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We study the thermoelectric properties of As and Sb monolayers (arsenene and antimonene) using
density-functional theory and the semiclassical Boltzmann transport approach. The materials show large
band gaps combined with low lattice thermal conductivities. Specifically, the small phonon frequencies and
group velocities of antimonene lead to an excellent thermoelectric response at room temperature. We show
that n-type doping enhances the figure of merit.
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I. INTRODUCTION

To cope with growing energy demands, alternative
approaches are required that can reduce the dependence
on fossil fuels and other conventional energy resources. One
important area is the conversion of waste heat into electricity
with the help of thermoelectric devices [1–3]. The efficiency
of the thermoelectric materials used in such devices is
measured by a dimensionless quantity known as the figure
of merit, ZT ¼ ðS2σTÞ=ðκe þ κlÞ, where S is the Seebeck
coefficient, σ is the electrical conductivity, κe is the elec-
tronic contribution to the thermal conductivity, and κl is the
lattice thermal conductivity. Since a high ZT value is
required at the mean operation temperature of a heat source,
recent research focuses either on finding alternative thermo-
electric materials or on adopting specific strategies for
enhancing the ZT value of known materials. The idea of
reducing the dimension of a material has turned out to be
particularly successful [4–6]. Therefore, it is not surprising
that the thermoelectric properties of two-dimensional mate-
rials, including graphene [7], silicene [8,9], germanene [8],
phosphorene [10–12], graphdiyne [13], transition-metal
dichalcogenides [14,15], and MXenes [16], now attract a
lot of attention.
Only recently, monolayers of arsenic (arsenene, As)

and antimony (antimonene, Sb) were predicted to exist
and to be semiconducting, in contrast to few-layer struc-
tures [17,18]. While both buckled and puckered honey-
comb structures are found to be stable [19], buckled
arsenene is energetically favored over puckered arsenene
[18]. Experimentally the possibility of growing antimonene
has been explored on Bi2Te3 and Sb2Te3 substrates [20]. A
multilayer arsenene nanoribbon was synthesized on an
InAs substrate using a plasma-assisted process [21]. Since
gray arsenic has a layered buckled structure [22], the
exfoliation technique can be used to obtain arsenene similar

to other two-dimensional materials, such as graphene and
phosphorene.
A series of studies has explored the electronic properties of

arsenene and antimonene [23–32]. Thermal transport, on the
other hand,was addressed inRef. [33] for puckered arsenene
by first-principles calculations and Boltzmann transport
theory, demonstrating high anisotropy. The same approach
applied to buckled antimonene yields, at 300 K, a low lattice
thermal conductivity of 15.1 Wm−1 K−1 [34], which can be
further reduced by chemical functionalization [35]. The
buckled and puckered structures of antimonene were also
studied in Ref. [36], and systematic insight into the inter-
relation between buckling and transport in two-dimensional
group-IV and group-V materials was given in Ref. [37].
However, the thermoelectric properties of arsenene and
antimonene have escaped attention. Both materials have
large band gaps and their bulk counterparts are known for
low thermal conductivities, so that they appear to be good
candidates for thermoelectric purposes.
Various examples of thermoelectric applications of two-

dimensional materials have been reported in the literature in
recent years. Graphene (monolayer [38,39] and bilayer
[40]) exfoliated on a SiO2=Si substrate, for example,
provides a significant thermoelectric response and the
usual temperature dependence of S can be overcome on
a SiC substrate [41]. Performance improvements have been
achieved through O plasma treatment [42] and molecular
decoration [43]. Interestingly, high-density defects can also
have positive effects [44]. Monolayer transition-metal
dichalcogenides, such as MoS2 (S ∼ 30 mVK−1 at room
temperature) [45] and WSe2 [46], provide higher values of
S but less mechanical stability. In this context, it is the aim
of the present study to establish comprehensive insight into
the potential of buckled arsenene and antimonene for
thermoelectric applications, using first-principles calcula-
tions and Boltzmann transport theory. We also investigate
the properties under n- and p-type doping.*udo.schwingenschlogl@kaust.edu.sa
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II. THEORETICAL APPROACH

We use density-functional theory as implemented in the
Vienna ab initio simulation package [47]with a 550-eVplane-
wave cutoff energy. The unit cell consists of the two-
dimensional material complemented by a vacuum slab of
15-Å thickness, in order to avoid an interaction between
periodic images perpendicular to the monolayer. The gener-
alized-gradient approximation of the exchange-correlation
functional in the form of Perdew, Burke, and Ernzerhof is
employed for fully relaxing the structures, including the unit-
cell parameters [48]. For the integrationof theBrillouin zone, a
11×11×1 k mesh (Monkhorst-Pack scheme) is employed.
We solve the semiclassical Boltzmann transport equation

in the constant relaxation-time approximation, using the
BOLTZTRAP code [49]. To this aim, Kohn-Sham eigenval-
ues are obtained by the Heyd-Scuseria-Ernzerhof (HSE06)
hybrid exchange-correlation functional [50], in order to
accurately describe the band structure, and Fourier inter-
polated on a refined 22 × 22 × 1 kmesh. Both electron and
hole transport are treated in the rigid-band approximation.
A 41 × 41 × 1 k mesh is employed for calculating the
density of states (DOS). With the second- and third-order
force constants as input, κl can be calculated using the
SHENGBTE code [51,52]. No drawbacks are expected from
the fact that phonon drag is not considered in this approach,
because, at the elevated temperatures relevant for most
thermoelectric applications, the contributions to S are
negligible [53]. The second-order force constants are
determined by PHONOPY [54] with a 5 × 5 × 1 supercell
and a 4 × 4 × 1 k mesh. The same supercell with an
interaction range of 7.7 Å is used to obtain the third-order
force constants, where symmetry analysis by SPGLIB [55]
allows us to reduce the number of structures to be
considered to 156. For calculating phonon lifetimes, we
employ a 100 × 100 × 1 q mesh. The lattice thermal
conductivity is given by

καβl ¼ 1

kBT2ΩN

X

λ

f0ðf0 þ 1ÞðℏωλÞ2vαλFβ
λ ; ð1Þ

where kB is the Boltzmann constant, T the temperature, Ω
the volume of the unit cell, N the number of points of the q
mesh, f0 the equilibrium phonon distribution function, ℏ
the reduced Planck constant, ωλ the angular frequency of
phonon mode λ (comprising the phonon branch index and
wave number), vλ the group velocity, and Fλ the mean free
displacement. Fλ ¼ τ0λðvλ þ ΔλÞ is solved iteratively start-
ing from Δλ ¼ 0, where τ0λ represents the initial scattering
time, until the change in καβl is less than 10−5 Wm−1K−1.
The thickness of arsenene and antimonene is considered to
be 3.60 and 3.83 Å, respectively.

III. RESULTS AND DISCUSSION

The buckled structure of the monolayers is illustrated in
Fig. 1. For arsenene, the bond distance is 2.50 Å and the

bond angle 92.0°, while, for antimonene, we obtain 2.89 Å
and 90.9°, respectively. These values agree with previous
studies [19,32]. The band structure and DOS are also
shown in Fig. 1. The band gaps of 2.20 (arsenene) and
1.72 eV (antimonene) exceed those of the puckered
allotropes [18,19]. Figure 2 summarizes results for S, σ=τ,
and κe=τ (with τ being the relaxation time) as functions of
the carrier concentration (ρ) at different temperatures for both
n- and p-type doping. Pristine arsenene and antimonene
exhibit, at 300 K, high S values of 0.30 and 0.34 mVK−1,
respectively.
Figure 2 shows, for the two materials, a comparable

thermoelectric response for n- and p-type doping in the
range of 1010–1014 cm−2 (rigid-band approximation) and
temperatures between 300 and 700 K. The reason is that the
band structures (see Fig. 1) are also very similar. We obtain
for arsenene and antimonene, respectively, effective electron
masses of 0.48me and 0.44me at the conduction-band
minimum along the Γ-M direction and effective hole masses
of 0.44me and 0.42me at the Γ point. The slight differences
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FIG. 1. Crystal structure of arsenene and antimonene viewed
from (a) the side and (b) the top with corresponding HSE06 band
structure and DOS.
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in the effective masses are reflected by the results for σ=τ in
Fig. 2. The smaller band gap of antimonene compared to
arsenene also enhances σ=τ. For both n- and p-type doping,
at a fixed temperature, the absolute value of S decreases for
an increasing ρ and κe=τ grows, demonstrating that there
exists an optimal ρ that maximizes ZT. At a fixed ρ, an
increasing temperature enhances S and κe=τ, as expected.
Finally, the Wiedemann-Franz law (κe ¼ LσT) is found to
apply qualitatively.
Phonon band structures and densities of states are shown

in Fig. 3. The D3d point group results in A1g (nondegen-
erate, out-of-plane) and E2g (twofold-degenerate, in-plane)
modes at 210 cm−1 (305 cm−1) and 161 cm−1 (236 cm−1)
at the Brillouin zone center for arsenene (antimonene), in
agreement with previous results [19]. While the higher

atomic mass of Sb (1.6 times that of As) lowers the phonon
frequencies, the shape of the phonon bands remains similar.
It also lowers the group velocities (vg, determining the flow
of thermal energy), see the results calculated from the
phonon band structures along the Γ-M and Γ-K directions
in Fig. 4, and thus κl. The phonon densities of states in
Fig. 3 quantify the contributions of the in-plane [longi-
tudinal (LA), transversal (TA)] and out-of-plane [flexural
(ZA)] vibrations. Importantly, the wide phonon band gaps
found for both arsenene and antimonene inhibit the
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FIG. 2. Seebeck coefficient, electrical conductivity, and electronic contribution to the thermal conductivity as functions of the carrier
concentration at different temperatures for both n- and p-type doping.
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FIG. 4. Group velocity along the Γ-M and Γ-K directions.
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scattering of acoustic to optical phonons, which enhances
κl. We note that our calculations for κl take into account
three phonon processes (normal and Umklapp processes),
as well as isotopic scattering effects. The fact that vg of
the ZA branch is nonzero at the Γ point (in contrast to
graphene), see Fig. 4, can be attributed to the buckled
structures of the materials under study [56,57].
While the in-plane and out-of-plane dielectric constants

(ϵ∞) are 4.4 (1.3) and4.9 (1.3) for arsenene (antimonene), the
Born effective charges are negligible, and the longitudinal
and transversal optical modes thus do not split. Similarly
the ionic contributions to the dielectric constants are zero.
Mode Grüneisen parameters in the irreducible Brillouin
zone are shown in Fig. 5. Similar patterns for arsenene and
antimonene indicate similar anharmonicity effects on κl. The
totalGrüneisenparameter turns out to be negative (−0.22 and
−0.56 for arsenene and antimonene, respectively), see Fig. 5,

due to large contributions from the ZA vibrations, which
reflects the membrane effect that is characteristic of two-
dimensional systems [58,59]. By the suppressed scattering of
acoustic to optical phonons, at room temperature, the former
account for about 98% of the (isotropic) in-plane κl in both
arsenene and antimonene; see Fig. 6. To determine the
sample size effects, we cumulate κl to obtain

κcl ðΛÞ ¼
X

jvλjτλ<Λ
κlðvλ; τλÞ; ð2Þ

where vλ and τλ are the velocity and the relaxation time,
respectively, of phonon mode λ (see the bottom row of
Fig. 6). A reduction of κcl is found when the sample
dimension falls below about 100 nm, which is more
pronounced for arsenene than for antimonene.
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TABLE I. In-plane stiffness (in J m−2), effective mass (in units
of the free electron mass), and deformation-potential constant
(in eV) at 300 K.

C2D m�
x m�

y E1;x E1;y

Arsenene 52 Hole 0.47 0.49 6.2 6.4
Electron 0.15 0.50 6.5 3.7

Antimonene 32 Hole 0.45 0.49 5.4 5.6
Electron 0.15 0.48 4.3 3.5
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Within deformation-potential theory [27], we have, for
transport along the x=y direction,

τx=y ¼
ℏ3C2D

kBT
ffiffiffiffiffiffiffiffiffiffiffiffi
m�

xm�
y

p
E2
1;x=y

; ð3Þ

where ℏ is the reduced Planck’s constant, C2D the in-plane
stiffness, kB the Boltzmann constant, T the temperature,
m�

x=y the effective mass (heavy carriers in the case of
degeneracy at the band edge), and E1;x=y the deformation-
potential constant. Excellent agreement with the experi-
ment has been found for the carrier mobility of graphene,
for example, obtained by this approach [60]. The same is true
for S of graphene determined in the constant relaxation-time
approximation [61]. Values obtained for C2D, m�

x=y, and
E1;x=y are summarized in Table I. In the following, we focus
on transport along the y direction, as higher ZT values are

obtained. Both τy and the carrier mobility μy ¼ τye=m�
y are

depicted in Fig. 7 as functions of the temperature, showing
higher values for electrons than for holes and a decline at
increasing temperatures. According to Fig. 8, we obtain ZT
values of 0.17 and 0.26, respectively, for pristine arsenene
and antimonene at a temperature of 700 K, indicating an
excellent thermoelectric response. A moderate doping (a
carrier concentration of approximately 1013 cm−2) enhances
ZT significantly for both types of carriers.
ZT values approaching 0.8 upon doping make arsenene

and antimonene competitors of well-established thermo-
electric materials. In addition, they clearly outperform other
two-dimensional materials. For example, at room temper-
ature, more than twice the maximal ZT value reported
for n-type doped phosphorene is achieved [62]. Using
Boltzmann transport theory, for graphene, a value of
ZT ¼ 0.08 has been predicted from molecular-dynamics
simulations [63] and for silicene and germanene a value of
ZT ¼ 0.4 forms an upper limit [8] (it would be significantly
reduced by a full consideration of κl). For monolayer
transition-metal dichalcogenides, values of ZT ¼ 0.4–1.1
and ZT ¼ 0.7–0.9 have been derived based on Landauer’s
formalism [64] and the nonequilibrium Green’s-function
approach [65], respectively, whereas application of the
Boltzmann transport formalism for the electrons and
phonons leads to much lower values of ZT ≤ 0.13 for
MoSe2 and WSe2 [66]. Arsenene and antimonene, like-
wise, outperform the MXenes studied in Ref. [67].

IV. CONCLUSION

The electronic band structures of arsenene and antimo-
nene calculated by hybrid density-functional theory show
large band gaps, which result in significant Seebeck co-
efficients. Because of their exceptionally low lattice thermal
conductivity (which is almost purely due to the in-plane
acoustical vibrations) both monolayers are characterized by
an excellent thermoelectric response in comparison to other
two-dimensional materials. Antimonene is slightly superior,
since both the phonon frequencies and the group velocities
are smaller than in arsenene. The materials are particularly
promising for thermoelectric applications at room temper-
ature, since ZT values of up to 0.58 are achieved by
moderate n-type doping of approximately 1013 cm−2. On
the other hand, p-type doping turns out to be a less efficient
approach.
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APPENDIX: EFFECT OF SPIN-ORBIT COUPLING

We check for the effect of spin-orbit coupling on the results in Fig. 2 and observe only minor modifications; see Fig. 9.
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