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ABSTRACT: Bulk chalcogenide compounds with chemical

formula A,X; (A = As, Sb, Bi, and X = S, Se, Te) are usually v )

semiconductors, topological insulators, and thermoelectric materi-
als. The layers are stacked together via weak van der Waals
interactions and can be exfoliated into thin two-dimensional (2D)
layers. Recently, 2D few-layered As,S; with superior chemical
stability was successfully exfoliated in experiments. With a lattice
structure to 2D As,S;, monolayer As,Te; has a heavier atomic mass
and a lower lattice thermal conductivity, which is beneficial to the
thermoelectric performance. Here, we study the thermoelectric
properties of monolayer As,Te; using ab initio calculations
combined with semiclassical Boltzmann transport theory. The optimal figure of merit of 2.36 is achieved for hole doping at 600
K, suggesting that monolayer As,Te; is a potential competitor among the efficient and anisotropic thermoelectric materials.
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B INTRODUCTION

Thermoelectric materials can directly and reversibly convert
waste heat into electricity. Although it is not as efficient as
steam engines and as cheap as pumped thermal salt,'
thermoelectric materials still have nonreplaceable advantages
to generate electrical energy with many promising applications,
such as working without noise, isotope thermoelectric
generation in aerospace,2 miniaturization temperature control
devices,” and even wearable and implantable electronics on the
human body.” Thermoelectric efficiency can be evaluated by
figure of merit ZT = S$?¢T/k. An optimal thermoelectric
material should have a large S, a large 0, and a small «,
simultaneously. However, these parameters are strongly
associated with each other. How to relatively decouple the
contradictory relation between S and o is still under
exploration, such as through band engineering,5 machine
learning (high-throughput),® nanostructuring’ and so forth. At
present, researchers pay much attention to the thermoelectric
materials operating across a wide temperature range.g’9
Chalcogenide compounds with chemical formula A,X; (A =
As, Sb, Bi, and X = S, Se, Te) have been studied in
thermoelectric performance for a long time.'” In the
experiment, the highest ZT is 0.65 at 423 K in the Sn-doped
As,Te, system.'' Recently, two-dimensional (2D) materials
have stimulated much attention due to their remarkable
mechanical, electronic, and phonon properties. Interestingly, as
one member of chalcogenide compounds, 2D few-layered
As,S; has been successfully peeled off from its bulk counterpart
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in the experiment in 2019."> Besides, some previous works
have explored the mechanical, electronic, and optical proper-
ties of 2D chalcogenide compounds A,X;.'*~"> Considering
lattice thermal conductivity is inversely proportional to the
effective mass, As,Te; probably has the lowest thermal
conductivity in the As,X; compounds, which is favorable to
enhance ZT. Furthermore, since 2D As,Te; has a lattice
configuration similar to that of As,S;, As,Te; has great
potential to be exfoliated from the 3D analog.'” Here, we
systematically study the thermoelectric performance of
monolayer As,Te;, including its band structure, Seebeck
coeflicient, electrical conductivity, and thermal conductivity,
as well as the ZT. We find that As,Te; shows strong anisotropy
in electronic, mechanical, and phonon properties. The room-
temperature lattice thermal conductivities along the x- and y-
axes are 2.76 and 1.68 W/(m K), respectively. A maximum
value of ZT being 2.36 for p-type As,Te; at 600 K is obtained
in our calculation, suggesting a promising anisotropic thermo-
electric performance. The high ZT is derived from “phonon-
glass and electron-crystal” that includes the small phonon
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velocity, large Griineisen parameter, small phonon relaxation
time, and “pudding-mold” band structure.

B THEORETICAL APPROACH

We used PAW pseudopotentials'®'” and the PBE'® functional in
vase'® 7! with 550 eV cutoff. The 2D structure has been calculated by
a 31 X 31 X 1 Monkhorst—Pack grid.>* The ionic forces and total
energy reach 107 eV/A and 10™® eV. The transport properties are
obtained by BoltzTraP.”® To determine the phonon relaxation time,
we use 101 X 101 X 1 g-grid. The second-order and third-order
interatomic force constants are calculated by Phonopy** and
ShengBTE.>® The converged k; was obtained after careful testing of
the g-grid and cutoff distance. The electronic relaxation time is
calculated by the deformation potential (DP) theory.”®

B RESULTS AND DISCUSSION

Crystal Structure and Electronic Structure of As,Te;.
The optimized monolayer As,Te; is shown in Figure 1a,b. The
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Figure 1. (a, b) Atomic configurations of the monolayer As,Te; in a2
X 4 supercell. (c) Electronic band structure and (d) electronic density
of states (DOS) of As,Te;. The Fermi levels are set to zero. Distances
d and h shown in panel b represent the intrinsic buckling distance and
effective thickness.””® The indirect band gap is indicated by the
green arrow in panel c. High-symmetry k points are S(1/2 1/2 0),

X(1/2 00), (0 0 0), and Y(0 1/2 0), respectively.

equilibrium lattice constants are la;l= 13.097 A and la,1= 4.510

As,Te;: stable a-As,Te; (monoclinic C2/m, a = 14344 A, b =
4.016 A, and ¢ = 9.889 A),'’ metastable p-As,Te,
(thombohedral R3m, a = 4.0473 A, and ¢ = 29.5018 A),”
and metastable glassy-As,Te;.”’ Therefore, our monolayer
As,Te; has the potential to be peeled off from the stable bulk
a-As,Te; that can be regarded as a composition of monolayer
As,Te, assembled by the van der Waals (vdW) interactions.

The intrinsic buckling distance (d) of monolayer As,Te; is
3.254 A. In low-dimensional materials, since the volume (V) is
not a well-defined quantity, one should adopt an effective
thickness to compare the related properties with 3D materials,
such as mobility and thermal conductivity. Up to now, there
have been three different definitions of thickness in 2D
materials, including interlayer distance, buckling height
between the topmost and bottommost atoms, and the
summation of buckling distance and the vdW radii of the
outermost surface atoms.”””®*' The second choice t, has a
disadvantage; for instance, the graphene thickness would be
zero due to a single carbon layer. We have optimized the bulk
As,Te; on the basis of the DFT-D2 method for vdW
calculation.®” The optimized lattice constants are a = 14.399
A, b =4.050 A, and ¢ = 9.846 A, which are consistent with the
previous experimental work with a = 14.344 A, b = 4.016 A,
and ¢ = 9.889 A, respectively.'’ Thickness ¢, in our calculation
is 7.479 A, and t; of the last definition is 7.374 A. In most
situations, thickness t; usually yields a result close to the
interlayer distance (#;) and we adopt t; in the following.

For 2D materials, mechanical stability is a critical
prerequisite for the applications.”® There is a 3 X 3 elastic
tensor in each 2D materials, which is different from a 6 X 6
elastic tensor in bulk materials. For monolayer As,Te;, the
calculated C;;, Cy,, Cy,, and Cg4 are 40.64, 10.50, 13.32, and
15.30 GPa, respectively. If a 2D material is mechanically stable,
the corresponding elastic constants have to satisty C,,C,, —
C;,> > 0 and Cg4 > 0. Besides, Young’s modulus (E) and
Poisson’s ratio (v) of 2D solid materials under the linear
response region can be expressed as”’

A, which are consistent with the previous calculation results of — M, E = M)
o o X
la;l= 13.114 A and la,|= 4.458 A."*> The generic 2D As,X; (X Cyn ! Cy
=S, Se, and Te) system possesses the same Pmn2; symmetry Cy Cp
group (space group no. 31) belonging to the orthorhombic Ly = . Yo = C.
system. Up to now, there have been three forms of bulk 2 1 (1)
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Figure 2. (a) Phonon dispersion of monolayer As,Te;. There are three acoustic branches and twenty-seven optical branches. (b) Intrinsic lattice
thermal conductivity (k) as a function of the temperature of As,Te;. Dashed lines are 1/T fittings, which indicate a dominant role of the Umklapp

process of phonon—phonon scattering that leads to the thermal resistivity.
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Figure 3. (a) Phonon velocity squared of As,Te; along the x-axis and y-axis with mode resolution at 300 K. ZA (red), TA (green), and LA (blue)
indicate the out-of-plane, in-plane transverse, and in-plane longitudinal phonon modes, respectively. (b) Frequency-resolved k at room
temperature along both axes. (c) Griineisen parameter (y) as a function of the phonon frequency at 300 K. (d) Three-phonon relaxation time at

300 K.

The calculated Young’s moduli E, and E, are 32.365 and
10.611 GPa, indicating a higher mechanical hardness in the x-
axis compared with the y-axis. Similarly, the Poisson’s ratio v
along x (0.788) and y (0.258) axes also exhibit large
mechanical anisotropy.

The electronic band structure and density of state (DOS)
distribution for monolayer As,Te; are shown in Figure I¢,d.
The conduction band minimum (CBM) locates at the I point,
while the valence band maximum (VBM) stands between the
I' point and the Y point, indicating an indirect band gap
property. The electronic transport behavior of monolayer
As,Te, is similar to those of As,S; and As,Se; materials.'* The
calculated band gap of monolayer As,Te; is 1.08 eV. More
importantly, the valence bands around the Fermi level are
relatively flatter than the conduction bands, which lead to a
great DOS below the Fermi level shown in Figure 1d. These
flat bands will result in a large effective mass. Besides, the
Seebeck coefficient is proportional to the effective mass.
Therefore, the narrower the electronic band, the larger the
effective mass that leads to larger Seebeck coefficients and
thermoelectric performance.”” We will discuss the details in the
following.

Thermal Transport Properties of As,Te;. Since the
ramified relationship between the Seebeck coefficient and the
electric conductivity, lattice thermal conductivity (x;) becomes
a relatively independent parameter in the thermoelectric
performance. To explore the thermal transport property of a
material, one should divide this problem into two parts. One is
harmonic properties and the other is the anharmonic
properties. Ultralow k; ideally needs weak harmonic and
strong anharmonic phonons.”*** The computed phonon
dispersion of monolayer As,Te; is shown in Figure 2a. It is
free from imaginary frequency, indicating the dynamical
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stability of the monolayer As,Te;. There are many flat optical
phonon bands above 80 cm™, indicating small phonon group
velocities. There are three acoustic phonons and 27 optical
phonons since it has 10 atoms in the primitive cell.
Furthermore, there is no acoustic—optical (a—o) gap. The
renowned boron arsenide has an ultrahigh x; over 2000 W/(m
K) at 300 K due to the large a—o gap.’® Therefore, the material
with a small, even a negative, a—o gap is beneficial to
minimizing the x; owing to the enhancement of scattering
between acoustic phonons and optical phonons.”**® The
optical phonon modes of monolayer As,Te; enter the region
belonging to the three acoustic phonon branches, which is an
important factor leading to the ultralow K.

In pristine semiconductors and insulators, phonons are the
main carrier for heat transport. On the basis of the phonon
Boltzmann transport equation (BTE), the lattice thermal
conductivity can be calculated by summing the contributions

of all phonon modes 1 (s, q)28’34

1
Kop = = E G050

Va )
where C), 7), and v, , are the specific heat, phonon relaxation
time, and phonon group velocity in the Cartesian direction a
of each single-phonon mode, respectively. V is the volume.
Figure 2b shows the temperature-dependent x; of As,Te;
along the x- and y-axes. Since the phonon anharmonicity
becomes stronger, k; decreases when the temperature
increases. The ki of As,Te; material is found to be very low
and anisotropic. For instance, the calculated room-temperature
ki, As,Te; along the x- and y-axes are 2.76 and 1.68 W/(m K),
respectively. These values are comparable and even lower than
the renowned thermoelectric materials, such as rocksalt PbSe
and PbTe whose k; were reported in the experiments as low as

https://doi.org/10.1021/acsaelm.0c01100
ACS Appl. Electron. Mater. 2021, 3, 1610—1620


https://pubs.acs.org/doi/10.1021/acsaelm.0c01100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.0c01100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.0c01100?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.0c01100?fig=fig3&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.0c01100?rel=cite-as&ref=PDF&jav=VoR

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

(a) 2o

25

20

Cumulative x; (W/mK)

0.0

10' 102 10 10*  10°
Mean free path (nm)

107 10°

108

(b) 30 . : . . .

—— Xx-axis N
—— y-axis

25

20 B

15+ B

K, (W/mK)

1.0+ B

0.5 B

0.0 . " " . "
10 10? 10° 10* 10° 108
Length (nm)

107

Figure 4. (a) Cumulative lattice thermal conductivity (k) as a function of the phonon mean free path of As,Te; along the x-axis and y-axis at 300
K. The dashed lines represent cumulative 50% contribution to the total k. (b) k as a function of sample size (L) based on eq 6 at 300 K.

1.7-2.2 W/(m K) at 300 K.*’7* Moreover, it also the same
level of ki, with the SnSe (0.8, 2.0, and 1.7 W/(m K) along a-,
b-, and c-axes, respectively).”” Note that here k; is only
considered with phonon—phonon scattering without defects
and boundary effects, which would further lead to a small
reduction in k for monolayer As,Te;. With regard for the
anisotropic property, &, in the x-axis is around 1.6 times larger
than that of the y-axis, leading to a large anisotropy in the
thermal transport of monolayer As,Te;. Moreover, we found
that k; of As,Te; can be well-described by a T~ function
(dashed lines in Figure 2b), indicating a dominant Umklapp
process of phonon scattering that causes thermal resistivity.

To further unveil the ultralow and anisotropic «y of
monolayer As,Te;, we study the thermal transport behavior
physically from both the harmonic and anharmonic properties.
Group velocity is one crucial parameter in k, from eq 2, which
is defined as ¥ = dw/dq. The calculated ¥ is shown in Figure
3a. In the low-frequency range (<25 cm™), transverse-acoustic
(TA) phonons and longitudinal-acoustic (LA) phonons have
large group velocities compared with the flexible-acoustic (ZA)
phonons and other optical phonons in both x- and y-directions.
When frequencies increase, TA and LA enter the optical
region; thus, the a—o scattering is enhanced significantly.
Therefore, the group velocities of TA and LA phonons are
suppressed naturally. Besides, group velocities along with the x-
direction are much larger than those of the y-direction,
indicating a large anisotropic property of the group velocity.

To explore the specific frequency range in determining ki,
we show the frequency-resolved x for monolayer As,Te; in
Figure 3b. Low-frequency phonons (<50 cm™') almost
dominate the heat transport of k; in both the x- and y-
directions. However, acoustic phonons lower than 25 cm™
contribute greater along the y-direction (blue line) compared
with the x-direction (red line). This is consistent with the
phonon dispersion shown in Figure 2a. The acoustic phonon
branches are softer along I'=Y than I'=X axis. Therefore,
acoustic phonons are less disturbed in the I'=Y than that of the
I'—X direction, resulting in a large anisotropic k for monolayer
As,Tes.

The other pivotal parameters in determining ki from eq 2
are the phonon relaxation time and anharmonicity, which are
highly dependent on the scattering mechanism and intensity in
each phonon—phonon scattering channel.*>*"** The mode-
dependent Griineisen parameter (y) is defined as
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_dlna)
dlnV

’ 3)
in which the phonon frequency (@) is a function of phonon
modes (4) and V is the volume of the crystal. A large y
indicates a large intensity in phonon—phonon scattering modes
in materials. The calculated y of As,Te; is shown in Figure 3c.
It is found that acoustic phonon and low-frequency optical
phonon branches (<50 cm™") for As,Te; have large negative 7,
while high-frequency optical phonon modes (>50 cm™") have
small positive y. Like 2D graphene and tellurene, a negative y
usually indicates a negative thermal expansion, which is a
favorable property to alleviate the structural thermal stress that
will affect the performance of electronic devices in high
temperatures.“’44

Besides the A, the total number of phonon—phonon
scattering modes is also very important to determine 7, from
eq 2. Every three-phonon scattering process must satisfy the
energy and quasi-momentum conservations expressed as"*°

he fy =1y

+ + 2
Fli’/{” = |Vll’/1"| 5(0)1 + a)l/ - Cl)lﬂ)
4 w0 @, 4)
. L
FM’/I” = |Vﬂ.ﬂ/ﬂ”| 5(0)}& - a)ir - wﬂ//)
4 wwpwy
(8)

where I"}; » and I'};/;» represent the emission and absorption
rates.”” The calculated three-phonon relaxation time (7;) at
room temperature of monolayer As,Te; is shown in Figure 3d,
having an averaged value of 10 ps. Acoustic ZA, TA, and LA
phonons have larger 7, than that of the optical phonons. As we
discussed above, due to the overlap between acoustic phonons
and optical phonons shown in Figure 2a around 20 cm™’, the
relaxation time of the LA mode and lowest optical phonon
branch are highly suppressed, leading to a decreasing tend of k,
in As,Te;. The physical reason behind it is that a larger cross-
region of acoustic—optical phonons makes it easier to satisfy
thfs energy and quasi-momentum conservation in eq 4 and eq
S5

Furthermore, we calculate the cumulative k| as a function of
phonon mean free path at 300 K in monolayer As,Te;, shown
in Figure 4a. It is found that cumulative 50% contributions to
the total k; in monolayer As,Te; are 1.35 and 0.80 W/(m K)
along with x- and y-axes, respectively, indicating a strong
anisotropic heat transport in As,Te;. The corresponding mean
free paths are 2.3 X 10° and 17.1 nm in both axes, respectively.
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Besides, the size-dependent « is also a factor to affect the
thermal transport behavior since the transistors are becoming
smaller and smaller. The boundary scattering in the nanoma-
terials can be evaluated by’

1y

5 L (6)
where v;, L, and 7, are phonon group velocity, material size,
and phonon relaxation time of boundary scattering, respec-
tively. According to the Matthiessen’s rule, 1/7, = 1/7,_, +
1/7,, the boundary scattering can be incorporated into the
total phonon relaxation time. The computed total ky including
boundary scattering of monolayer As,Te; with respect to L is
shown in Figure 4b. When L ranges from 10 to 1000 nm, x,
exhibits a logarithmic function: x; o« log L, which is strong
evidence of the crucial role of boundary scattering. This
phenomenon has been experimentally confirmed in the
suspended single-layer graphene previously.”® For example,
when L = 1 nm, k; of As,Te; is suppressed to 0.50 and 0.56
W/(m K) along x- and y-axes, respectively. These are much
smaller than that of k| of the infinite size. When L increases to
1 pm, k. is strengthened to 1.25 and 1.58 W/(m K) along «-
and y-axes, around 45% and 94% along both axes compared
with the kg of the infinite size. Therefore, our results exhibit
different sensitivity along x- and y-axes and strong anisotropic
of heat transport in monolayer As,Tes.

As a matter of fact, the length dependence of 2D materials is
still under heated debate and different theoretical methods
have their own limitations. Molecular dynamics (MD)
simulation can consider the full-order phonon—phonon
scatterings, but it cannot go beyond the nanoscale larger
than 100 gm. The MD simulation should go a longer length to
bridge the gap in extracting reliable thermal conductivity. The
BTE calculation can well-calculate the size dependence of

1614

thermal conductivity even at several millimeters. However, the
conventional BTE fails to describe the higher order three-
phonon process*” and collective excitation of phonons.””>'
Besides, other researchers believe that if the 2D graphene is
long enough, the thermal conductivity will probably become
diffusive from the ballistic transport, like the nanowire.>”

Electronic Transport Properties of As,Te;. In the
framework of Boltzmann transport theory and the relaxation-
time approximation, the energy-dependent electronic transport
properties, such as Seebeck coefficient (S), electrical
conductivity (o), and electronic thermal conductivity (k,),
can be obtained by™’

. ﬁ 2 f &k (k) v(k) ® (k)
X (e (k) — " _FW T, &)
O¢; (7)

o= 'K, (8)

=l
S = eTKlKO )
K, = L(K, - KK, ™)

e — T 2 1 0 (10)

where K, is a tensor and the coefficient of 2 in eq 7 is the spin
degeneracy. The explanation of other parameters can be found
elsewhere.””* Besides, the electronic thermal conductivity
under open-circuit conditions can also be achieved by the
Wiedemann—Franz law,>

K. = LoT (11)
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Table 1. Calculated Effective Masses (m}¥/m, and m;’/m,), Deformation Potential Constants (E, and E,), 2D Elastic Modulus

(C® and C°), and Carrier Mobilities (4;° and ﬂ;'Dy)

Based on Equation 13 for x- and y-axes at 300 K of Monolayer As,Te;

carrier type  m¥/my (G-X) myf/my (G-Y) E, (eV) E, (eV) C® (Jm™) CP(m?) P m* Vs P10 m* Vs
electron 0.470 0.201 4.808 7.044 28.052 6.628 0.179 0.046
hole 0.557 1.003 1.554 2.157 28.052 6.628 0.593 0.040
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Figure 6. Calculated temperature-dependent (a, b) electronic thermal conductivity (k,) and (c, d) power factor (S?%, PF) as a function of
temperature and carrier concentration (holes and electrons) along x- and y-axes at 300 and 600 K of As,Te; based on eq 11.

in which L is the Lorenz number with a constant value of 2.4 X
107* W Q K> We compare the results of k, from eq 10 and eq
11 and find that they are generally consistent with each other.
This phenomenon has also been supported by many previous
nanomaterials.”**°

The calculated S and o for p- and n-type monolayer As,Te,
at 300 and 600 K are shown in Figure Sab, respectively. S
linearly decreases in logarithmic graphs when increasing the
carrier concentration for both p- and n-type As,Te;. On the
basis of the Mohan—Sofo theory, the Seebeck coefficient for
2D semiconductors can be expressed as”’

2%k T
= —m
» 3eh’n d

(12)
in which m¥ and n are the effective mass of electronic density
of states around the Fermi level and carrier concentration,
respectively. Therefore, S is inversely proportional to n.
Furthermore, S is also proportional to the temperature (T),
which can explain why S at 600 K is much larger than that of
300 K. Besides, we can find that S of As,Te; shows strong
anisotropic behavior for both p- and n-types. For hole doping,
S¢ > S, while S, > S, for electron doping. At 10" cm™ hole
concentration and 600 K, S is 475 and 436 yV/K for x- and y-
axes, respectively. At 10'> cm™ electron concentration and 600
K, ISl is 466 and 501 uV/K for x- and y-axes, respectively.
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These values are around double that of renowned 2D SnSe
(200 #V/K) under the same condition.’”

On the basis of eq 8, the electronic relaxation time (7) must
be given to obtain electric conductivity (o), since the outcome
in BoltzTraP code®® is /7. In fact, 7 is a function of
temperature, carrier concentration, and scattering mechanism
in given materials. On the one hand, some researchers will
approximately adopt a constant relaxation time of 10—12 fs.
This strategy has been widely used in recent works.**"*" On
the other hand, 7 can be evaluated by the deformation
potential (DP) theory which neglects secondarily optical
phonons and only considers primarily acoustic phonons in the
single parabolic band (SPB) model. In the framework of the
DP theory, the acoustic phonon scattering-limited carrier
mobility (1) of 2D materials can be expressed as”*

en’Cyp

Mop = T . o2
P kg Tm¥*m* E

(13)

where the explanation of parameters can be found else-
where.”>* The electronic relaxation time and carrier mobility

have a direct relationship: 7 = £, The calculated effective
€

mass of band (m*), deformation potential constants (E), and
2D elastic modulus (C?P) are listed in Table 1. The calculated
7 are 0.048 and 0.00S ps for electrons in the x- and y-axes,
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respectively. The corresponding results for holes are 0.188 and
0.023 ps at 300 K. We can find that 7 in the y-axis is one order
smaller than that of the x-axis, indicating a strong anisotropic
electronic property in As,Te;. This behavior is reasonable since
the crystal structure is softer in the y-axis than x-axis, which is
consistent with the lattice formation shown in Figure lab.
Although the DP theory has been a great success, the
relaxation time, in principle, should also relate to the doping
concentration. More details are discussed in Appendix.

On the basis of the result of electronic relaxation time,
anisotropic ¢ are given in Figure Sa,b. In general, ¢ for both p-
and n-type As,Te; increases as the carrier concentration rises.
Anisotropic ¢ is confirmed at 300 and 600 K in all carrier
concentrations. ¢ along with the x-axis is around 1 order of
magnitude larger than that of the y-axis owing to the
anisotropic relaxation time. Depending on eq 11, k, is plotted
in Figure 6ab. Since k, and ¢ are positive and linearly
connected, k, for both p- and n-type As,Te; are proportional
to the carrier concentrations. Besides, k, is not sensitive to the
temperature according to our calculation. With hole concen-
tration being 10" cm™ at 300 K, «, are 3.32 and 0.46 W/(m
K) along x- and y-axes, respectively. x; are 2.76 and 1.68 W/
(m K), respectively, under the same condition. Therefore, both
K. and ki are essential for thermal transport and thermoelectric
performance.

The power factor (PF, $’) in Figure 6¢,d exhibits the final
balance of contradiction relation between S and & as a function
of carrier concentration. PF first increases at low concentration
and then decreases at high concentration. It is clearly found
that PF in the x-axis (red) is quite larger than that in the y-axis
(blue). Furthermore, p-type As,Te; possesses a significantly
higher PF than that of the n-type situation. The highest value
of p-type As,Tey is 17.59 (20.87) mW/(m K?) along the x-axis
at 300 (600) K with the hole concentrations of 2.74 X 10"
(4.72 X 10") cm ™2 On the contrary, for the n-type doping, the
maximum PF values are 2.95 (2.43) mW/(m K?) along the x-
axis at 300 (600) K with the electron concentration of 1.73 X
10" (2.64 x 10") cm™. Such high values of the PF are
comparable to other renowned thermoelectric materials, such
as layered LaCuOSe (3.0 mW/(m K2)),” tellurene (57.3
mW/(m K?)),°* and PbTe (2.5 mW/(m K?)).%"

Figure of Merit (ZT). With all of the above results of
phonon and electron transport properties, ZT can be
determined as
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S’

Ke+KL

ZT = T

(14)

The results are shown in Figure 7a,b, respectively. Evidently,
ZT is highly anisotropic due to the orientation-dependent
transport properties of phonons and electrons. Because of the
high power factor and low lattice thermal conductivity,
monolayer As,Te; demonstrates a ZT value larger than 2 at
600 K for the hole doping. The maximum values of ZT in the
x-axis are 2.36 and 0.93 for hole concentration of about 5.25 X
10" cm™ at 600 and 300 K, respectively. On the other hand,
the highest value of ZT in the x-axis is 0.68 for electron
concentration of about 1.30 X 10" cm™ at 600 K. The
obtained high ZT of As,Te;, especially for p-type doping, is
derived from the elevated S and o, as well as the reduced «;,
along the x-axis. Such a high ZT being 2.36 for p-type As,Te; is
comparable to the 0.83 at 700 K in tellurene,”* 2.78 at 800 K in
GeAs,,”® 2.71 at 900 K in LaCuOSe,** and 2.6 at 923 K in
SnSe.®” Therefore, our results show that monolayer As,Te; is a
superior thermoelectric material, particularly for p-type doping.

The highest ZT originates from the hole carrier,
corresponding to the valence bands. We have observed that
the valence bands around the Fermi level are highly
degenerate, while conduction bands are nondegenerate
shown in Figure Ic, leading to the famous pudding-mold
band structure® that will increase S significantly and finally
upgrade the ZT of monolayer As,Te;.

B CONCLUSIONS

In summary, we have systematically investigated the thermo-
electric properties of monolayer arsenic telluride As,Te; by ab
initio calculations and Boltzmann transport theory. The lattice
formation, electronic band structure, phonon dispersion,
Seebeck coeflicient, electric conductivity, electronic thermal
conductivity, and lattice thermal conductivity of As,Te; show a
large anisotropy between the x- and y-axes. p-type and n-type
dopings also exhibit anisotropic behavior. The room-temper-
ature ki, along the x- and y-axes are 2.76 and 1.68 W/(m K),
respectively. This is mainly ascribed to the strong scattering
between acoustic phonons and optical phonons. Our results
exhibit that a large power factor of 17.59 (20.87) mW/(m K?)
along the x-axis can be achieved at 300 (600) K with the hole
concentration of 2.74 X 10" (4.72 X 10") cm ™. Owing to the
ultralow lattice thermal conductivity and large power factor, a
maximum value of ZT being 2.36 can be obtained for p-type
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eq 11 and the definition from eq 10 and eq 22.

As,Te; at 600 K in the x-axis. Our study indicates that
monolayer As,Te; has strong anisotropic behaviors in phonon
and electronic transport properties. Our work also suggests
that monolayer As,Te; is a promising material for thermo-
electric applications, especially operating across a wide
temperature range.

Bl APPENDIX: DOPING-DEPENDENT RELAXATION
TIME AND THERMAL CONDUCTIVITY

In the framework of DP theory, the doping-dependent
relaxation time is defined as

T = 5B (13)

in which r can possess several values based on the different
scattering mechanisms, including longitudinal-acoustic pho-
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nons (—1/2), nonpolar optical phonons (1/2), polar optical
phonons (1/2), and ionized impurities (3/2), respectively. E is
the energy of the electron. Generally, the scattering between
longitudinal-acoustic phonons and electrons can well-describe
most materials, such as nonpolar crystals,”® carbon and organic
nanomaterials,”* 2D graphene,”® monolayer MoS, nanorib-
bons,* anisotropic 2D SiS,%” and anisotropic 2D tellurene.”®

The parameter 7, in eq 15 for 3D materials has different

expressions dependent on the type of scattering:*””°
2
o Moo 1
0 87° ksT (2m*)>2D? (16)
To—ph(nonpolar) _ h2
0 T 512 1/2 2 -1 -1
22 (m*) 2y T(e, " — €57") (17)
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To-ph(polar) — h2
’ 22 (m*)' 2k T (e — )
1
X -1
[1 -6, In(1 +6,)] (18)
2 —1
imj Z2641\ri 2E
0 P = 71/22 11’1 1+ —
16x(2m*)'“¢e E, (19)

where 7iPh g ph(nonpolar) - pophlpolar) - ap g 7P are the carrier
scattering constants for the acoustic phonons, nonpolar optical
phonons, polar optical phonons, and ionized impurities,
respectively.

Note that the above formulas are exclusively applicable to
3D materials. Up to now, researchers have only found and
verified the relaxation time obtained from the scattering model
between electrons and longitudinal-acoustic phonons in 2D
materials. The corresponding 7°P" is

K Cp

7’_a\—ph — -1/2
P 87 kT (2m*)32D? (20)
a-ph __ h_3 C'2D 1 -1/2
Lo T3 )
87° kyT m*D (21)

Here, we have calculated the relaxation time of monolayer
As,Te; according to eq 21, shown in Figure 8. We find that the
relaxation time (7) 53" slightly decreases when increasing the
carrier (holes or electrons) concentration, which is reasonable
due to the enhanced population of carrier leading to a stronger
electron—phonon scattering.”"

On the basis of the relaxation time, one can get the
electronic thermal conductivity from the BoltzTraP code rather
than the Wiedemann—Franz law where the Lorenz number
sometimes varies slightly in different systems. Therefore, the
electronic thermal conductivity, k., is written as™

2
K. = ko — ToS

(22)

in which k; is the electronic thermal conductivity obtained
directly using the BoltzTraP. T, S, and ¢ are the absolute
temperature, Seebeck coefficient, and electric conductivity,
respectively. The calculated results from the two methods are
shown in Figure 9.

As we can see k, obtained from the Wiedemann—Franz law
and the BoltztraP code agree very well with each other no
matter the type of carrier (electrons or holes). Furthermore, «,
received from the Wiedemann—Franz law (red lines) is always
slightly larger than that of results using the definition (blue
lines) for 2D monolayer As,Tes.

Note that other scattering from nonpolar optical phonons,
polar optical phonons, and ionized impurities cannot be easily
transplanted into formulas for 2D materials. The physical
reason is the order of effective mass. In 3D materials, there are
three linear acoustic phonon modes, whereas in 2D, there are
only two linear modes (TA and LA) and one quadratic ZA
acoustic phonon mode whose vibration direction is out-of-
plane. For 2D materials, in the long-wavelength limit, very
close to the I" point, the LA and TA phonon modes are linear
in wave vector q, whereas the ZA mode is quadratic, with
coefficients given by 2D continuum elasticity theory. But when
q is slightly far away from I'" point, ZA mode will have a near-
linear trend, leading to a complex situation in 2D transport
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problem. Therefore, estimation the effect of optical phonons
and impurities on the mobility is beyond the scope of our
capability in this work.

We think due to the unique behavior of the ZA mode of 2D
materials, leading to a totally different formula of phonon
dispersion and phonon density of states, one single formula to
calculate the relaxation time for 2D materials is not suitable.
One should divide the total scattering into two parts; one is
TA and LA phonons, and the other one is the special ZA
phonon. The previous part (TA and LA phonons) could use
the conventional 3D formula. However, the latter part (ZA
phonon) is still an open question that deserves further study
and exploration.

Alternatively, one can also obtain the electronic relaxation
time from ab initio calculation, such as EPW’* and Perturbo”®
based on the DFPT and Wannier interpolation methods.
Compared with the conventional model, first principles
calculation is more accurate but more expansive. Balanced
methods with moderate precision and efliciency are further
needed. We hope machine-learning method may shed new
light on this field in the new future.
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