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Abstract: The thermoelectric property of the monolayer MAs, (M = Ni, Pd and Pt) is predicted
based on first principles calculations, while combining with the Boltzmann transport theory to
confirm the influence of phonon and electricity transport property on the thermoelectric performance.
More specifically, on the basis of stable geometry structure, the lower lattice thermal conductivity
of the monolayer NiAs,, PdAs; and PtAs; is obtained corresponding to 5.9, 2.9 and 3.6 W/mK.
Furthermore, the results indicate that the monolayer MAs, have moderate direct bang-gap, in which
the monolayer PdAs, can reach 0.8 eV. The Seebeck coefficient, power factor and thermoelectric
figure of merit (ZT) were calculated at 300, 500 and 700 K by performing the Boltzmann transport
equation and the relaxation time approximation. Among them, we can affirm that the monolayer
PdAs, possesses the maximum ZT of about 2.1, which is derived from a very large power factor of
3.9 x 101" W/K?ms and lower thermal conductivity of 1.4 W/mK at 700 K. The monolayer MAs, can
be a promising candidate for application at thermoelectric materials.

Keywords: the thermoelectric property; thermal conductivity; thermoelectric figure of merit

1. Introduction

The energy crisis has always been a problem that plagues the world, so countries around the
world are committed to developing new and advanced renewable energy conversion technologies.
As an effective energy conversion technology, thermoelectric (TE) power generation has attracted
extensive attention from researchers [1,2]. The conversion efficiency between heat and electricity is
usually determined by the thermoelectric figure of merit (ZT),

ZT = S20T/(x] + Ke) (1)

ZT depends on the Seebeck coefficient (S), absolute temperature (T), electrical conductivity (o),
thermal conductivity (x;), and electrical conductivity (ke) [3,4]. Generally, a good TE material should
have both low thermal conductivity and high Seebeck coefficient. However, the existence of strong
coupling effect between each transport parameter within TE materials makes it is not feasible for
increasing the ZT value by lifting a certain transport parameter. Several commonly used methods
to improve ZT are mainly to optimize the electrical transport performance through belt structure
engineering [5,6], and/or to suppress the thermal conductivity of materials through low-dimensional
technology [7,8].
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It is well known that the successful peeling of graphene greatly promotes the exploration of
two-dimensional (2D) layered materials. The special physical, chemical, electronic and optical
properties exhibited by the two-dimensional materials make it have good application prospects in the
fields of electrodes [9,10], nano devices [11] and TE technology [12]. Hicks and Dresselhaus proposed
that ZT value would be improved if 2D structural materials were used instead of three-dimensional
ones [13,14]. Because the restriction of carriers in the low-dimensional quantum well leads to the
change of energy state density distribution, under certain conditions of Fermi energy, it is beneficial
to increase the number of carriers and improve the conductivity and ZT value [15]. At present, the
theoretical prediction of new two-dimensional thermoelectric materials with attractive properties such
as narrow a band gap and high fluidity is still a very active research field. For example, 2D structures
such as silicones [16,17], phosphorene [18,19] and group-IV monochalcogenides (MX, M = Ge, Sn;
X =5, Se) [20,21] have a suitable band gap, which effectively promotes them in the field of TE
materials applications.

Discovering the application potential of new two-dimensional structural materials in various
fields from experiments and theories has always been a research hotspot. The 2D materials currently
reported are mostly square or hexagonal lattices. However, the recently discovered pentagonal
2D materials [22-25] exhibit some interesting properties and have attracted widespread attention.
Qian et al. [26] reported theoretically that the 2D binary MX; (M = Ni, Pd, Pt; X = P and As) exhibited
a beautiful pentagonal ring network with a narrow direct band gap of about 0.3-0.8 eV and ultra-high
mobility for holes and electrons. Based on these intrinsic features, they may have good TE performance.
In this paper, we systematically study the TE properties of the monolayer MAs, (M = Ni, Pd, Pt)
using the first-principles and Boltzmann transport methods. We find that single-layer NiAs,, PdAs,
and PtAs; have extremely low lattice thermal conductivities, which are 5.9 W/mK, 2.9 W/mK and
3.6 W/mK, respectively. Meanwhile, the single-layer PdAs; exhibits excellent n-type thermoelectric
material characteristics, and the ZT value can reach 2.1 at 700 K. Our research results provide a strong
theoretical basis for the experimental exploration of the thermoelectric properties of 2D MAs;, and
help to promote further experimental verification.

2. Computational Methods

The first principles calculations of the monolayer MAs; (M = Ni, Pd, Pt) are presented by density
functional theory (DFT) as performed in the Vienna Ab-initio Simulation Package (VASP 5.4.4, Hafner
Group at the University of Vienna, Vienna, Austria) [27]. The projector augmented wave (PAW)
pseudopotentials are employed to represent the ion-electron interaction [28,29]. The generalized
gradient approximation of Perdew-Burke-Ernzerhof (PBE) [30] to the exchange-correlation functional
are used. In addition, the cutoff energy and the convergence criteria are set to 500 and 107> eV,
respectively. To obtain a more accurate band gap, the Heyd-Scuseria-Ernzerhof (HSE06) [31] screened
hybrid functional was employed. The electricity transport properties are described by Boltzmann
transport theory and the relaxation time approximation within the BoltzTraP code [32]. A dense k-mesh
of 35 x 35 x 1 is chosen to carry out the calculation.

The Boltzmann transport equation is employed for calculating the lattice thermal conductivity,
and we use the harmonic second-order interaction force constants (2nd IFCs) and the anharmonic
third-order IFCs (3rd IFCs) to be input as performed in ShengBTE code [33] with a dense 50 x 50 x 1
k-mesh. Among them, the 3 X 3 X 1 supercell and 3 X 3 X 1 k-mesh are adopted to calculate the 2nd IFCs
as implemented in PHONOPY code [34], and the thirderdor.py is used to compute the 3rd IFCs with
the 3 X 3 X 1 supercell, while the 6th nearest neighbors are considered. The effective masses are derived
from the band structure [35]. The carrier mobility is calculated by the deformation potential (DP)
theory [36]. The constant scattering time approximation is used to calculate the constant relaxation
time [37].
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3. Results and Discussions

3.1. Crystal and Electronic Structures

The new 2D monolayer materials MAs, (M = Ni, Pd, Pt), which was obtained by mechanical
stripping method, that exhibited good kinetic and thermal stability [26]. The optimal geometry
structures of the monolayer MAs, (M = Ni, Pd, Pt) are obtained as showed in Figure 1. From the top
view as shown in Figure 1a, it is clear that the monolayer MAs, has a tetragonal structure (space group
Pa3No.) and each M atom adopts a planar tetra-ligand with four As atoms. A unit-cell is constituted
by two M and four As atoms, while all M atoms are always in one plane with As atoms, as shown
in Figure 1b. Three As atoms and two M atoms form a pentagonal ring network, marked with a
black ellipse, as shown in Figure 1a. The optimized lattice structure parameters are shown in Table 1.
The calculation results of the lattice constant (LC) of MAs; and the degrees of the «, 3 and y angles of
the pentagonal unit are consistent with the calculation results of Qian et al. [26].

©Q As @ M=Ni, Pd, Pt

Figure 1. (a) Top and (b) side views of the monolayer MAs, (M = Ni, Pd, Pt). The pentagonal unit is
marked by a black ellipse.

Table 1. Lattice constants (LC) of 2D MAs, (M = Ni, Pd, Pt) sheets and the degrees of «, 3 and 'y angles.

LC (A) o (deg) B (deg) v (deg)

NiAs, 5.89 132.64 90 113.68
PdAs, 6.19 129.39 90 115.30
PtAs; 6.16 129.78 90 115.11

The band structure and projected density of states (PDOS) are computed by using HSE06 as
plotted in Figure 2. The presence of direct bang-gap at the S point is clearly visible, which signifies that
the monolayer MAs; is the semiconductor, and the corresponding band gaps are 0.59, 0.80 and 0.34 eV
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for the monolayer NiAsy, PdAs, and PtAs;, respectively. The band gaps of MAs, materials is within
the ideal band gap range for good thermoelectric materials (0.3-1.0 eV) [6]. Among them, the result
of PdAs; is very consistent with band gap 0.80 eV by Yuan et al. [38] and 0.78 eV by Pan et al. [39].
It can be seen that the monolayer MAs; possess the great band degeneracy that appears in the valence
band (VB) along the X-S direction and primarily originates from the M-orbitals. This kind of band
degeneracy means that is MAs, characterized by excellent thermoelectric performance. At present,
the band degeneracy has been enhanced by band engineering with the aim of increasing the flatness
of the density of states (DOS) to improve the power factor (PF). From the PDOS, a high density of
states near the Fermi level are mainly contributed by the M-orbitals, whereas the As have only a
small contribution. Besides, there are spikes near the Fermi energy level that can be observed, which
effectively promotes the sharp increasing of Seebeck coefficient.
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Figure 2. Electronic band structures and projected density of states (PDOS) calculated by HSE06 hybrid
functional potentials of monolayer (a) NiAs;, (b) PdAs; and (c) PtAs,. The zero of the energy in the
figures is chosen as the middle of the calculated band gap.
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3.2. Electrical Transport Properties

The electronic properties can be characterized on the basis of carrier mobility for monolayer
MAs,, along the conveyor directions. We calculate them using the deformation potential (DP) theory
proposed by Bardeen and Shockley [36]. The formula of carrier mobility in 2D systems can be written
as follows [35,40]:

eh3C2D

KBTWl*delz

op = &)
where kg is the Boltzmann constant, T represents the temperature that is taken as 300 K, m* is the
effective mass for the conveyor direction, m, is the average effective mass defined by m; = /iy,
E; is the deformation potential constant, and C?P is the effective 2D elastic constants, respectively.
The calculated effective mass, carrier mobility and relaxation time (Tt = um*/e) are shown in Table 2.
After calculation, it was concluded that the electrical transport properties of MAs; are isotropic, which
results from its perfect lattice symmetry, my is equal to m*. Noticeably, it shows a high hole mobility
(34.27 cm?/Vs) of PdAs, at room temperature, which is much higher than that of NiAs, (~1.93 cm?/Vs)
and PtAs, (~4.80 cm?/Vs). The high mobility in monolayer PdAs; is associated with the ideal band gap,
which is beneficial to its electrical transport, while the mobilities of the holes are PtAs, and showed a
high hole mobility (~17.07 cm?/Vs) at room temperature, which is much higher than that of NiAs,
(~1.93 cm?/Vs) and PtAs, (~4.80 cm?/Vs).

Table 2. Deformation potential (DP) constant E;, 2D elastic constants C2D, effective mass m*, carrier
mobility p, and scattering time 7 for electron (e) and hole (h) along conveyor directions in the 2D
monolayer MAs, sheet at 300 K.

Carriers Type E; (eV) C2P (J/m?) m*/mg u (104 cm?/Vs) T (ps)
NiAs electorn 2.2 100 0.14 147 1.17
2 hole 1.68 100 0.16 1.93 1.76
PdAs electorn 1.52 93 0.21 1.27 1.51
2 hole 0.69 93 0.09 34.27 1.75
PtAs electorn 141 117 0.07 17.07 6.79
2 hole 2.33 117 0.08 4.80 2.18

Based on the Boltzmann transport equation and rigid band approximation, the electricity transport
properties under the relaxation time approximation are calculated. After calculation, it was found
that the electrical transport properties of MAs, are isotropic, which results from their perfect lattice



Nanomaterials 2020, 10, 2043 60f 13

symmetry. As shown in Figure 3, we can find that the Seebeck coefficient (S), electrical conductively
(0/7), electron thermal conductively (ke/T) and power factor (S*c/T) as the function of chemical potential
(1) at 300, 500 and 700 K are obtained, whereas the positive and negative p correspond to n-type and
p-type of monolayer MAs,. The electricity transport properties can be obtained by

o) = 3 [ Z [% ]de, )
Sap(T, ) = eTVaaﬁ T, 1) f Z (e [_%g é)]dé’ @

Z = —Z’wazkvﬁzk) (E;Elk) 5)

ap

where a and g are cartesian indices, V is the volume of the primitive cell and }(¢) is the transport
ap
distribution function. The S is inversely proportional to temperature, which is proven in Figure 3a—c.

We can clearly find that the absolute value of S of monolayer MAs; decreases with the increase in
temperature. The p-type and n-type doping of monolayer PdAs; surprisingly possess a very large
absolute value of S up to 440 and 460 pnV/K at 300 K, which is significant to improve power factor.
Meanwhile, the absolute value of p-type S of monolayer NiAs; and PtAs; are also observed about 140
and 135 uV/K, respectively. The calculated large S of monolayer MAs, can be benefited from the PDOS.

The electrical conductively (o) is one of the important parameters for analyzing thermoelectric
properties. As Figure 3d—f presents, the pretty high o can be observed, which is very beneficial for
optimizing PF and thus improving thermoelectric performance. In addition, we can find that the
change in o is independent of the change in temperature, which is different from the trend of S. Then,
further decomposition suggests that the o of monolayer PdAs; is less than that of monolayer NiAs;
and PtAs,, while the o of n-type doping is always superior to that of p-type doping.

The electronic thermal conductivity (k) can be calculated by the Wiedemann-Franz law:

ke = LoT (6)

where L = m?kg?/3e? is the Lorenz number. From Figure 3g—i, we can clearly find that the function curve
of x, is similar to that of the o, which is contributed by the proportional relationship between them.

According to Equation (1), the PF can be evaluated and illustrated in Figure 3j-1, which is obtained
by combining S with . The maximum value of PF is n-type monolayer PdAs, up to 3.9 x 10! W/K?ms,
which is much higher than n-type monolayer NiAs, and p-type monolayer PtAs, corresponding to
2.3 x 10! W/K?ms and 1.7 x 10! W/K?ms, respectively. This phenomenon is mainly caused by the
dominant advantage of S. The calculated results suggest that monolayer MAs, possess the great merits
to be a promising thermoelectric material.
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Figure 3. (a—c) Seebeck coefficients, (d—f) electrical conductivity, (g-i) electronic thermal conductivity,
and (j—1) power factor with respect to the scattering time as functions of the chemical potential p of
monolayer MAs;.

3.3. Thermal Transport Properties

In order to accurately analyze the effect of phonon transport properties on TE performance, we
computed the phonon spectrum of monolayer MAs; and corresponding phonon DOS (PhDOS) as
plotted in Figure 4. The lack of virtual frequency in the phonon spectrum indicates that monolayer
MAs; is dynamically stable, which is consistent with the previous theoretical date. There are two M
and four As atoms, corresponding to eighteen curves which include three phonon-phonon and fifteen
optical-phonon curves. Additionally, the phonon spectrum consisting of two parts that correspond
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to the two parts of PhDOS can be clearly observed. Among them, the phenomenon is that the
low-frequency phonon-phonon curves are mainly controlled by the vibration of M atoms, while the
vibrations of M and As atoms jointly contribute to the optical-phonon curves.
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Figure 4. Phonon dispersion and corresponding phonon density of states (PhDOS) of monolayer
(a) NiAsy, (b) PdAs; and (c) PtAs; along several high symmetry directions.
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The lattice thermal conductivity (x;) is one of important factors for evaluating TE properties,
which can be proved from Equation (2). Based on the Boltzmann transport theory with implementing
in ShengBTE mode, the x; of monolayer NiAs,, PdAs; and PtAs, can be computed by

1
Ky = VZCAV%\TA (7)
A

where C,, v, and 7, are the mode heat capacity, phonon group velocity and relaxation time, respectively.
The «; as a function of temperature is presented in Figure 5a. We can find that the x; of monolayer
MAs, gradually reduce with the increase in temperature following the inverse relation, which is mainly
caused by increasing phonon scattering with the elevating temperature. At 300 K, The «; of monolayer
NiAs;, PdAs; and PtAs; are 5.9, 2.9 and 3.6 W/mK, respectively.

The notion that nanostructures can effectively reduce thermal conductivity and thus improve
thermoelectric performance has been proved, because nanostructures can hinder phonon transport and
reduce the lattice thermal conductivity while having little impact on the electronic thermal conductivity,
which greatly reduces the interaction between transport parameters. Consequently, the influence
of size effect on x; is considered and calculated. As Figure 5b demonstrates, the phonon mean free
path (MFP) as a function of accumulated x; of monolayer MAs, at 300 K exhibits that the value is
optical within the range of 1 nm, due to the accumulated x; having no change with transforming size.
Surprisingly, a positive phenomenon we can observe is that the slope curves of monolayer PdAsj is
very small, which can actively promote the application in TE materials.

(@ ()
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St N ——PdAs2 | O
—_ PtAs2

4l ey 4l |_
N .
E ~
§ 3 -\ =5 N 3r
=yl T TS 2 o
g B T I

1t i K X /

0 Il 1 1 1 0 N = =i 1 L

300 400 500 600 700 800 0.1 1 10 100 1000 10000

Temperture MFP (nm)

Figure 5. (a) Lattice thermal conductivities (x;) of monolayer MAs; as a function of temperature, and
(b) the phonon mean free path (MFP) as a function of accumulated «; of monolater MAs; at 300 K.

In order to analyze the influence of lattice thermal conductivity on TE performance in detail,
we calculated the phonon group velocity (v), relaxation time (7), Griineisen parameters (y) and the
three-phonon scattering phase space (P3) as presented in Figure 6.

An important factor (v) affecting the evaluation of thermal transport ability is determined by
employing the phonon dispersion, which can be calculated by

8w;\
V/\q = qu (8)

where w, 4 is the phonon frequency. In Figure 6a, we can clearly find that the v of monolayer MAs; of
low-frequency acoustic breaches are much higher than that of high-frequency optical breaches, which
indicates that acoustic breaches make a contribution to the «;. The value of v in the low-frequency
region at 300 K can be obtained of 7.6, 5.2 and 6 Km/s for NiAsy, PdAs; and PtAs;, respectively.
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The order of magnitude is NiAs; > PtAs; > PdAs;, which suggests that the magnitude relationship of
the «; in Figure 5a is consistent. As Figure 6b shows, another key parameter phonon relaxation time (7)
is evaluated according to Equation (5). We can find that the 7 of monolayer PtAs; is smaller than that
of monolayer NiAs, and PdAs,, which is useful for receiving desired «;.

Usually, the anharmonic interactions are used to determine the intensity of interactions and
described by y; thus, the greater anharmonic interaction can promote the generation of a much stronger
phonon-phonon interaction as well as a smaller lattice thermal conductivity. Figure 6¢ displays the
Griineisen parameters (y) of monolayer MAs, with respect to frequency at 300 K, which can be

calculated by

V. dw(q)

y(q) = “olg) v )

where V is the volume. We can find that monolayer MAs, possess a very high value for y at a low
frequency, corresponding to 10, 32 and 13 of NiAs,, PdAs; and PtAs;, respectively. Obviously, the value
of y of monolayer PdAs; is much higher than that of NiAs, and PtAs, sheet, indicating that monolayer
PdAs; has a large anharmonic interaction, which causes the smallest «; in three arsenic compounds.

The three-phonon scattering phase space (P3) is used to describe the 7, and a larger value of P3
shows that more space is adopted to the three-phonon scattering, while a shorter 7 can be reaped.
As shown as Figure 6d, the P3 of monolayer MAs; as function of phonon frequency is obtained. We can
clearly find that monolayer MAs, possess a large scattering phase space at a low frequency, indicating
that they can promote little 7 for acoustic phonon breaches.

(a)
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Figure 6. (a) Phonon group velocities, (b) phonon relaxation time, (c) Griineisen parameters, and (d) P3
phase space with respect to frequency for MAs,.

3.4. Thermoelectric Figure of Merit (ZT)

The large power factor (PF) and very low thermal conductivity of monolayer MAs, are obtained
through the calculation of electronic and phonon transport properties, i.e., a high thermoelectric figure
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of merit (ZT) is generated. By combining the phonon and electron transport coefficients, we calculate
the ZT of monolayer MAs;.The electronic scattering time 7 is obtained by the DP theory, as shown
in Table 2. The ZT values of monolayer NiAs,, PdAs, and PtAs, as functions of chemical potential
at 300, 500 and 700 K are plotted in Figure 7 corresponding to (a), (b) and (c), respectively. We can
clearly note that the p-type doping ZT value of NiAs; and PtAs; sheet are greater than n-type doping,
while the ZT value of sing-layer PdAs; is contrary to them and belongs to n-type doping, which is
consistent with the type of PF. The maximum ZT value of monolayer NiAs, (p-type), PdAs; (n-type)
and PtAs; (p-type) are 0.58, 2.1 and 0.64 at 700 K, respectively. The predicted ZT value of PdAsj is
larger than those of the commercial TE material p-type penta-PdX; (X =S, Se) [41] and some other
arsenic compound [42].

Besides, the ZT value of PdAs; was three to four times higher than that of the other two arsenic
compounds, mainly due to the combination of larger Seebeck coefficient and lower lattice thermal
conductivity. The monolayer PdAs, can be expected for application in thermoelectric material.

o (a) NiAs, (b) PdAs, or (c) PtAs,
300K
06 ——500K | 201
— 700K
05}
1.5+
— 0.4}
N 03f 1.0
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Figure 7. Thermoelectric figure of merit (ZT) value of monolayer (a) NiAs;, (b) PdAs; and (c) PtAs; as
a function of chemical potential at 300, 500 and 700 K.

4. Conclusions

In summary, based on the first-principles calculations and combined with the Boltzmann transport
theory, the TE properties of sing-layer NiAs;, PdAs; and PtAs; are confirmed. We verified that the
crystal structure of monolayer MAs; is dynamically stable. Subsequently, the phonon spectrum was
analyzed in detail, including the lattice thermal conductivity, phonon group velocity, relaxation time,
Griineisen parameters, the three-phonon scattering phase space and the size effect. The calculated
results indicate that the small group speed of 5.2 km/s and large Griineisen parameters of 32 for PdAs,
promote the generation of a minimum lattice thermal conductivity of about 2.9 W/mK in three arsenic
compounds. In addition, the calculated electron transport properties show that the Seebeck coefficients
at 300 K of NiAs; (p-type) and PtAs, (p-type) are 140 and 135 nV/K, while n-type doping PdAs; is
460 nV/K, which determines the types of power factor. According to Formula 1 and the combination
of these data with the calculated results, the ZT values of monolayer NiAs,, PdAs, and PtAs, were
calculated of the values 0.58 (p-type), 2.1 (n-type) and 0.64 (p-type) at 700 K, respectively, which
suggests that MAs, might become a promising thermoelectric material.
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