuBr, with increasing polarity, i.e. increasing
electronegativity difference, the width of the valence band
becomes progressively smaller.28 Therefore, ionic materials usually
possess large Eg and smallW, leading to low mobility. In addition,
a large electronegativity difference reduces the carrier mobility
signicantly by increasing the scattering from the polar optical
phonons, as shown in Fig. 1(e). Therefore, we only consider non-
polar crystals for thermoelectric candidates, hereaer.
2.3 Choosing a system for exploration

We search among 2D materials to nd a suitable system for
exploration aer setting the benchmark for thermoelectric mate-
rials as follows: (1) non-polar, (2) large bond length, and (3)
anisotropic structure. Considering electrical transport, the rst
rules out a large Eg and strong electron–optical phonon interaction,
while the latter two can optimize s and S. Considering phonon
transport, large bond length leads to weak bonding strength and
suppresses phonon transport, while the anisotropic structure
creates tortuous phonon transport paths; hence, reduces k.

We rst eliminate the only synthesized group-III material
borophene due to small d.29,30 For 2D group-IV materials, gra-
phene can be ruled out, due to small d as well, which results in
ultrahigh thermal conductivity.31,32 We also rule out other group-
IV materials with both low-buckled and dumbbell structures
because of their isotropic transport properties.33–36 For the same
reason, buckled group-V materials, such as nitrogene,37 blue
phosphorene,38–40 b-arsenene,25,41,42 and b-antimonene,25,41–46 are
not taken into consideration. Thus, anisotropic 2D group-V
materials, such as monolayer black phosphorus,47–51 a-arsen-
ene,25,41,42,52 and asymmetric washboard antimonene (aW-anti-
monene)25,41–43 become the only remaining options.

In fact, monolayer black phosphorus has been shown to be
a promising thermoelectric material recently53–62 because of its
extremely high hole mobility51 and large Seebeck coefficient,53 but
the main challenge comes from its high lattice thermal conduc-
tivity.63–71 Via chemical intuition, higher thermoelectric perfor-
mance might be expected in a-arsenene and aW-antimonene.
From P to As and to Sb, the bond length, d, increases, leading to
a narrower V, hence, larger S. With similar puckered structures,
anisotropic transport properties enable optimized S and s.
Furthermore, large d implies a weak bonding strength and,
therefore, suppresses phonon transport. Therefore, a comprehen-
sive study of the thermoelectric properties of monolayer black
phosphorus, a-arsenene and aW-antimonene can provide a deep
insight into the chemistry underlying thermoelectric performance.
3 Chemical bonding and electrical
transport

Materials with large effective masses oen possess large See-
beck coefficients, but low carrier mobilities. To optimize these
This journal is © The Royal Society of Chemistry 2018
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coupled electrical transport properties, a thorough under-
standing of the relationship between the chemical bonding and
electronic properties is required. Using the chemical intuition
provided by bond-orbital theory, our understanding of the
electronic structures in monolayer black phosphorus, a-arsen-
ene, and aW-antimonene is enhanced. Concepts, such as bond
length, bond angle, and bond strength, are utilized to explain
trends in electronic properties, such as the band gap, carrier
effective mass, band degeneracy, and deformation potential. An
intuitive understanding of how the bonding structure affects
carrier mobility is provided. Beneting from the anisotropic
structure, the complex Fermi surfaces in these materials result
in a large Seebeck coefficient, while maintaining a high carrier
mobility.
Fig. 2 (a) Top view of the 3D electron localization function of monolayer
and (b) 2D electron localization function in the plane of d2 bonds. Increas
red. (c) Projected DOS and (d) electronic structure for all studied 2D ma

This journal is © The Royal Society of Chemistry 2018
3.1 Bond length and electronic structure

In non-polar materials, both the band gap and band width are
determined by the bond length, d, because it reects the
strength of orbital coupling. In anisotropic 2D group-V mate-
rials, there are two types of bonds within and between the
sublayer or sublayers. The d of these two types of bonds implies
the strength of the s and p orbitals, which further inuence the
magnitude and position of the band gap.

As shown in Fig. 2(a) and (b), monolayer black phosphorus
has a puckered orthorhombic structure.74 The optimized
geometries of monolayer black phosphorus, a-arsenene, and
aW-antimonene are listed in Table 1 – consistent with other
theoretical studies.42,43,51,52,72,73,75,76 Monolayer black phosphorus
has two sublayers including two types of bonds. The shorter d1
black phosphorus, a-arsenene and aW-antimonene (isosurface¼ 0.6),
ing electron localization from 0 to 1 is plotted with colors from blue to
terials.

J. Mater. Chem. A, 2018, 6, 2018–2033 | 2021
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Table 1 Optimized geometries and band gaps of all studied 2D group-V materials. Other theoretical data are also presented in parentheses for
comparison

Space
group a (Å) b (Å) d1 (Å) d2 (Å) q1 (�) q2 (�) Eg (eV)

P Pmna 3.30 4.62 2.22 2.26 95.95 104.17 0.91
(3.32 (ref. 51)) (4.58 (ref. 51)) (2.24 (ref. 51)) (2.28 (ref. 51)) (93.00 (ref. 51)) (103.51 (ref. 51)) (0.91 (ref. 51))
(3.30 (ref. 72)) (4.64 (ref. 72)) (0.92 (ref. 72))

As Pmna 3.68 4.77 2.51 2.50 94.47 100.66 0.79
(3.68 (ref. 52)) (4.77 (ref. 52)) (2.50 (ref. 52)) (2.49 (ref. 52)) (94.64 (ref. 52)) (100.80 (ref. 52)) (0.83 (ref. 52))
(3.71 (ref. 73)) (4.67 (ref. 73)) (2.52 (ref. 73)) (2.51 (ref. 73)) (94.52 (ref. 73)) (100.92 (ref. 73))

Sb Pmn21 4.36 4.73 2.95 2.87 95.31 88.45 0.20
(4.36 (ref. 42)) (4.74 (ref. 42)) (2.94 (ref. 42)) (2.87 (ref. 42)) (95.3 (ref. 42)) (0.28 (ref. 42))
(4.28 (ref. 43)) (4.74 (ref. 43)) (2.91 (ref. 43)) (2.84 (ref. 43)) (0.16 (ref. 43))
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of 2.22 Å connects the nearest P atoms in the same plane, and the
longer d2 of 2.26 Å connects P atoms between the top and bottom
sublayers. Arsenene has a puckered structure as well, but its d1 is
larger than d2. Different from monolayer black phosphorus and
a-arsenene, aW-antimonene has a distorted atomic structure
with two sublayers, where atoms in the same sublayer are not in
the same planes. This structure is formed due to the asymmetric
reconstruction, since the symmetric structure undergoes insta-
bility in long-wavelength acoustic vibrations.43 This reconstruc-
tion results in a much larger d1 than d2.

Table 1 lists the calculated Eg – consistent with other theo-
retical studies.42,43,51,52,72 From P to As and to Sb, the bond
length, d, increases with higher atomic number, leading to
decreasing orbital overlap. According to eqn (3) and (4), the
band gap, Eg, and band width, W, should decrease. This intui-
tion is conrmed by the DOS of monolayer black phosphorus, a-
arsenene, and aW-antimonene. As shown in Fig. 2(c), with
increasing d, both Eg andW become progressively smaller, while
the DOS becomes larger.

As shown in Fig. 2(d), both the valence band maximum (VBM)
and the conduction band minimum (CBM) of monolayer black
phosphorus occur at the G point. The valence band is mainly
comprised of P-3p states. A s bond between two p-orbitals tends
to run down from the G point, while a p bond runs up.1 The VBM
at the G point indicates the dominant s bonds.

Different from monolayer black phosphorus, a-arsenene is an
indirect band gap semiconductor. The VBM occurs at the point
along the G–Y direction, while the CBM occurs at the G point. The
energy of the highest valence band along G–Y decreases from the
G point at rst and then increases, until reaching the VBM,
indicating the weakened s bonds and strengthened p bonds.
With increasing bond length from monolayer black phosphorus
to arsenene, the decrease in the orbital overlap weakens the s

bonds, while the pz–pz overlapping can be increased by decreased
q2, as shown in Table 1. This is conrmed by smaller d2 compared
to d1. The mutual competition between d1 and d2 that dictates
the VBM can explain, in part, the band structural changes in
a-AsxP1�x

77 and strained a-arsenene.78

In aW-antimonene, as the bond length further increases, the
decrease in the overlap between the pz orbitals decreases the
strength of the p bond and the stability of the planar sublayer
2022 | J. Mater. Chem. A, 2018, 6, 2018–2033
cannot be maintained. Through buckling in the sublayer, the
decrease in q2 results in increasing pz–pz overlapping. Thus, its
d2 becomes much smaller than d1. As a result of the strength-
ened p bonds, the VBM at the point along the G–Y direction
signicantly exceeds that at the G point. A similar trend is
observed in the CBM, leading to a direct band gap.
3.2 Bonding structure and carrier mobility

Monolayer black phosphorus, arsenene, and antimonene are
non-polar materials, and one advantage of these materials is the
absence of strong polar optical phonon scattering. Hereaer, we
only consider the acoustic-phonon limited mobility. According
to the deformation potential theory,25,51,79 the carrier mobility
can be calculated as

m2D ¼ 2eħ3C2D

3kBTm*2Ed
2
; (5)

where e is the electron charge, ħ is the reduced Planck constant,
C2D is the 2D elastic modulus, kB is the Boltzmann constant, T is
the temperature, and Ed is the deformation potential constant.
The 2D elastic modulus and the deformation potential constant
can be calculated by the total energy and the positions of the
CBM and VBM with respect to the lattice dilation up to 1.5%. It
should be noted that the method we used is computationally
efficient but physically simple. More sophisticated methods
based on the Boltzmann transport method with relaxation time
approximation can be referred to in some recent studies.80–85

Table 2 lists the calculated m*, Ed, and C2D.
The carrier mobilities of monolayer black phosphorus, a-

arsenene, and aW-antimonene are strongly inuenced by their
effective masses. With increasing d, the DOS in Fig. 2(b)
becomes larger from P to As and to Sb, which usually implies
a higher m*. However, in part due to the anisotropic structure,
complex Fermi surfaces are observed in these materials; hence,
a high DOS and a low effective mass can be obtained simulta-
neously. For monolayer black phosphorus and a-arsenene, the
calculated effective masses along the a and b directions are
consistent with previous results.51,73 Although monolayer black
phosphorus is a direct band gap semiconductor, its m* exhibits
a strongly anisotropic behavior at the G point. For a-arsenene,
because of the mutual competition between s and p bonds, the
This journal is © The Royal Society of Chemistry 2018
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Table 2 Predicted effective mass m*, deformation potential constants Ed, 2D elastic modulus C2D, carrier mobility m and relaxation time s of all
studied 2D group-V materials

Direction Carrier type m* (m0) Ed (eV) C2D (J m�2) m (cm2 V�1 s�1) s (�10�14 s)

P a Hole 6.32 0.05 103.10 13 067.66 4696.50
Electron 1.19 5.44 34.77 2.36

b Hole 0.15 2.82 24.27 2024.38 16.84
Electron 0.16 1.54 5903.23 52.80

As a Hole 1.64 1.40 65.23 176.82 16.47
Electron 1.17 4.13 39.49 2.63

b Hole 0.13 8.20 16.86 214.38 1.57
Electron 0.24 0.76 7224.04 97.95

Sb a Hole 0.06 9.62 47.03 2145.38 7.07
Electron 0.21 6.41 358.56 4.34

b Hole 0.05 1.19 16.24 76 525.97 201.36
Electron 0.04 4.20 8093.26 18.51
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Fermi surfaces become more complex. Therefore, although the
DOS of arsenene is higher than for monolayer black phos-
phorus, its electron and hole effective masses along the a and
b directions are lower than those for monolayer black phos-
phorus. As for antimonene, the distorted atomic structure in
two sublayers results in a more complex band structure and m*

becomes further lower.
The deformation potential constant, Ed, is dened as the

energy change of the VBM and CBM with lattice deformation
along the a and b directions, and reects the interaction strength
of carriers with acoustic phonons.79,86 A high Ed corresponds to
strong electron–phonon coupling. As shown in Fig. 3, the VBM
states in black phosphorene and a-arsenene are quite isolated
along the a direction, and the displacement of phonons causes
little change to the energy of these states. Thus, their deformation
potential constants are much smaller than those along the
b direction. Similarly, their deformation potential constants for
the CBM states along the b direction are smaller than those along
the a direction. For aW-antimonene, the deformation potential
constants are generally larger than those of the other two mate-
rials. This anomalous behavior is due to the fact that with a more
distorted structure, the bond angles are changed easily in lattice
dilation, which signicantly changes the orbital overlap.

The anisotropic 2D elastic modulus of these three materials
can be attributed to the bonding structure as well. Under uniaxial
strain along the b direction, the bond angles are more easily
changed than those along the a direction. In addition, from
monolayer black phosphorus to arsenene and to antimonene, the
orbital overlap decreases with increasing bond length. Therefore,
these systems become “soer”. It should bementioned that weak
bond strength implies the slow speed of sound, which, in turn,
reduces the lattice thermal conductivity and benets high ther-
moelectric performance, as discussed below.

The predicted carrier mobilities for monolayer black phos-
phorus, arsenene, and antimonene are, in general, moderately
high, which agrees well with previous results.25,51 The aniso-
tropic structure of monolayer black phosphorus normalizes the
effect of m*, Ed, and C2D, leading to generally high hole and
electron mobilities along the a and b directions. The DOS of
This journal is © The Royal Society of Chemistry 2018
arsenene is higher than for monolayer black phosphorus. For
isotropic materials, a high DOS indicates a heavy m*. However,
beneting from the anisotropic structure of a-arsenene, the
effective masses are generally lower than those of monolayer
black phosphorus. For antimonene, the distorted atomic
structure of two sublayers results in a more complex band
structure, and the number of conduction band minima further
increases, as shown in Fig. 2(d). The energy separation of
different conduction band minima is 0.1–0.4 eV – comparable
to that in PbTe, PbSe, and SnTe.2 Since the DOS is enhanced by
different pockets, a larger DOS and a lower m* can be obtained
at the same time. Thus, a large Seebeck coefficient can be
achieved while maintaining a high carrier mobility and the
trade-off between S and m can be overcome.

3.3 Carrier concentration, electrical conductivity, and
Seebeck coefficient

One of the main challenges for thermoelectric material design is
the trade-off between electrical conductivity and the Seebeck
coefficient. Materials with high m* usually possess large S, but
low m (hence, low s). Taking advantage of the anisotropic struc-
ture, the complex Fermi surfaces in 2D group-V materials can
maintain the band shape (small m*) and enhance the DOS (large
S) at the same time. Thus, the optimization of electrical transport
properties can be realized using intrinsic material properties.

s and S at temperature, T, and Fermi level, EF, can be
calculated within the Boltzmann transport theory.16 To deter-
mine the electrical transport properties under doping, we use
the rigid band approximation, which assumes that the elec-
tronic structure is unchanged with doping and only the Fermi
level, EF, is shied. This approximation has described the
thermoelectric properties of many 2Dmaterials accurately.87,88 A
negative EF represents p-type doping, while a positive EF
represents n-type doping.

The carrier concentration under doping can be calculated
using an integral over the Brillouin zone for holes or electrons
with energy, 3,89,90

nh ¼ 2

S

ðð
BZ

½1� f0ðT ; 3;EFÞ�Dð3Þd3; (6)
J. Mater. Chem. A, 2018, 6, 2018–2033 | 2023
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Fig. 3 Charge density of the CBM and VBM states (isosurface ¼ 0.004) along the a and b directions for all studied 2D materials.

Fig. 4 (a) Calculated carrier concentration, (b) electrical conductivity and (c) Seebeck coefficient as a function of chemical potential at 300 K.
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ne ¼ 2

S

ðð
BZ

f0ðT ; 3;EFÞDð3Þd3; (7)

where S is the area of a 2D unit cell, f0(T,3,EF) is the Fermi–Dirac
distribution function at temperature, T, and Fermi level, EF, and
D(3) is the DOS. Fig. 4(a) plots the relationship between EF and
the corresponding carrier concentration for both p-type and n-
type doping. From monolayer black phosphorus to arsenene
and to antimonene, the carrier concentration n increases with
increasing DOS [Fig. 2(c)].

Using the Boltzmann transport theory for electrons,16 a ratio
s/s that increases with increasing n can be obtained. The elec-
trical conductivity, s, can be estimated with the given carrier
relaxation time, s. According to m ¼ es/m*, a large s can be
achieved with increasing m and increasing m*, as shown in
Table 2. Fig. 4(b) shows the calculated s. For holes in monolayer
black phosphorus, s along the a direction is much longer than
along the b direction. Thus, although n along the a direction is
lower than that along the b direction, its s is much higher.
Similarly, in a-arsenene, the s of electrons along the b direction is
the highest, leading to the highest s. In aW-antimonene, the
carrier relaxation times along the b direction are much higher
than those along the a direction, which results in higher electrical
conductivities along the b direction for both holes and electrons.

To investigate the ability to produce voltage under
a temperature difference in a circuit, we calculated the Seebeck
coefficient, S, as a function of EF, as shown in Fig. 4(c). For
a degenerate semiconductor with parabolic band dispersion, S
can be understood by the Mott relation2,91

S ¼ 2kB
2T

3eħ2
m*

�p
3n

�2=3

: (8)

According to theMott relation, S is larger at the edge of heavier
band m* or at low carrier concentration, n. With generally higher
m*, monolayer black phosphorus and arsenene have much larger
S than antimonene. In addition, S usually reaches a peak value at
small EF, corresponding to low carrier concentration. Antimonene
has a much higher carrier concentration even at small EF, which
leads to a smaller S as well. However, a high carrier concentration
also has one advantage: a high s. Compared withmonolayer SnSe,
although the peak value of S in antimonene is about one order of
magnitude smaller, its s along the b direction is enhanced by
nearly one order of magnitude.92 Actually, although smaller than
that of monolayer black phosphorus and arsenene, a good See-
beck coefficient of 270 mV K�1 can be obtained in antimonene,
due to the band convergence effect, – comparable to those for few-
layer and bulk MoS2.93,94 Therefore, high thermoelectric perfor-
mance could still be expected in aW-antimonene.

4 Chemical bonding and phonon
transport

A low thermal conductivity is essential to obtain a high ther-
moelectric performance. The thermal conductivity by electrons
kel relates to the electrical conductivity s via the Wiedemann–
Franz law,
This journal is © The Royal Society of Chemistry 2018
kel ¼ LsT, (9)

where L is the Lorenz number and can be derived from the
calculated Seebeck coefficients.95–97 Here, we focus on reducing
the lattice thermal conductivity, kL, by understanding the role of
chemical bonds in phonon transport, which provides a simple,
intuitive insight into the search for low lattice thermal
conductivity materials.

The in-plane lattice thermal conductivity, kL, can be calcu-
lated as17

kLðaÞ ¼ 1

abhv

X
l

Clvla
2sla; (10)

where hv is the interlayer distance,66 Cl is the specic heat per
mode, vla is the group velocity, and sla is the relaxation time of
mode l along the a direction. At room temperature, the specic
heat of the system becomes 83.81 J mol�1 K�1, 67.70 J mol�1 K�1,
and 60.90 J mol�1 K�1, respectively, for monolayer black phos-
phorus, arsenene and antimonene, approaching the Dulong–
Petit classical limit (99.77 J mol�1 K�1). Hereaer, the phonon
transport properties, such as phonon velocities and phonon
scattering rates, are discussed in relation to the chemical
bonding. The bonding strength determines the phonon sound
velocities. The phonon scattering rate – the inverse of relaxation
time – is strongly inuenced by bond anharmonicity. In fact, the
anisotropic structure can suppress phonon transport as effec-
tively as the defect or adatom engineering.
4.1 Bonding strength and phonon velocity

The bonding strength determines the speed of phonons. This
dependence can be understood by a simplied picture as atoms
with mass, M, connected by bonds with spring constant, K. The
speed of phonons is given by v � ffiffiffiffiffiffiffiffiffiffiffi

K=M
p

.1 Here, the anisotropic
structures of monolayer black phosphorus, arsenene, and
antimonene result in anisotropic bonding strength; hence,
anisotropic sound velocities of longitudinal acoustic phonons
inhibit heat propagation in the low-phonon-velocity direction.

Fig. 5(a) shows the calculated phonon dispersion of mono-
layer black phosphorus, arsenene, and antimonene. The lowest
ZA branch is quadratic near the G point, due to low lattice
dimensionality.98 Compared to buckled 2D group-V structures,
such as blue phosphorene, b-arsenene, and b-antimonene66,99

monolayer black phosphorus, a-arsenene, and aW-antimonene
have two more atoms in the unit cell, indicating more phonon
branches. Intuitively, more atoms indicate more complex struc-
tures, making the transport pathmore tortuous for phonons. The
physical insight is increasing the number of atoms per unit cell
leads to more phonon branches and creates more scattering
opportunities for phonons, ultimately reducing kL.36

As shown in Table 3, the highest phonon frequency
decreases from P to As and to Sb. In a monoatomic linear chain
model, the scale of the phonon branch is dominated by the
bonding strength and the atomic mass. The largest harmonic
interatomic force constant, F, and mass density, r, of all
studied 2D materials are shown in Table 3. There is a clear
decrease in F and increase in r down the columns, leading to
J. Mater. Chem. A, 2018, 6, 2018–2033 | 2025
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Fig. 5 Calculated (a) phonon dispersion and (b) group velocities for all studied 2D materials.

Table 3 Calculated highest phonon frequency u, largest harmonic interatomic force constantF, mass density r, 2D elastic coefficientsC2D
ij of all

studied 2D materials

u (cm�1) F (eV Å�2) r (mg m�2) C2D
11 (J m�2) C2D

12 (J m�2) C2D
22 (J m�2) C2D

66 (J m�2)

P 460.25 12.44 1.35 103.10 16.93 24.29 22.64
As 257.78 8.19 2.84 65.23 19.25 16.69 17.04
Sb 175.49 4.81 3.93 47.03 13.15 16.25 22.38
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decreasing phonon frequency, which further reduces the speed
of phonons.

To understand quantitatively the dependence of the speed of
phonons on the strength of chemical bonding, we calculate the
elastic tensor coefficients, including ionic relaxations using the
nite difference method.100,101 The 2D coefficients, C2D

ij , are
renormalized by the vacuum space between the 2D layers,102 i.e.,
C2D
ij ¼ cC3D

ij . Table 3 lists the calculated C2D
ij .

The speed of phonons propagating through the lattice can be
estimated by the speed of sound,1

vsðLAÞa=b ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
C2D

11=22

r

s
; (11)

vsðTAÞ ¼
ffiffiffiffiffiffiffiffiffi
C2D

12

r

s
: (12)

The calculated sound velocities are shown in Table 4. We
also compare the phonon group velocities for the TA and LA
2026 | J. Mater. Chem. A, 2018, 6, 2018–2033
modes in the long-wavelength limit, which agree well with the
sound velocities. The sound velocities for the LA branch
manifest signicant anisotropy, due to anisotropic bonding
strength. The strength along the a direction is much higher
than that along the b direction, which can be understood by the
bonding structure. Under uniaxial strain along the b direction,
the bond angles are more easily changed than those along the
a direction. Thus, in the b directions, the speed of the phonons
tends to be low, which inhibits heat propagation.

The Debye temperature, QD, can be calculated from the
average sound velocity vs103

QD ¼ hvs

kB

�
4pN

S

�1=2

; (13)

where N is the number of atoms in the cell. Table 4 shows the
calculated QD. When the temperature is above QD, all phonon
modes are excited.104 Thus, a low QD indicates a strong three-
phonon scattering and, therefore, low kL. It could be expected
that kL decreases from P to As and to Sb, and kL along the
a direction is higher than that along the b direction.
This journal is © The Royal Society of Chemistry 2018
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Table 4 Calculated sound velocities vs, phonon group velocities vg in the long-wavelength limit and Debye temperature QD of all studied 2D
group-V materials along the a and b directions

Direction vs (LA) (m s�1) vg (LA) (m s�1) vs (TA) (m s�1) vg (TA) (m s�1) QD (K)

P a 8740 8380 3540 4080 644
b 4240 4190 3540 4080 533

As a 4790 4770 2610 2460 419
b 2430 2480 2610 2460 325

Sb a 3380 3370 1830 2280 272
b 2030 2360 1830 2280 230

Fig. 6 Calculated (a) mode Grüneisen parameters and (b) phonon scattering rates at 300 K for all studied 2D materials.
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4.2 Bond anharmonicity and phonon interaction

A lattice with harmonic vibrations has innite lattice thermal
conductivity, because harmonic phonons have no chance to
scatter from each other. Phonon scattering is determined by the
anharmonicity of the chemical bond.105 In chemical terms,
bond anharmonicity measures the asymmetry in vibration.
Anharmonicity can be characterized by the mode Grüneisen
parameters. The larger the mode Grüneisen parameters, the
stronger the anharmonicity, the more frequently a phonon
becomes scattered by other phonons.

Fig. 6(a) shows the calculated mode Grüneisen parameters.
Materials with increasing size and mass usually have larger
Grüneisen parameters.1 Therefore, the mode Grüneisen param-
eters for monolayer black phosphorus are slightly smaller than
those for a-arsenene. Interestingly, aW-antimonene not only
shows higher mode Grüneisen parameters than monolayer black
phosphorus and arsenene, but even larger thanmost state-of-the-
art thermoelectric materials, such as PbTe, SnTe and SnSe.106,107
This journal is © The Royal Society of Chemistry 2018
The origin of the strong bond anharmonicity in antimonene
can be traced to the structural distortion. The asymmetric
reconstruction in antimonene is sensitive to local distortions
induced by phonons.108 When the bond is compressed and
stretched, the change in the electron conguration is highly
asymmetric, which results in a strong bond anharmonicity.109 In
addition, the Sb lone pair tends to manifest structural asym-
metry and further increases anharmonicity in the lattice,110–112

leading to the anomalously large Grüneisen parameters in aW-
antimonene.

The Grüneisen parameters reect the strength of phonon
scattering. Fig. 6(b) shows the calculated phonon scattering
rates of monolayer black phosphorus, arsenene, and anti-
monene at 300 K. The phonon scattering rates for arsenene are
moderately higher than those for monolayer black phosphorus
because of slightly larger Grüneisen parameters. In aW-anti-
monene, the phonon scattering rates are strongly enhanced
with much larger Grüneisen parameters.
J. Mater. Chem. A, 2018, 6, 2018–2033 | 2027
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Table 5 Calculated lattice thermal conductivity kL along the a and
b directions at 300 K, and contribution of ZA, TA, LA and all optical
phonons (O) towards kL for all studied 2D materials

Direction kL (W mK�1) ZA (%) TA (%) LA (%) O (%)

P a 126.70 27.58 23.78 35.13 13.51
b 35.02 17.41 19.28 37.57 25.74

As a 28.10 15.59 13.97 45.97 24.47
b 4.25 4.71 12.89 41.20 41.20

Sb a 0.36 7.19 8.22 71.46 13.13
b 0.18 11.20 17.70 60.11 10.98

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
1 

N
ov

em
be

r 
20

17
. D

ow
nl

oa
de

d 
on

 3
0/

01
/2

01
8 

20
:2

1:
43

. 
View Article Online
In addition to bond anharmonicity, phonon scattering also
depends on the number of channels available for a phonon to
become scattered (whether a three-phonon group satises the
energy and quasi-momentum conservation) – determined by
the phonon dispersion directly. In fact, comparing the phonon
dispersion of our materials with buckled group-V monolayers
can provide an intuition for their phonon scattering behavior.
Different from their buckled counterparts, such as blue phos-
phorene,39 there is no acoustic-optical gap in our 2D group-V
materials, providing more channels for acoustic phonons to be
scattered into optical phonons. Thus, the phonon scattering
rates in our anisotropic 2D group-V materials are much higher
than those of their buckled counterparts, especially for aW-
antimonene.99
4.3 Lattice thermal conductivity

The traditional routes to improve zT by suppressing lattice
thermal conductivity include introduction of lattice imperfec-
tions,6,113 nanostructuring,114 mesoscale structuring,115 and even
all-scale hierarchical architectures.116,117 Finding materials with
intrinsically low thermal conductivity can avoid these complex
approaches to reduce thermal conductivity. Intrinsically low
thermal conductivity may arise from strong bond anharmo-
nicity, anisotropic bond structure, a complex crystal, and lone-
pair electrons,2 as shown in the case of our 2D group-V
materials.

Fig. 7 shows the temperature dependence of lattice thermal
conductivity for monolayer black phosphorus, arsenene, and
antimonene. kL exhibits strong anisotropic behavior. Table 5
presents kL along the a and b directions at 300 K. The calculated
thermal conductivities of monolayer black phosphorus and a-
arsenene are in good agreement with most previous
results.63,64,66,68–71,118,119 Noticeably, Qin et al. have reported
a lower kL for monolayer black phosphorus,65,120 which might
further improve its thermoelectric performance. For aW-anti-
monene, our kL is more than one order of magnitude lower than
that reported in previous work.66 This is probably due to linear
ZA dispersion in previous work, which comes from the violation
of some invariance conditions in 2D materials because of
imperfect computational algorithms.98
Fig. 7 Lattice thermal conductivity for all studied 2D materials as a func

2028 | J. Mater. Chem. A, 2018, 6, 2018–2033
Most excitingly, due to the anisotropic structure of all
studied 2D group-V materials, kL along the a direction is higher
than that along the b direction. A thermal conductivity anisot-
ropy ratio of 3.6, 6.6 and 2.0 is obtained, respectively, for
monolayer black phosphorus, arsenene and antimonene. This
anisotropy makes these materials promising for orientation-
controlled thermal management. Generally, the a transport
direction with higher kL is preferred in nanoelectronics, while
the b direction is preferred in thermoelectric devices. For
monolayer black phosphorus, kL along the a direction is
comparable to that for the perfect monolayer MoS2 using the
same approach,121,122 indicating efficient heat dissipation; along
the b direction, kL is even lower than that of highly defective
MoS2 with a vacancy concentration of 7.4%.122 Thus, compared
with reducing kL by introducing lattice imperfections, aniso-
tropic materials have intrinsic potential to suppress phonon
transport by a simple in-plane orientation. For a-arsenene, kL
along the a direction is similar to that for low-buckled silicene
(28.3 W mK�1).123 As noted in our previous study, by adding Si
adatoms, the kL of silicene can be reduced to 2.86 WmK�1 aer
the dumbbell structure is formed.36 Here, we show that the
anisotropic structure in arsenene can suppress heat transport
as effectively as adatom engineering.

It is also worth noting that aW-antimonene exhibits a lower
lattice thermal conductivity for both the a and b directions –

even lower than those for high performance thermoelectric
materials, for instance, 2.0–2.5 W mK�1 at 300 K in monolayer
SnSe.92 This extraordinarily low kL can be attributed to weak
bonding strength and strong bond anharmonicity, which result
tion of temperature.

This journal is © The Royal Society of Chemistry 2018
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in low phonon velocities and high phonon scattering rates,
respectively. In addition, the Sb lone pair electrons might also
play a role in reducing kL.
5 Thermoelectric performance

The thermoelectric performance is the competition between
electrical and thermal transport. Using all the transport coeffi-
cients, we obtain the thermoelectric gure of merit as a function
of chemical potential at 300 K for monolayer black phosphorus,
a-arsenene, and aW-antimonene in Fig. 8. In general, the
maximum zT values are observed near the edge of the VBM or
the CBM, as shown in Table 6. The highest thermoelectric
performance for our materials is comparable to that for
monolayer SnSe,92 graphene nanoribbons,124 and graphyne
(sheets,125–127 nanoribbons128–131 and nanotubes132) calculated by
similar approaches, making them promising candidates for
room temperature thermoelectric materials. With elevated
temperature, it can be expected that zT values would be further
improved, due to decreasing kL as shown in Fig. 7, because the
phonon scattering becomes stronger. Fig. 8 also presents the
calculated thermoelectric gure of merit zT at 500 K and 700 K.
For black phosphorus and a-arsenene, the zT curve becomes
Fig. 8 Calculated thermoelectric figure of merit for all studied 2D mate

Table 6 Maximum zT values with their position EF for both p-type and
materials. The corresponding carrier concentration n, electrical conductiv
thermal conductivity kel are also listed for comparison

Direction Carrier type EF (eV) zT

P a Hole �0.46 0.47
Electron 0.74 0.01

b Hole �0.47 0.18
Electron 0.44 0.27

As a Hole �0.42 0.06
Electron 0.70 0.02

b Hole �0.41 0.11
Electron 0.37 0.67

Sb a Hole �0.06 0.53
Electron 0.10 0.47

b Hole �0.04 0.72
Electron 0.09 0.69

This journal is © The Royal Society of Chemistry 2018
higher with increasing temperature in a wide doping range,
indicating higher thermoelectric performance.

We also list the corresponding transport coefficients for
more insights. For monolayer black phosphorus, the maximum
zT for p-type doping along the a direction benets from its
ultrahigh carrier mobility, 13 067.66 cm2 V�1 s�1, and good
Seebeck coefficient, 236.51 mV K�1, which result in a high
thermoelectric power factor – 513.50 mW mK�2. In the b direc-
tion, a good zT is obtained for both electrons and holes. This
can be attributed to the anisotropic structure that helps to
overcome the trade-off between S and s, and suppresses the
lattice thermal conductivity along the b direction. For arsenene,
a high thermoelectric performance for n-type doping along the
b direction is achieved due to the small deformation potential,
large Seebeck coefficient and low lattice thermal conductivity. It
should also be noted that, in non-degenerate semiconductors,
both electrons and phonons contribute largely to the total
thermal conductivity, k.

Although the peak value of S in antimonene is nearly one
order of magnitude smaller than those for monolayer black
phosphorus and arsenene, its peaks in zT are highest because of
its relatively large Seebeck coefficient and ultralow lattice
thermal conductivity. The complex crystal structure in aW-
rials at 300 K, 500 K, and 700 K.

n-type doping along the a and b directions at 300 K of all studied 2D
ity s, Seebeck coefficient S, total thermal conductivity k, and electronic

s (/mU m) S (mV K�1) k (W mK�1) kel (W mK�1)

9.18 236.51 326.74 200.05
0.52 �97.28 131.40 4.71
0.76 191.01 46.64 11.62
1.16 �206.34 55.22 20.20
0.23 164.87 31.21 3.12
0.78 �57.47 34.39 6.30
0.06 176.35 5.10 0.85
0.58 �285.68 21.21 16.96
0.06 216.81 1.65 1.29
0.04 �216.36 1.26 0.90
2.42 235.77 55.76 55.58
0.22 �234.39 5.38 5.20

J. Mater. Chem. A, 2018, 6, 2018–2033 | 2029
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antimonene leads to a complex Fermi surface to achieve a large
S, while maintaining a high m due to the small effective mass. S
usually reaches a peak value at small EF, while s increases with
EF. Therefore, the high zT also benets from a small band gap,
one of the main reasons for choosing anisotropic 2D group-V
materials using a chemical picture of bond-orbital theory.
Moreover, a decrease in lattice thermal conductivity in anti-
monene can be expected because of the weak interatomic
bonding and large atomic mass from a chemical point of view.
In addition, its asymmetric structure and Sb lone pair result in
strong anharmonicity, which further reduces kL.
6 Conclusion

We discuss chemical intuition in the search to nd high
performance thermoelectric materials. A simple understanding
of how chemical bonds affect the electrical and thermal trans-
port properties provides new strategies for identifying 2D
materials with intrinsically high thermoelectric performance.
Three anisotropic group-V materials, monolayer black phos-
phorus, a-arsenene and aW-antimonene, are chosen for explo-
ration by using a simplied bonding model.

The electrical transport properties depend on the structural
chemistry, such as bond length and bonding structure. The
increasing bond length from P to As and to Sb implies
a decreasing band gap and larger DOS, which further affect the
thermoelectric transport properties. The bonding structure can
explain the anisotropically high carrier mobilities in these
materials. In addition, the anisotropic crystal structure gives
rise to a complex Fermi surface, especially for aW-antimonene
with asymmetric distortion. As a result, a low effective mass
(high electrical conductivity) and a large DOS (large Seebeck
coefficient) can be obtained at the same time. Thus, the trade-
off between s and S is overcome.

The phonon transport properties are linked to concepts,
such as bonding strength and bond anharmonicity. Due to the
anisotropic bonding strength, the phonon velocities tend to be
low along the b direction, inhibiting heat propagation. The
strong bond anharmonicity coming from the asymmetric
structure of antimonene strongly enhances phonon scattering.
Therefore, the lattice thermal conductivity of aW-antimonene is
lower than those for state-of-the-art thermoelectric materials.
The anisotropic thermal conductivity creates new opportunities
for thermal management as well.

Because of these intrinsic transport properties, monolayer
black phosphorus, a-arsenene, and aW-antimonene are pre-
dicted to be promising candidates to realize high thermoelectric
performance. Our chemically intuitive approach provides
a simple, but effective, framework to identify new thermoelec-
tric materials and evaluate their electrical and phonon trans-
port properties.
6.1 Computational details

First principles calculations are performed using the Vienna ab
initio simulation package (VASP) based on density functional
theory (DFT).133 The generalized gradient approximation (GGA)
2030 | J. Mater. Chem. A, 2018, 6, 2018–2033
in the Perdew–Burke–Ernzerhof (PBE) parameterization for the
exchange–correlation functional is used. A plane-wave basis set
is employed with a kinetic energy cutoff of 600 eV. We use the
projector-augmented-wave (PAW) potential. A 21 � 21 � 1
q-mesh is used during structural relaxation for the unit cell until
the energy differences are converged within 10�6 eV, with a -
Hellmann–Feynman force convergence threshold of 10�4 eV Å�1.
We maintain an interlayer vacuum spacing larger than 20 Å to
eliminate interactions between adjacent layers.

The electrical transport properties are obtained using semi-
classical Boltzmann transport theory and the rigid band
approach as implemented in the BoltzTraP code.16,89 The
constant relaxation time approximation is employed, which is
valid when the relaxation time does not vary strongly with the
energy scale of kBT.87,134 A dense 51 � 51 � 1 q-mesh is intro-
duced to enable accurate Fourier interpolation of the Kohn–
Sham eigenvalues. The initial k-mesh is interpolated to a mesh
50 times denser than the original.

The in-plane k can be calculated iteratively using the
ShengBTE code as a sum of contributions for all the phonon
modes.17,135–138 The harmonic interatomic force constants (IFCs)
are obtained by density functional perturbation theory (DFPT)
using a 5 � 5 � 1 supercell with a 5 � 5 � 1 q-mesh.139 The
anharmonic IFCs are calculated using a supercell-based, nite-
difference method,137 and a 3 � 4 � 1 supercell with a 5 � 5 � 1
q-mesh is used. We include the interactions with the eight
nearest-neighbor atoms. A discretization of the Brillouin zone
(BZ) into a G-centered regular grid of 91 � 91 � 1 q points is
introduced with the scale parameter for broadening chosen as 1.
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