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Significant enhancement of the thermoelectric
properties of CaPs; through reducing the

dimensionality
Xue-Liang Zhu,? Peng-Fei Liu, €27 Yi-Yuan Wu,? Ping Zhang,*® Guofeng Xie (2 *
and Bao-Tian Wang () ¥

Through first-principles calculations and using the Boltzmann transport equation, we explore the thermoelectric
(TE) properties of CaPs from the three-dimensional (3D) bulk form to a two-dimensional (2D) monolayer.
Herein, our results prove that reducing the dimensionality not only can avoid the poor TE performance
along certain crystal orientations, but also can effectively reduce the thermal conductivity. More remarkably,
the Seebeck coefficients of the monolayer exhibit a dramatic enhancement compared to its bulk form.
Some inherent phonon properties, such as the low acoustic phonon group velocity of ~1.41 km s7%, large
Gruneisen parameters of ~ 30, and short phonon relaxation time, can greatly hinder its heat transport ability,
leading to an ultralow lattice thermal conductivity of ~0.65 W m™t K™! for the monolayer at room
temperature. The size effect is much less sensitive due to the short intrinsic phonon mean free path (MFP).
The maximum figure of merit (ZT) for n-type doping at 700 K can reach 6.39 in the nanosheet along the a
direction, which is enhanced nearly two times compared to its bulk form (2.83), due to the quantum
confinement effect. Collectively, this work shows that low-dimensional nanostructure technology can
effectively improve the thermoelectric conversion of this class of materials.

1 Introduction

TE materials have attracted much attention because they can

be used to directly convert waste heat into electrical energy (the

Seebeck effect) and vice versa (the Peltier effect).'™ Usually, the

efficiency of TE energy generators is relatively low (<10%) and

it can be determined by the dimensionless figure of merit,*>
_ S26T

Zr ===, (1)

in which S, T, and ¢ are the Seebeck coefficient, absolute
temperature, and electric conductivity, respectively, and x is
the total thermal conductivity composed of the phononic (x;)
and electronic (x.) contributions. Normally, a low x and/or large
power factor S°c are required for designing highly efficient TE
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devices.® However, optimizing simultaneously these transport
parameters is an arduous process due to the complex competi-
tion among them, which greatly limits the TE performance of
materials.” In the past few years, in order to regulate
and control these complex parameters, band structure
engineering®® and the quantum confinement effect'® have
been used to optimize electric transport coefficients, while
other effects are presented to reduce x; through phononic
crystal patterning'* or dimensionality reduction."® Generally,
inherent low x; is a crucial precondition for achieving high TE
performance, because it can maintain in a fixed range when
optimizing the electrical coefficients. Therefore, searching for
new materials with low «; is of great significance for fast-paced
development of TE applications.

2D layered materials, such as single layer graphene,
silicene,"®?® phosphorene,**> borophene,**** and a series of
other layered materials,>>’ have been systematically investi-
gated in the scientific community for use as TE materials.
Recently, 2D triphosphides have been reported one after another
with fascinating properties, attracting great attention.**?° For
instance, the GeP; and SnP; nanosheets exhibit tunable band
gaps and strong interlayer quantum confinement effects.***!
Additionally, it is reported that GaP; and SbP; possess high carrier
mobility and large optical absorption coefficients (>10° cm ™)
in the visible and ultraviolet regions.*” In particular, the InP;
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monolayer with a plicated configuration shows an ultralow
thermal conductivity (~0.63 W m™~" K" at 300 K) and a high
electron mobility of 1919 em?® V' s 1% Wwith excellent
phononic and electronic properties, the unexpectedly high
ZT can reach 2.06 for p-type doping at room temperature.
Therefore, the triphosphides, as important components of
phosphorene derivatives, are hopeful alternatives for applications
in microelectronic, photovoltaic and thermoelectric technologies.

Bulk CaP;, first synthesized in the 1970s,'® has been recently
regarded as a topological nodal-line semimetal.>® It has been
predicted by Lu et al. that a CaP; nano-thin film, due to its bulk
form possessing a layered structure, could be mechanically
cleaved from its bulk phase.' Similar to their bulk form,
monolayer and multilayer CaP; are also direct band gap semi-
conductors with the band gap strongly dependent on the
number of stacked layers. Unlike the surface of the plicated
configuration in common triphosphides,*® CaP; nanosheets
possess a unique cage structure and rough surface, which can
enhance surface phonon scattering and suppress the heat
transport ability. Besides its excellent electronic transport
properties and characteristic crystal structure, it also exhibits
other advantages of high thermostability (~1000 K) and a
large optical absorption coefficient (~10> cm™"), opening its
potential application in nanoelectronics and optoelectronics.'*
In view of these physical properties, CaP; may have surprising
TE performance.

In our present work, we study the TE properties of CaP; from
the bulk to a monolayer by using the density-functional-theory
(DFT) and Boltzmann transport methods. The results show that
an enormous difference can be observed in the Seebeck coeffi-
cients between the two forms, mainly originating from their
unique electronic band structures. It is gratifying to find that «;
is greatly reduced from the bulk (2.14 W m ' K') to the
monolayer (0.65 W m~" K™ ') at room temperature. Detailed
discussions of the phonon scattering, phonon group velocity,
Griineisen parameters, atomic vibrational modes, and phonon
relaxation time are presented to help understand the difference
in thermal conductivity between the two forms. Due to their
short intrinsic phonon MFP, the size effect is much less
sensitive. Combined with these available parameters, the unex-
pected high ZT value can approach 6.39 for the monolayer at
700 K, which is a very desirable value for TE generators. All
these findings demonstrate that reducing the dimensionality
could be an effective way to modulate the TE performance of
layered materials.

2 Computational details

First-principles calculations of monolayer and bulk CaP; were
performed by utilizing the Vienna Ab initio Simulation Package
(VASP).*® The generalized gradient approximation (GGA)*” in
the Perdew-Burke-Ernzerhof (PBE)*® form for the exchange-
correlation functional was adopted. The Ca 3p°4s® and the
P 3s’3p’ orbitals were treated as valence electrons. The kinetic
energy cutoff was chosen as 500 eV for the plane-wave expansion

This journal is © The Royal Society of Chemistry 2020

View Article Online

Materials Advances

of the electronic wave function and the Brillouin zone (BZ) was
sampled with 9 x 9 x 1 and 7 x 7 x 7 k-meshes for the unit cells
of the monolayer and bulk, respectively. For the monolayer, the
layer thickness was set as 20 A along the z direction to eliminate
the interaction between periodic layers. The van der Waals (vdW)
interactions were corrected by using optB88-vdW.>® All geometric
structures were fully relaxed until the forces on each atom were
less than 0.001 eV A™*. The energy convergence criterion was set
as 10 ° ev A", In order to obtain a more accurate electronic
structure, the Heyd-Scuseria-Ernzerhof (HSE06)** screened
hybrid functional was also employed.

Boltzmann transport theory and the rigid band approach as
implemented in the BoltzTraP code®' were used to calculate the
electronic transport properties. The constant relaxation time
approximation, which is valid when the relaxation time does
not vary strongly with the energy scale of kgT, was applied.*?
This formalism has described the TE properties of many
materials accurately.** Dense 35 x 35 x 1 and 25 x 25 x 25
k-meshes were employed for the monolayer and bulk systems,
respectively, in the BZ to enable accurate Fourier interpolation
of the Kohn-Sham eigenvalues.

The heat transport properties were evaluated by solving the
phonon Boltzmann transport equation as implemented in the
ShengBTE code,** using the harmonic second-order interaction
force constants (2nd IFCs) and the anharmonic third-order
IFCs (3rd IFCs) as inputs. The 2nd IFCs were calculated by
the Phonopy code®® usinga 2 x 2 x 1 (2 x 2 x 2) supercell with
a3 x 3 x1(3 x 3 x 3)k-mesh for the monolayer (bulk). The 3rd
IFCs, reflecting the properties of phonon-phonon scatting and
anharmonicity, were calculated using the same supercells. An
interaction range of 6.0 A was taken into account for the
calculation of the 3rd IFCs. Well-converged 35 x 35 x 1 and
9 x 9 X 9 k-meshes were used for the monolayer and bulk
forms, respectively.

3 Results and discussion
3.1 Crystal and electronic structures

The crystal structures of the monolayer and bulk forms of CaP;
are shown in Fig. 1(a) and (b), respectively. Monolayer CaP; has
Pi(no. 2) symmetry with 8 atoms in its unit cell. Unlike 2D InP;
and GeP;,>*?* the CaP; monolayer possesses a specific cage
configuration. As shown in Fig. 1(c), we can see clearly that it
exhibits a rough surface and boundary, which would greatly
enhance the phonon scattering.”® For the bulk, it also has
Pi(no. 2) symmetry like the monolayer, and can be viewed as
a phosphorus dimer with the insertion of calcium atoms at
vacancy sites. Interestingly, the optimized lattice constants of
bulk CaP; are a = 5.60 A, b = 5.68 A, and ¢ = 5.62 A, very close to
its experimental values,'® as shown in Table 1. According to the
formula in ref. 47, the formation enthalpy of bulk CaP; is
calculated to be about —1.62 eV, which guarantees its stability
against decomposition to the parent elements. Meanwhile, the
theoretical optimized lattice constants of the CaP; monolayer
are a =5.59 A and b = 5.71 A, which have slight differences with
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Fig. 1 Crystal structures for the (a) monolayer and (b) bulk forms of CaPs. (c) Side view of the bulk supercell. The shallow region is the exfoliated
monolayer structure. The orbital-resolved band structures and DOSs for the (d) monolayer and (e) bulk from PBE (solid lines) and PBE-Scissor (dashed

lines). Note that we only present the DOSs after scissor shifting.

respect to the corresponding values of its bulk. This is mainly
because the crystal structure of the monolayer gets a little loose
without interlayer interaction. More details about the structural
parameters are displayed in Table 1.

As shown in Fig. 1, we present our computed orbital-
resolved band structures and corresponding density of states
(DOS), which are closely related to the Seebeck coefficients, for
the monolayer and bulk. At the PBE level, the semimetal feature
of the bulk®® is well reproduced, while the band gap for
monolayer CaP; is predicted to be around 0.76 eV (see
Table 1). This value is close to the result reported in one recent
study with PBE."* On the basis of the HSE06 functional, as
shown in Fig. S1 in the ESIL,1 *® we find that the band gap of the
monolayer is 1.26 eV and that of its bulk is 0.33 eV, which are
very close to the values reported in one recent theoretical
study."* Similar to previous studies,'** at the HSE06 level,

Table 1 Structural symmetry as well as our calculated lattice parameters
(@ b, and c in A) and band gaps (in eV) based on the PBE and HSE06
methods for the monolayer and bulk forms of CaPs. Available experimental
and previous theoretical values are also listed for comparison

Type Symmetry a b c PBE HSE06 Ref.
Monolayer Pi(no.2) 5.59 571 —  0.76 1.26 This work
Bulk Pi(no.2) 5.60 5.68 5.62 0 0.33 This work
Monolayer Pi(no.2) 559 571 —  0.69 1.15 Thero.*
Bulk Pi(no.2) 559 567 562 — @ — Expt"®

3324 | Mater. Adv., 2020, 1, 3322-3332

the monolayer (bulk) form is a direct band gap semiconductor
with the valence band maximum (VBM) and the conduction
band minimum (CBM) both located at the I' (Z) point. The
same as the band gaps of Bi,0,Se (1.01 to 2.12 eV from the bulk
to the monolayer),” the band gaps of CaP; also increase with
the dimensionality reduction, indicating the strong depen-
dence on the layer thickness due to the quantum confinement
effect. Near the Fermi level, it can be seen clearly that the
conduction band (CB) is evenly derived from hybridization of
P-p and Ca-d, whereas the valence band (VB) is mainly occupied
by P-p orbitals for those two forms. Consistent with previous
reports,* Ca-s has almost no contribution to the band struc-
ture. From the computed DOS, we can see a stair-shape DOS
and steep slopes near the Fermi energy level for the monolayer,
which are beneficial to its Seebeck coefficients. In addition, we
find that the band edge states do not show spin-orbit splitting
behavior after including spin-orbit coupling. This mainly due
to the small difference between the masses of Ca and P atoms.
Besides, comparing the band structures from PBE and HSEO06,
we find that the band dispersions are relatively unchanged. The
HSEO06 band structure can be almost reproduced by conducting
a rigid shift of the PBE one. Thus, we conduct a scissor shift of
the band structures and DOSs from PBE for both the bulk and
monolayer forms to amend them to close to those obtained
with HSE (see Fig. 1). As known, the computational demand
with HSEO06 is very expensive and goes beyond our ability. For
simplicity, we call this method PBE-Scissor. In the following,

This journal is © The Royal Society of Chemistry 2020
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in calculating the electronic transport properties as well as Z7,
we use the data of the electronic structures from PBE-Scissor,
not PBE.

3.2 Electrical transport properties

Using deformation potential (DP) theory,>® we can calculate the
carrier mobility u of the monolayer and bulk phases. Mean-
while, the corresponding electron relaxation time 7. can be also
obtained, which is a vital physical quantity for accurately
evaluating the ZT value. For the two systems, u and 7. can be
calculated by the formula as follows:

B 2ei3C?P 2
bo =3 T PE
B 2+/2meh* C3P 3
H3p = 3(KBT)3/2WI*5/2E12’ ( )
m*
=0 @

where C° = [0°E/05%)/S (C*" = [0*E/05%]/V) is the elastic modulus
for the 2D (3D) system, m* = h*/[0°¢/0k”] is the effective mass, kg
is the Boltzmann constant, and E; = dEcge/dd is the DP
constant.’™> All our calculated parameters are summarized
in Table 2. On the whole, we can find that the two forms both
have relatively high electron carrier mobilities, which are much
higher than that of monolayer MoS, (60-200 cm® V™' s~ 1).%
Surprisingly, the carrier mobility of holes exhibits a very small
value of 46.32 cm® V™' s~ with a tiny relaxation time of 0.03 ps
for the monolayer along the a direction. The effective mass for
holes along a is a factor of 3 larger than that for holes along b
for the monolayer structure. Such obvious anisotropic behavior
for holes originates from its VB structure, which is mainly
contributed by the P-p, orbital. For the VB near the Fermi level,
the contributions from the P-p,, and Ca-d,y,2_,» orbitals are
limited, while those from other d-orbitals are neglectable.
As illustrated in Fig. 1, the first VB bends differently along
I'-X and I'-Y, which corresponds to the crystallographic direc-
tions of a and b, respectively. As a result, the electron velocity
v;x = [0e/0k]/h and the value of 9%¢/0k> for holes along a are
significantly smaller than the corresponding values for holes
along b. Such anisotropy of the band structure is also respon-
sible for the anisotropy of 7. and also ¢ as presented in Table 2
and Fig. 2(a). The electron masses along a and b for the
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monolayer structure are almost the same. Such isotropy is from
the isotropy of the first CB along I'-X and I'-Y in the BZ. As
shown in Fig. 1, the CB is mainly derived from the hybridiza-
tion of P-p and Ca-d orbitals. Here, all three P-p and five Ca-d
orbitals have contributions.

Based on the semiclassical Boltzmann transport theory and
the constant scattering time approximation, we calculate
the electrical transport coefficients, including the Seebeck
coefficient, electrical conductivity and electrical thermal
conductivity. To confirm the doping effects on the electronic
transport, the rigid band approximation is employed. In this
approximation, the electronic structure is deemed to be
unchanged with doping and only the Fermi level is modulated.
Herein, these transport coefficients can be defined by the
following formula,**

Sup(T, 1) = mjzw(s)(s — ) {—%ﬁ"g)] de, (5)
oup(T, 1) = %Jza/i(s) {—W} de, (6)
&2 o(e —&ix)

Zup(e) = ngi’kw“(i’ k)vp(i, k) P (7)
where of and X,4(¢) are Cartesian indices and the transport
distribution function, respectively. A series of calculated elec-
trical transport properties are presented in Fig. 2. The Seebeck
coefficient is nearly isotropic for the monolayer and bulk.
Meanwhile, we can see clearly that the Seebeck coefficient of
the monolayer shows a dramatic increase compared to its bulk
form. At room temperature, the maximum Seebeck coefficients
along the a and b directions can reach 2250 (557) and 2290
(568) uv K™ for the monolayer (bulk), respectively. The Seebeck
coefficients of the monolayer are fundamentally larger than
those of the bulk. Such a large difference mainly originates
from their different electronic structures. As has been reported,
the Seebeck coefficient vanishes when the Fermi level is at
the Weyl nodes.> Compared with the Weyl semimetal TaAs
(~80 uv K 1),°® bulk CaP; exhibits very large values of the
Seebeck coefficients.

To further study the transport properties, we calculate the
electrical conductivity ¢ with respect to the chemical potential,
as shown in Fig. 2. Obviously, unlike the Seebeck coefficients,
g is less sensitive with respective to the temperature. ¢ of CaP;

Table 2 Calculated DP constant E, elastic modulus C, effective mass m*, electron and hole carrier mobilities p, and relaxation time 7 at 300 K for the

monolayer and bulk. a and b are crystallographic directions

Compound Carrier type E; (eV) C (] m % GPa) m* (mo) pu(em?> v s T (PS)

Monolayer Electron (a) 0.57 52.71 0.89 2932.98 1.48
Hole (a) 3.45 52.71 1.17 46.32 0.03
Electron (b) 1.13 63.92 0.95 794.19 0.43
Hole (b) 3.02 63.92 0.39 659.71 0.14

Bulk Electron (a) 4.06 126.07 0.45 3488.19 0.89
Hole (a) 7.24 126.07 0.42 1304.39 0.31
Electron (b) 6.33 132.02 0.41 1896.75 0.44
Hole (b) 8.82 132.02 0.43 864.11 0.21

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 The Seebeck coefficients (the first-layer panels), electrical conductivity (the second-layer panels), and electronic thermal conductivity (the last-
layer panels) at different temperatures along the a and b directions, as functions of the chemical potential for the (a) monolayer and (b) bulk.

exhibits an obvious anisotropic behavior. ¢ along the b direc-
tion is visibly larger than that along the a direction, originating
from the anisotropy of the crystal structure. Meanwhile, we
can also find that ¢ of p-type doping is higher than that of the
n-type for the two forms along the b direction in the low
chemical potential region (—0.5 eV to 0.5 eV). It is found that
o gets larger and larger with increasing u, while the Seebeck
coefficient achieves a peak value near the Fermi level. This
could better balance S and ¢ and can give rise to a high power
factor. We note that the slope of ¢ for the bulk is relatively flat
when compared with that of the monolayer, which can be
attributed to their different DOSs as shown in Fig. 1. In
addition, ¢ of the bulk is larger than that of its monolayer.

Note that the electrical transport properties of our studied
systems are hardly affected under considering the role of spin-
degeneracy. After comparing the Seebeck coefficients as well as
o based on non-spin polarized calculations and spin-degeneracy
calculations along the a direction for both the bulk and mono-
layer forms of CaP;, the differences are invisible.

In general, the total thermal conductivity is mainly contributed
by x; and . in non-degenerate semiconductors. We calculate x, of
CaP; based on the Wiedemann-Franz law,*®

Ke = LoT, (8)

where L is the Lorenz number. Usually, L is equal to (nks)*/3¢>
for calculation of TE materials. Similar to o, k. is strongly
anisotropic as well (see Fig. 2). Actually, it is almost proportional
to o at a specific temperature. Increasing chemical potential would

3326 | Mater. Adv., 2020, 1, 3322-3332

increase its sensitivity with respect to the temperature. The same
as o, k. of the bulk is also larger than that of its monolayer.

3.3 Phonon spectrum and atomic vibration mode

Based upon the 2nd IFCs and using the Phonopy code®’ as well
as VASP, we obtain the phonon dispersions and partial atomic
phonon density of states (PhDOS) of CaPs, as shown in Fig. 3(a)
and (b). The phonon branches can be arranged on the basis of
the continuity of their eigenvectors®’

> Cin ) ks ()] = s o), ()

where ¢; , (j) is the displacement of atom j in the eigenvector of
the vibrational mode and 4 is a small wave vector. Since the
acoustic branches play a major contributing role for thermal
transport, the acoustic branches are highlighted with different
colors while the optical branches are presented in black. As
shown, there are no negative frequencies in the BZ, guarantee-
ing dynamic stability for both forms of CaP;. Herein, we can see
clearly that the monolayer exhibits linear components in the ZA
dispersion curve. It is reported that the lattice thermal con-
ductivity of the linear components in the ZA mode may be
larger than that of the quadratic, due to the larger density of
states of the quadratic branch.’® The lowest frequency of the
optical modes at the I' point is 1.3 and 2.5 THz for the
monolayer and bulk, respectively. In general, these low optical
modes are beneficial to low thermal conductivity.’® Besides, it
can be clearly seen that the frequency gaps near 9-10 THz

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The phonon dispersions and partial PhDOS of the (a) monolayer and (b) bulk. The red, purple and green lines are ZA, TA and LA modes. (c) The
corresponding vibrational modes of the lowest optical branch at the I' point for the monolayer and bulk.

separate the optical branches into low-frequency and high-
frequency areas. The amplitudes of these frequency gaps are
1.4 and 1.6 THz for the monolayer and bulk, respectively.
Additionally, the monolayer exhibits lower and flatter acoustic
branches compared to the bulk form, especially for the ZA
mode, leading to smaller phonon velocities and lower lattice
thermal conductivities.

From the corresponding PhDOS, one can see clearly that the
Ca and P atomic vibrations equally dominate the low-frequency
region, while the high-frequency region is fully occupied by the
vibrations of P atoms for CaP;. Contrasting with its bulk form,
the monolayer exhibits more cuspate peaks in the PhDOS, resulting
in low phonon velocities. In addition, the corresponding vibrational
modes of the lowest optical branch for the two forms at the I" point
are shown in Fig. 3(c). Simultaneously, disordered characteristic
atomic vibrations can be seen. For the bulk, the Ca and P atoms
move in opposite directions to one another, while the monolayer
exhibits fierce movement along different directions. These dis-
ordered vibrations will greatly reduce the heat conductivity,
leading to low thermal conductivity.*

3.4 Lattice thermal conductivity

In most cases, k; is greatly larger than «., thus playing a critical
role in measuring the heat transport ability of TE materials. Based
on the iterative approach, x; can be computed according to®!

Kl’,' = ZAchphvgin(q,i)r(q,i). (10)

¢ph is the heat capacity per mode, vg,(q,2) is the phonon group
velocity vector, and 1(q,4) is the relaxation time of the phonon
mode with wave vector q and dispersion branch A. Herein, the
total «; can be defined by x; = (i, + Kk + k.)/3 and k; = (kg + Kp)/2
for the bulk and monolayer forms, respectively. Note that the
definition of x; is somewhat arbitrary for a low-dimensional
system. Indeed, x; may be underestimated without considering
the influence of the vacuum thickness in 2D materials. For
monolayer CaP;, the effective thickness can be determined by a
double-layer system which has the minimum energy stacking

This journal is © The Royal Society of Chemistry 2020

structure. Herein, an effective thickness of 7.74 A is chosen to
revise the undervalued x;. The k; values of the two materials
along different directions, at temperatures from 300 to 800 K,
are presented in Fig. 4. Obviously, we can see that x; possesses
evident temperature dependent behavior and is proportional to
1/T, which is mainly attributed to the enhancement of intrinsic
scattering with the temperature increasing. It is noteworthy
that x; of the monolayer is 0.65 W m~" K" at room tempera-
ture, which is much lower than those of many 2D layered
materials, such as phosphorene (~83.5 W m ' K ')** and
layered MoS, (~23.2 W m™ ' K™ *).°* Compared with «; of Weyl
semimetal TaAs (39.26 W m~"' K~ ' at 300 K),*® the bulk form
(2.14 W m~" K') also shows absolute superiority in thermal
transport. When the system changes from the bulk to the
monolayer, we can find that x; has a significant reduction.
Unlike «; of the monolayer (k, > kp), the bulk shows an inverse
trend with the following order: x;, > K, which mainly origi-
nates from the characteristic atomic configuration. Interest-
ingly, contrary to graphene,® the value of ; gradually increases
with the increase of the number of layers for the CaP; crystal
structure. To further analyze their intrinsic low x; and these
differences, we calculate the correlative phonon transport prop-
erties, which will be systematically studied in the next section.

3.5 Phonon transport properties

The phonon velocity is a direct physical quantity for evaluating
thermal transportation. Based on our calculated phonon spec-
trum, the phonon group velocities can be calculated by

Ow;
Vig = g)q‘q7

(11)

where w;q) is the phonon frequency. The phonon group
velocities are presented in Fig. 5(a), and the acoustic phonon
group velocities for the ZA, TA, and LA modes are highlighted
with different colors. As we predicted above, the average of the
acoustic group velocities of the monolayer (3.23 km s~ ') is fairly
lower than that of the bulk (4.52 km s~ ), particularly for the ZA and
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Fig. 4 Calculated lattice thermal conductivity along different directions
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Table 3 Summary of the lowest optical frequency o min at the I' point (in
THz), lattice thermal conductivity (i, in W m~ K™%), transverse (ZA/TA) and
longitudinal (LA) phonon group velocities (vza/rana in km s7%) and average
GrUneisen parameters (jza/rasa) for the monolayer and bulk

Type @o,min K1 7N Uta ULa Vza V1A VLA
Monolayer 1.32 0.65 1.39 2.12 6.19 657 3.12 1.21
Bulk 2.52 214 3.21 413 6.23 059 0.75 0.72

TA modes, which will give rise to a decreasing behavior of x;.
This is mainly attributed to the more flat and relatively
low acoustic modes for the monolayer, as shown in Fig. 3.
Specifically, the phonon velocities of the two transverse (ZA and
TA) modes and one longitudinal (LA) mode are 1.39, 2.12, and
6.19 km s~ for the monolayer at the I point, respectively, which
are lower than the corresponding values of 3.21, 4.13, and
6.23 km s~' for the bulk. More details of the phonon transport
are summarized in Table 3.

To further study the phonon transport properties, we calcu-
lated the corresponding Griineisen parameters and phonon
relaxation time. The Griineisen parameter can qualitatively
characterize the anharmonic interactions of materials. It can
be defined by

wi(q) oV

(12)

In general, large y means the existence of strong phonon-phonon
anharmonic scattering,®® leading to low ;. To effectively evaluate
the anharmonicity, the Griineisen parameters of acoustic modes
are plotted in Fig. 5(b). Surprisingly, the monolayer exhibits
ultrahigh values of the Griineisen parameters of ~ 30, which are
much larger than those of the bulk form. Additionally, the lone-
pair electrons and the nonbonding electrons can interact with the
valence electrons of neighboring atoms, leading to large Griinei-
sen parameters at limited temperature. As shown in Fig. 5(b), we

40 ~opt 100 —rp
s ZA
30 ° TA
c LA = 10
20 = ol &
A ) i
10 F g nﬁ
r s )
1’2 0 .E 0.1 * L
= WD =mwe o = E : X
g - L1 N T S100 bt v 1w 11t
= » E
< 6+ = E
> | s E
4 g 10
B =
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a IF
‘ »‘W 0.1 ¢ -
D ERIRg 1) |’.'“lm S T BN B S S
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Fig. 5 Calculated phonon group velocity (a), Grineisen parameters (b), and phonon relaxation time (c) for the monolayer and bulk at 300 K.
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can see clearly that the large Griineisen parameters mainly exist in
the low-frequency area, which is a typical behavior for heat
transport in materials. The average of the acoustic Griineisen
parameters can be obtained by,®*”

Ty
>q

Vi = (13)

I - -
7=3 (Tza + P1a + 7La)- (14)
The calculated y can reach 3.63 for monolayer CaP;. This value is
comparable to the average Griineisen parameters of low k;
compounds, such as SnSe (2.83)°° and PbTe (1.45).°® From
Table 3, we can also find that the monolayer shows large y
compared to the bulk, indicating that it possesses stronger
anharmonicity than the bulk. This explains to some extent why
x; of the monolayer is lower than that of the bulk. Generally,
strongly anharmonic materials require being measured using
higher-order anharmonicity (four-phonon). On the basis of the
three-phonon scattering, the four-phonon scattering can better
evaluate the heat transport properties of materials.®® However, the
computation of the four-phonon scattering probabilities and the
iterative solution is very difficult, which requires extremely large
computation time and storage memory. Therefore, we don’t
consider the influence of four-phonon scattering in this work.

The phonon relaxation time is a significant factor to x;, and
can be calculated from the anharmonic 3rd IFCs. The results of
the phonon relaxation time are plotted in Fig. 5(c). We can see
that the phonon relaxation time of the monolayer is domi-
nantly shorter than that of the bulk, indicating that the
monolayer has stronger phonon scattering. As shown in
Fig. 6(a), we calculate the three phonon scattering phase space
(P3). It can be used to qualitatively analyze the magnitude of the
phonon scattering. P; can be written as”®

2 1
— 2 (pH) L Zp)
P3—3Q(P3 +2P3 )s (15)
. (@ |
10 T 3
C onolayer —
- © Bulk Sy
s I £
2 a2
o
©n 0
o 107 B Monolayer Bulk
g C
| n
[~
10'7 N | 1 | 1 | 1 | 1 | 1 | X
0 2 4 6 8 10 12 14
Frequency (THz)
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P =% quDf-i) (9),

J

(16)

where Q and Dj(i) are a normalization factor, and the absorp-
tion and emission processes, respectively. Obviously, we find
that the monolayer has a larger scattering phase space than
that of the bulk phase, which implies that the monolayer
possesses more phase space allowing phonon-phonon scatter-
ing, resulting in a shorter phonon relaxation time and lower x;.

Investigating the size effect of a TE material can help people
to further regulate the thermal conductivity in designing TE
nanostructures.”””? It can be evaluated in terms of the phonon
MFP. When the size of a TE device is shorter than that of
the phonon MFP, x; would be significantly depressed by the
frequent phonon-surface scattering. In the present work, the
MFP is obtained by fitting the cumulative x;,

R(l) == (17)

L+
where Kkpax is the ultimate thermal conductivity and [, is
the evaluated characteristic phonon MFP. A comparison of
the cumulative x; of the monolayer and bulk at 300 K can be
found in Fig. 6(b). One can see that the cumulative x; keeps
increasing as [ increases, until reaching the thermodynamic
limit. Additionally, the values of [, are 4.07 and 12.62 nm for the
monolayer and bulk at 300 K, respectively. In general, nanos-
tructures with /, longer than 100 nm possess a relatively
sensitive size effect. Compared with TaAs, which possesses
an I, of 110 nm,** the size dependence of k; for CaP; is not
sensitive.

3.6 Thermoelectric figure of merit

Combining our calculated phononic and electronic transport
coefficients, we estimate ZT for monolayer and bulk CaP;.
The constant 7. (Table 2) is adopted. As shown in Fig. 7, the
calculated ZT as a function of chemical potential for CaP; is

(b)

2.5

Monolayer

e Bulk

2.0
—_
-

1.5
5
< 1.0
“

0.5

0.0

10° 10 10° 10° 10
MFP (nm)

Fig. 6 Calculated three phonon scattering phase space (a) and cumulative lattice thermal conductivity along the a direction (b) for the monolayer and

bulk CaPs at 300 K. (Inset) Total three phonon scattering phase space.
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Fig. 7 Calculated ZT with respect to the chemical potential for the monolayer (a) and bulk (b) along the a and b directions.

presented at typical temperatures of 300, 500 and 700 K.
Surprisingly, we find that the maximum value of ZT at 700 K
can reach 6.39 along the a direction for the monolayer, which is
markedly higher than that of the bulk phase, ~2.83. Such a high
ZT value is comparable to several star TE materials, such as the
ZrSe,/HfSe, superlattice-monolayer structure (2T = 5.3 at 300 K),”®
thin-film Fe,V,gW, Al (ZT = 5 around 300-400 K),”* monolayer
SnP; (6.10 at 500 K)”> and InP; (5.16 at 700 K).*

Additionally, for the monolayer, one can see that ZT of the
n-type is much higher than that of the p-type along the a
direction. After carefully comparing the electronic and lattice
transport parameters for the n- and p-types, we find that the
large anisotropy of ZT is from the big differences in the
electrical conductivity o. The values of the relaxation time .
listed in Table 2 are very different for the n- and p-types, by
almost two orders of magnitude. As clearly indicated in Table 2,
since the effective masses (as well as the elastic modulus)
for the n- and p-types along the a direction in the monolayer
have the same order of magnitude, according to eqn (2)
and (4), we know that the anisotropy of ZT is mainly from the
different values of the carrier mobilities ¢ and different DP
constant E;. According to the formulas of the DP constant and
the electron-phonon coupling (EPC) matrix element under the
_ kT (E )2 52
==
the anisotropy of ZT is finally originating from the different
EPC under the n- and p-types of doping. Although the EPC here

thermodynamic average (|p|AV|p|?) we find that
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is modeled by the DP theory in a very simple way, only
considering the LA phonon scattering, our results still can be
regarded as a good starting point for quantitatively analyzing
the thermoelectric properties of CaPs.

Generally, when the ZT value of a material exceeds 1.0, it can
be considered as an ideal TE material.”® Herein, it is noted that
monolayer CaP; exhibits excellent TE properties, which make it
a candidate for TE applications. From the above results, we can
conclude that the low-dimensional nanostructure technique
can greatly improve the TE performances of CaP; as well as
similar layered materials.

In addition, we compare the electronic transport results as
well as the ZT values obtained from PBE-Scissor with those
from PBE in the ESLt*® From Fig. S2-S5 (ESI), we find that
the PBE-Scissor method can greatly improve the results. Zero
conductivity for an energy window equal to the HSE band
gap centered around u = 0 eV is successfully obtained by using
PBE-Scissor.

4 Conclusion

In summary, we investigate the electronic structures, phonon
vibrations, and TE properties of CaP; in 3D bulk and 2D
monolayer forms by using first-principles calculations and
the Boltzmann transport equation. Our results show that the
values of the Seebeck coefficients show great distinction

This journal is © The Royal Society of Chemistry 2020
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between these two forms. Meanwhile, the electronic conductivity
and the electronic thermal conductivity exhibit strong anisotropic
behaviors. The intrinsic «; of the monolayer is extremely low,
~0.65 W m~ ! K ! at 300 K, which can be attributed to its
phonon transport properties, such as lower values of phonon
velocities ~1.41 km s, larger Griineisen parameters ~ 30, and
shorter phonon relaxation time, when compared with the
bulk. As a consequence, the monolayer exhibits excellent TE
performance and the maximum ZT value can reach as high as
6.39 at 700 K, indicating that the CaP; nano-thin film can be a
promising candidate for TE applications. Therefore, our work
provides a forceful theoretical basis for effective improvement
of the TE conversion efficiency by low-dimensional nano-
engineered technology.
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