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¼ Zr, Hf) as promising
two-dimensional thermoelectric materials:
a first-principles study

Peng Yan,a Guo-ying Gao, b Guang-qian Ding c and Dan Qin *ab

Motivated by the experimental synthesis of two-dimensional MSe2 (M ¼ Zr, Hf) thin films, we set out to

investigate the electronic, thermal, and thermoelectric transport properties of 1T-phase MSe2 (M ¼ Zr,

Hf) bilayers on the basis of first-principles calculations and Boltzmann transport theory. Both bilayer

ZrSe2 and HfSe2 are indirect band gap semiconductors possessing degenerate conduction bands and

stair-like-shaped DOS, which provide a high n-doped power factor. In combination with the low lattice

thermal conductivity that originated from the low phonon frequency of acoustic modes and the

coupling of acoustic modes with optical modes, the maximum figure of merits ZT at room temperature

for n-type doping are predicted as 1.84 and 3.83 for ZrSe2 and HfSe2 bilayers, respectively. Our results

suggest that bilayer conformation of ZrSe2 and HfSe2 are promising thermoelectric materials with

superior performance to their bulk counterparts.
1 Introduction

Considering the widespread use of the thermoelectric genera-
tors, researchers have been in pursuit of highly efficient ther-
moelectric (TE) materials over the past few decades. The
efficiency of a thermoelectric material is quantied by the
dimensionless gure of merit ZT ¼ S2sT/(ke + kl), where S, s, T,
and (ke + kl) are the Seebeck coefficient, electrical conductivity,
absolute temperature, and total thermal conductivity contrib-
uted by the electrons and phonons, respectively. The power
factor (PF ¼ S2s) is used to assess the electronic transport
performance of a TE material. Different strategies such as
increasing the PF through optimal doping and band engi-
neering1–5 or reducing kl by nanostructural engineering6,7 have
been proposed to improve the TE performance. Among the
various TE materials, two-dimensional (2D) materials, espe-
cially transition metal di-chalcogenides (TMDCs) MX2 (M ¼
Mo, W; X ¼ S, Se), have attracted more attention due to their
unique properties which are superior to those of their bulk
counterparts for thermoelectric applications. It is well known
that, depending on the arrangement of the atoms, the struc-
tures of 2D TMDCs can be mainly categorized as two different
crystal structures, trigonal prismatic (hexagonal, 2H-MoS2-type)
or octahedral (tetragonal, 1T-CdI2-type). The difference is that
versity, 264003 Yantai, Shandong, P. R.
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the anion hexagonal nets are A/A stacked in MoS2, while they
are A/B stacked in 1T-CdI2.8 However, as typical 2H-TMDCs,
monolayer MoS2 and WSe2 exhibit unsatisfactory ZT values of
0.1 and 0.7 at high temperature,9,10 due to the high lattice
thermal conductivity in these 2H-MoS2 (symmetry group P�6m2)
based crystal structures. Recently, in contrast, the trigonal 1T-
CdI2 (symmetry group P�3m1) type TMDCs, e.g.MX2 (M ¼ Zr, Hf,
and X ¼ S, Se) have emerged as competitive materials for
thermoelectric applications due to their outstanding properties
such as the quite low lattice thermal conductivity. Yumnam
et al. conrmed that the kl of bulk Zr and Hf based TMDCs is
almost 15 times lower than those of W and Mo based TMDCs.11

Ding et al. reported the low lattice thermal conductivity and
promising gure of merit of monolayer MSe2.12 Consequently,
monolayer 1T-CdI2 TMDCs exhibits better thermoelectric
performance as compared to 2H-MoS2 types. Recent studies
have also focused on further improving the ZT of monolayer 1T-
type TMDCs through strain engineering.13–15

It is known that the number of atomic layers has a signicant
inuence on the band structure, phonon spectrum and other
properties of 2D materials. For example, reducing the thickness
of the 1H-MX2 (M ¼ Mo, W; X ¼ S, Se, Te) systematically from
bulk to the monolayer limit causes a blue shi in the band gap
energies, together leading to tunability in the electronic band
gap and transitions from indirect to direct bands.16 Currently,
further theoretical studies concerning the TMDCs bilayers have
been reported, such as the variation of thermoelectric perfor-
mance by electric elds in bilayer MX2 (M ¼ W, Mo; X ¼ S, Se)17

and the metallization in the phase-engineered ZrX2 (X ¼ S, Se,
Te) induced by pressure and electric elds.18 Generally, by
turning the atomic layers of 2D 1T-CdI2 TMDCs, it is feasible to
This journal is © The Royal Society of Chemistry 2019
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Table 1 A comparison of the calculated lattice constant and bandgap
results for bilayer MSe2 with the available results of bulk andmonolayer
forms of the same system

Forms Material a (Å) c (Å) Eg (eV)

Bilayer ZrSe2 3.85 0.99
HfSe2 3.80 1.07

Bulk31 ZrSe2 3.76 6.15
HfSe2 3.733 6.146 1.13

Monolayer32 ZrSe2 3.80 1.54
HfSe2 3.76 1.39
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further optimize the thermoelectric performance. However, to
the best of our knowledge, previous studies on the thermal and
electronic transport properties of the 1T-type phase MSe2 (M ¼
Zr, Se) bilayers have been rarely reported to date. Thus, we set
out to perform a systematic investigation on the thermoelectric
performance of 2D ZrSe2 and HfSe2 bilayers.

In the following, we present the electronic structure and
thermoelectric properties of 1T-phase MSe2 (M ¼ Zr, Hf) bilayers
employing rst-principles calculations combined with Boltz-
mann transport theory with van der Waals correction, on-site
Coulomb and exchange interactions included. The electronic
structure of these bilayer MSe2 exhibit a conduction band
degeneracy and stair-like-shape density of state, which is absent
in the bulk counterparts or monolayer. Such unique band
features of bilayer ZrSe2 and HfSe2 contribute to the high power
factor. Furthermore, the phonon dispersion of these materials
display a small allowed acoustic frequency (3.48–3.93 THz),
resulting in a low lattice thermal conductivity. Our theoretical
ndings demonstrate that the 1T-phase of 2D ZrSe2 and HfSe2
bilayers are promising candidates for thermoelectric applica-
tions. And we hope that our work will provide useful information
for further experimental and theoretical studies for optimizing
the thermoelectric performance of multilayer TE materials.
2 Computational details
2.1 DFT calculation

In the present work, the structure optimization and electronic
structure calculations were performed by using the projector-
augmented wave (PAW) method,19 as implemented in the
Vienna ab initio simulation package (VASP) code.20–22 The elec-
tron exchange-correlation functional are treated using a gener-
alized gradient approximation (GGA) in the form proposed by
Perdew, Burke, and Ernzerhof (PBE)23 coupled with the DFT-D3
method of Grimme to assess the effect of van der Waals (vdW)
interactions.24 Moreover, the DFT + U method is used for the
corrections of on-site coulomb interactions with the effective
Hubbard U of 5.0 eV to act on the Zr 4d and Hf 5d states, which
can greatly improve the quality of PBE and give the correct
electronic structure. We selected a value of 5.0 eV for the
effective Hubbard U aer reference to previous studies.18,25–27

The lattice parameters and atomic coordinates were optimized
until all of the forces were less than 0.005 eV Å�1 per atom. The
relaxation of energy is taken as 1.0 � 10�6 eV. The plane-wave
basis cut-off was 400 eV and a Monkhorst–Pack mesh was set
to 21 � 21 � 1 for the Brillouin zone integration, which was
sufficient for energy convergence and static calculations. The
spin–orbit coupling (SOC) has been taken into account, since it
has been proven to play an important effect on the band
structure and power factor calculations of many TE mate-
rials.11,28–30 The calculated equilibrium lattice parameters are in
good agreement with available reports as shown in Table 1.
2.2 Electronic transport property calculation

The accurate calculation of the electronic structure is the
premise for obtaining accurate transport properties, so we use
This journal is © The Royal Society of Chemistry 2019
the more dense 47 � 47 � 1 k-points Monkhorst–Pack mesh in
these calculations. On the basis of the band structure obtained
from VASP, the electronic transport properties, including S, s/s,
and ke/s are calculated by solving the Boltzmann transport
equation (BTE) within the rigid band approximation (RBA)33–35

and constant scattering time (s) approximation (CSTA) as
implemented in the BoltzTraP package.36 In terms of the Fermi–
Dirac distribution function

f0(3~k) ¼ 1/[exp((3~k � 3f)/kBT) + 1]

the TE transport coefficients can be expressed as

s ¼ e2

V

X
~k

�
� vf0ð3~kÞ

v3~k

�
~v~k~v~ks~k (1)

S ¼ e

VsT

X
~k

�
� vf0ð3~kÞ

v3~k

��
3~k � 3f

�
~v~k~v~ks~k (2)

where ħ, kB and T are the reduced Planck constant, the Boltz-
mann constant and the temperature, respectively; 3f and 3~k are
the Fermi energy and the k-point band energy, respectively; V is
the volume of the unit cell;~v~k ¼ (1/ħ)V~k3~k is the group velocity,
which can be obtained from the rst-principles band structure
calculations; s~k is the relaxation time. Clearly, a knowledge of s
is required to obtain the value of the electrical conductivity, s.
Usually, the relaxation time, s is obtained from either tting of
the experiments37 or theoretical estimation. In this work, the
calculation of relaxation time, s is incorporated on the basis of
the Bardeen–Shockley deformation potential (DP) theory,38

which has been proven to be a robust strategy to predict the
mobility of 2D materials in previous reports and shows reliable
results for known TE materials.39–44 In this approach, we
consider only the longitudinal acoustic phonon scattering.
From the deformation potential theory, we can derive the
carrier mobility, m on the basis of the effective-mass approxi-
mation45 as the following form

m ¼ eħ3C2D

kBTm*mdðElÞ2
(3)

where the effective massm* ¼ ħ2[v2E(~k)/v~k2]�1 can be estimated
through a quadratic t of the energy versus k-points for the
bottom (top) of the conduction (valence) band for an electron
(hole). The average effective mass md is dened by

md ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m*

km
*
t

q
, where m*

k and m*
t are the effective mass parallel
RSC Adv., 2019, 9, 12394–12403 | 12395
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and perpendicular to the transport direction. For the two-
dimensional (2D) system, the effective elastic modulus C2D in-
plane is calculated through C2D ¼ (v2E/v32)/S0, where E, 3 and
S0 are, respectively, the total energy, the applied small strain (by
a step of 0.5% in the present study), and the area of the inves-
tigated system. El is the deformation potential constant which
can be obtained by El ¼ dEedge/d3, where Eedge is the energy of
the band edges (VBM and CBM). Finally, the estimation results
on carrier mobility, m and the effective mass, m* can be used to
calculate the scattering time, s using the following formula

s ¼ mm*

e
(4)

The above DP constant and elastic constant can be calcu-
lated from rst-principles calculations, while the detailed
calculation methods and obtained results are shown in Section
3. In addition, the electronic contribution to thermal conduc-
tivity, ke is usually calculated via the Wiedemann–Franz law:46

ke ¼ LsT (5)

where L ¼ 2.45 � 10�8 W U K�2 is the Sommerfeld theoretical
value for free electrons. Chen and Podloucky indicated that
constant Lorenz number of non-semiconductor can deviate in
value by a full calculation when the Fermi level closes to the
gap,47 it should be noted that the constant Lorenz number is
adopted in our calculations since the materials we studied are
degenerate semiconductors.
Fig. 1 (a) Top view of the ZrSe2 (HfSe2) bilayers; (b) side view of the
ZrSe2 (HfSe2) bilayers with a vacuum layer about 22 Å and R is the
interlayer separation; (c) the unit cell and corresponding Brillouin zone
path with the high-symmetry points at G(0,0,0), M(0.5,0,0), K(1/3,1/
3,0). The lattice parameters are denoted as a and b. The yellow and
cyan represent Se and Zr (Hf) atom, respectively.
2.3 Phonon transport property calculation

We calculate the lattice thermal conductivity by solving the
phonon Boltzmann transport equation (pBTE)48 as imple-
mented in ShengBTE.49 When considering two- and three-
phonon process as the scattering sources, the linearized pBTE
is written as: ~Fl ¼ s0l(~vl + Dl), where~vl is the group velocity of
mode l, s0l is the relaxation time of mode l, and Dl in the
dimension of velocity is a correction of the deviation to the RTA
prediction. If Dl is set to zero, the calculation is equivalent to
working within the RTA. The lattice thermal conductivity can be
nally calculated in terms of ~Fl as

kab
l ¼ 1

kBT2UN

X
l

f0ðf0 þ 1ÞðħulÞ2valFb
l

A full solution of pBTE requires inputs including descrip-
tions of the harmonic and anharmonic interatomic force
constants (IFCs) in the crystal structure. We employ VASP to
calculate the IFCs using a well-converged 3 � 3 � 1 supercell
based on the relaxed unit cell. For the anharmonic IFCs, we
impose a converged cut-off distance of 0.6 nm for the atomic
interactions. To obtain accurate forces, a wave function energy
cut-off of 500 eV is used with an energy convergence criterion of
10�8 eV. The harmonic IFCs are obtained by Phonopy code.50

For obtaining anharmonic IFCs and for solving pBTE, we
employ the ShengBTE code, based on an adaptive smearing
approach to the convergence of energy51 and on an iterative
12396 | RSC Adv., 2019, 9, 12394–12403
solution method.52 To guarantee the convergence of lattice
thermal conductivity, we impose a tested integration grid up to
41 � 41 � 1.
3 Results and discussions
3.1 Geometric structure and stability

In the bulk phase, 1T-CdI2 typed ZrSe2 and HfSe2 crystallize as
a layered material with tetragonal symmetry and octahedral
coordination, which have strong covalent bonds for in-plane
atomic layer and weak van der Waals interaction between the
layers thus allowing the crystal to shear along the layered
interface. It is noteworthy that the van der Waals’ correction
terms are important for the accurate prediction of the structural
properties of layered systems.53–55 Hence, the vdW interactions
are included in all calculations in this study. In experiments, the
two-dimensional TMD solids are usually obtained from their
bulk phase by using micro-mechanical exfoliation,56–58 thermal
laser ablation,59 chemical vapor deposition,60 vapor phase
synthesis,61 or liquid exfoliation.62 And very recently there is
a report of the synthesis of ZrSe2 thin lms using different
combinations of cation and anion precursors.63 In our calcula-
tions, the model of a bilayer structure is cut through the (0 0 1)
plane of the corresponding 1T-CdI2 ZrSe2 (HfSe2) bulk crystal
with a ¼ 3.76 Å, c ¼ 6.15 Å (a ¼ 3.733 Å, c ¼ 6.146 Å),31,64 and
a vacuum slab about 22 Å is added in the direction perpendic-
ular to the nano-sheet plane. The optimized lattice parameters
of ZrSe2 and HfSe2 bilayers are 3.85 Å and 3.80 Å, respectively,
within the GGA(PBE) + vdW + U level. We also compare the
lattice parameter and bandgap of the bilayer MSe2 with their
bulk and monolayer forms, as shown in Table 1. The projected
top view of the bilayer is displayed in Fig. 1(a). In addition, the
calculated interlayer separation of the bilayer system, R is 3.08
and 2.96 Å, for ZrSe2 and HfSe2, respectively, as shown by the
This journal is © The Royal Society of Chemistry 2019
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Table 2 The calculated effective mass (m*) in the unit of free electron massme, average mass (md), elastic modulus C2D, DP constant El, carrier
mobility (m), and relaxation time (s) for the n- and p-type doped bilayers of ZrSe2 and HfSe2 at 300 K

Material Carriers m* (M / G) m* (M / K) md C2D (eV Å�2) El (eV) m (cm2 V�1 s�1) s (10�13 s)

ZrSe2 e 2.88 0.66 1.38 19.96 3.22 165.75 2.72
h �0.21 �0.33 0.26 19.96 �8.82 1608.09 1.92

HfSe2 e 2.81 0.55 1.24 30.78 2.57 457.67 7.32
h �0.20 �0.30 �0.24 30.78 �9.72 2322.60 2.64

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
7/

20
25

 5
:1

5:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
side view of the bilayers in Fig. 1(b), which is in good agreement
with the previous reports.18 Furthermore, phonon calculations
have been performed with the nite displacement difference
method as implemented in the PHONOPY package50 to conrm
that bilayers of ZrSe2 and HfSe2 are dynamically stable with no
imaginary frequencies.
3.2 Electronic transport properties

Based on the optimized structure, we calculate the electronic
structure in the Brillouin zones with high symmetry k-points
along K–G–M–K as illustrated in Fig. 1(c). We plot the band
structures calculated by using GGA + U + vdW (black solid lines)
and GGA + U + vdW + SOC (red solid lines) for ZrSe2 and HfSe2
bilayers, as depicted in Fig. 2(a) and (c), where the right panels
of (b) and (d) are the corresponding partial density of states with
SOC included. It can be seen that both ZrSe2 and HfSe2 bilayers
are indirect band gap semiconductors. The valence band
maximum (VBM) and conduction band minimum (CBM) are
located at the G and M points, respectively. In addition, when
SOC is included, the valence bands split at the G point while the
conduction bands display little difference compared to the case
without SOC, which indicates that there may be a non-
negligible effect on the p-type properties. Therefore, the SOC
Fig. 2 Band structures of the ZrSe2 (a) and HfSe2 bilayers (c) with SOC
responding partial density of states with SOC are represented in (b) and

This journal is © The Royal Society of Chemistry 2019
has been taken into account below. The indirect band gaps in
these compounds are 0.99 (ZrSe2-bilayer) and 1.07 eV (HfSe2-
bilayer), which are in excellent agreement with the previous
reports.18,65 From the highly precise energy band calculation, we
can obtain the effective mass m* near the Fermi level, which is
an important parameter of free carriers for the electronic
transport. The effective mass is calculated by the formula m* ¼
ħ2[v2E(~k)/v~k2]�1,66 which can be obtained by fitting the elec-
tronic bands near the Fermi level. The effective mass at the
valence band maximum (hole valley) and conduction band
minimum (electron valley) primarily determines the holes and
electron transport, respectively. It can be seen from Fig. 2(a) and
(c) that the band dispersion near the Fermi surface for electrons
and holes is very different: the conduction bands are signi-
cantly more dispersed than that of the valence bands along the
directions of M–G and M–K. Accordingly, the effective mass of
electrons and holes for bilayer ZrSe2 (HfSe2) 2.88me vs. �0.21me

(2.81me vs. �0.20me) along M–G direction and 0.66me vs.
�0.33me (0.55me vs. �0.30me) along the M–K direction, is
signicantly different. Due to the higher effective mass of
electrons, the Seebeck coefficient S of n-type doping is superior
to that of the p-type for both of these materials. There is little
difference in band gap and effective mass (as shown in Table 2)
(red solid lines) and without SOC (black solid lines), and only the cor-
(d). The Fermi level is indicated as the dashed line at E ¼ 0.0 eV.

RSC Adv., 2019, 9, 12394–12403 | 12397
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Fig. 3 (a) The energies of the band edge of VB and CB with respect to
the lattice dilation 3 ¼ Dl/l0 in-plane, where l0 is the lattice constant.
Vacuum levels are used as reference energy. Black and blue lines
indicate the linear fit, the slopes of which correspond to the defor-
mation potential constants for ZrSe2 and HfSe2 bilayers, respectively.
(b) and (c) are the total energy versus relative change of lattice
parameter in-plane. The black and blue lines are quadratic fitting
curves for ZrSe2 and HfSe2 bilayers, respectively. From the fitting
coefficient, the 2D effective elastic modulus C2D can be obtained.
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between the bilayers of ZrSe2 and HfSe2, thus, the Seebeck
coefficient and electrical conductivity are similar. It is worth
noting that there is an intrinsic double valley degeneracy in
both ZrSe2-bilayer and HfSe2-bilayer bands at the M point,
which is not observed in the individual counterpart mono-
layers.12 As is known, the increase of the band degeneracy is
benecial to the thermoelectric performance. From the partial
density of states (PDOS) analysis according to Fig. 2(b) and (d),
the valence bandmaximum (VBM) is composed mainly of states
of the Se 4|pi for both bilayers of ZrSe2 and HfSe2, while the
conduction band minimum (CBM) consists mainly of the Zr
4|di (Hf 5|di) orbital. Due to the hybridization of Se 4|pi and Zr
4|di (Hf 5|di) states, the two lowest conduction bands exhibit
a partial separation along the high-symmetry lines, resulting in
a stairlike 2D DOS, which can signicantly increase the See-
beck coefficient.67 Based on the calculated band structure, the
electronic transport coefficients, i.e., S, s/s and ke/s, are
calculated by using the semiclassical Boltzmann theory within
the constant relaxation time approximation. Within this
approximation, the Seebeck coefficient, S can be calculated
independently of relaxation, s but evaluation of the electrical
conductivity, s requires a knowledge of s. Here we use the
Bardeen–Shockley deformation potential approach for 2D
materials based on the effective mass approximation to esti-
mate the relaxation time, since the coupling between free
carriers and acoustic phonons is the dominated scattering
mechanism in the low energy region. Firstly, we need to esti-
mate the deformation potential constant El and the elastic
constant C2D according to eqn (3) by performing the VASP
calculation with different deformations of the lattice. In these
calculations, the energy of Eedge is the edge energy of VBM and
CBM relative to the vacuum levels. Then the obtained infor-
mation of El is displayed in Fig. 3(a) and C2D is depicted in (b)
and (c). Finally, all the results together with the carrier
mobility, m and the relaxation time, s in these materials are
calculated, as listed in Table 2. As can be seen from Table 2,
the mobilities of the electrons are 165.15 and 457.67 cm2 V�1

s�1 for bilayers of ZrSe2 and HfSe2, respectively. Whereas the
mobilities of the holes are 1608.09 (ZrSe2-bilayer) and 2322.60
cm2 V�1 s�1 (HfSe2-bilayer), which are much larger than those
of the electrons due to the rather smaller effective mass as
discussed above. Nevertheless, the mobilities of both the holes
and electrons for the two bilayers are larger than those of
MoS2.68 The le (right) panels in Fig. 4 show the transport
coefficients for ZrSe2 and HfSe2 as a function of the hole
(electron) concentration at T ¼ 300 K. We nd both bilayer
ZrSe2 and HfSe2 display a high S (larger than 200 mV K�1)
within a reasonable p-type or n-type carrier concentration,
suggesting a promising thermoelectric performance for the
two bilayers.69 It can be seen from Fig. 4(a) and (b) that the
absolute values of the Seebeck coefficients for the n-type
doping are much more higher than the p-type. The elec-
tronic transport performance is mainly contributed by the
energy band near the Fermi surface. As mentioned above, the
conduction bands near the Fermi surface are almost double
degeneracy, which contributes to the higher effective mass of
n-type carriers (as listed in Table 2) and thus the higher n-type
12398 | RSC Adv., 2019, 9, 12394–12403
Seebeck coefficient.1 And at lower concentration, the electrical
conductivity of the n-type is slightly lower than that of the p-
type, as shown in Fig. 4(c) and (d), which is due to the
higher the effective mass of the n-type carriers leading to the
lower carrier mobility and hence the lower electrical conduc-
tivity. The Seebeck coefficient and the electrical conductivity
are in exactly the opposite proportion to concentration, the
former decreases with concentration, while the latter
increases with concentration, as can be seen in Fig. 4. Because
the Seebeck coefficient of n-type doping is signicantly higher
than that of p-type doping, while there is a smaller difference
in conductivity, the n-type power factor is thus evidently
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The calculated transport coefficients (a and b) absolute values of Seebeck coefficient S, (c and d) the s/s, and (e and f) the sS2/s for ZrSe2
(black solid line) and HfSe2 (blue dashed dot line) as a function of the carrier concentration n of hole (left) and electron (right).
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higher than with p-type doping, indicating a better thermo-
electric transport performance of electrons.
3.3 Phonon transport properties

Now, we investigate the phonon transport properties of these
bilayers. Fig. 5 shows the phonon dispersion relationship of the
bilayer ZrSe2 (le panel) and HfSe2 (right panel), where the red
solid lines represent the acoustic ZA, TA, and LA branches. As
can be seen, there is no so mode in the calculated phonon
spectrum, conrming that these bilayers are dynamically stable.
It can be seen from Fig. 5, rstly, the maximum frequencies of
acoustic phonon modes of bilayer ZrSe2 and HfSe2 are 3.48 and
3.93 THz, respectively, which are quite a bit lower than those of
2H-MoSe2 (ref. 10) (4.5 THz) and 2H-MoS2 (ref. 9) (7.5 THz)
monolayers. As is known such a low frequency displays a lower
group velocity of the acoustic phonon modes in these systems,
Fig. 5 Phonon dispersions of bilayer ZrSe2 (left) and HfSe2 (right) from
highlighted in red.

This journal is © The Royal Society of Chemistry 2019
which is benecial to obtaining a low lattice thermal conduc-
tivity. Secondly, in contrast to bulk MSe2,11 there is a strong
coupling between the optical phonon modes and acoustic
phonon modes in the bilayer MSe2, which enhances the chance
of anharmonic phonon scattering, resulting in a reduced lattice
thermal conductivity. Therefore, the two important character-
istics are lower maximum frequency of acoustic phonon modes
and strong coupling between optical and acoustic phonon
modes, indicating that the two bilayers may exhibit low kl,
which will be discussed below. As can be seen from Fig. 5, the
frequency span of the HfSe2-bilayer is larger than that of the
ZrSe2-bilayer, since the atomic mass difference between the Hf
and Se elements is slightly larger than that between elements of
Zr and Se. Compared to the ZrSe2 bilayer, there is a stronger
coupling between acoustic and low-frequency optical branches
in the HfSe2 bilayer, indicating a stronger anharmonic
first-principles calculations, the acoustic ZA, TA and LA branches are

RSC Adv., 2019, 9, 12394–12403 | 12399
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Fig. 6 (a) Calculated temperature dependence of phonon thermal
conductivity from 200 K to 1000 K obtained from pBTE with the inset
map of kl contribution with respect to frequency at 300 K. (b) The
cumulative phonon thermal conductivity versus phonon mean free
path at room temperature. The black solid line and the blue dashed dot
line represent ZrSe2 and HfSe2 bilayers, respectively.
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scattering and hence the lower lattice thermal conductivity of
HfSe2 bilayer.

Calculated lattice thermal conductivity is shown in Fig. 6(a).
As shown by the tted curves, kl decreases approximately
following a 1/T dependence with increasing temperature, indi-
cating a dominant phonon scattering by the Umklapp process
in these materials.70 Clearly, the lattice thermal conductivity kl

for the HfSe2-bilayer is always lower than that of the ZrSe2-
bilayer within the temperature range investigated, which is
consistent with the above analysis. Specically, the lattice
thermal conductivity of the bilayers, ZrSe2 and HfSe2, are 3.55
and 2.7 W m�1 K�1 at room temperature, respectively. We nd
that the lattice thermal conductivity of the bilayer MSe2 is
Table 3 Summary of the important parameters and results for the n
concentration nopt yielding the maximum attainable value of ZT, the Seeb
optimal doping at 300 K

Material Carriers nopt (10
12 cm�2) S (mV K

ZrSe2 e 7.85 �303
h 2.13 212

HfSe2 e 2.37 �413
h 1.36 234

12400 | RSC Adv., 2019, 9, 12394–12403
slightly higher than their monolayer congurations12,13 while
much lower than those of their bulk counterparts from
a previous study11 (about 9.9 and 7.7 W m�1 K�1 for ZrSe2 and
HfSe2, respectively), which can be better explained from the
viewpoint of the size effect. The inset in Fig. 6(a) displays the
contribution of phonons with different frequencies to lattice
thermal conductivity at 300 K. It can be seen that the acoustic
branches probably contribute to more than about 80% of kl and
the optical contribution to kl is extremely limited especially
when frequencies are higher than 6 THz, indicating the acoustic
contribution predominates. In order to further study the
thermal conductivity, we show in Fig. 6(b) the cumulative
thermal conductivity versus the phononmean free path (MFP) at
300 K, which describes the contribution of different mean free
path phonons towards the thermal conductivity. It can be seen
that the kl for HfSe2-bilayer is primarily contributed by the
phonons with MFPs up to 700 nm, while for ZrSe2-bilayer the
allowed MFP expands to 1 mm. Meanwhile, the smaller MFP of
the HfSe2-bilayer also indicates a higher scattering probability
of phonons and hence the suppressed kl as discussed above.
3.4 Thermoelectric gure of merit ZT

Next, we calculate the dimensionless gure of merit ZT
combined effect of electronic and thermal properties on the
thermoelectric efficiency of these materials. Firstly, the total
thermal conductivity is estimated by considering both the
electronic and lattice contributions using the equation: ktotal ¼
ke + kl, detailed computation methods are demonstrated in the
above computational details. And ktotal at room temperature for
the n- and p-types of these bilayers are summarized in Table 3.
Fig. 7 shows the evaluated ZT of these bilayers for p-type (le
panel) and n-type (right panel) doping at room temperature.
Clearly, there is an optimum carrier concentration required to
obtain the maximum ZT values because of the trade-off rela-
tionship between S and s as shown in Fig. 4. At room temper-
ature, the optimum carrier concentrations, the corresponding
Seebeck coefficient S, electrical conductivity s, as well as ZTs are
shown in Table 3. In comparison with the p-doped case, the n-
doped bilayers exhibit higher ZT values due to the better
transport performance of the electrons. In addition, the values
of ZT for bilayer HfSe2 are larger than that of the bilayer ZrSe2
for both n- and p-type doping, resulting from the better
electronic transport properties and lower lattice thermal
conductivity as discussed above. The optimal n-type ZT values
for ZrSe2 and HfSe2 bilayers are 1.84 at the carrier concentration
- and p-type doped ZrSe2 and HfSe2 bilayers. The optimal carrier
eck coefficient, electrical conductivity and total thermal conductivity at

�1) s (105 U�1 m�1) k (W m�1 K�1) ZT

4.57 6.89 1.84
1.35 4.54 0.41
4.45 5.96 3.83
1.27 3.62 0.58

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Estimated figure of merits of bilayer ZrSe2 (black solid line) and HfSe2 (blue dashed dot line) for both p- (left panel) and n-type (right panel)
at 300 K.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 1

/2
7/

20
25

 5
:1

5:
23

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of 7.85 � 1012 cm�2 and 3.83 at the carrier concentration of
2.37 � 1012 cm�2, respectively, which are much higher than not
only their bulk counterparts andmonolayer but also some other
existing 2D thermoelectric materials reported previously. For
instance, the optimal ZT (theoretical value) for monolayer PdSe2
(ref. 71) at 300 K and SnSe2 (ref. 72) at 600 K are about 1.1 and
0.94 (theoretical value), respectively, and only about 0.1 (theo-
retical value) for MoS2 (ref. 9) at 500 K. Although the optimal p-
type ZT values, about 0.41 and 0.58 for ZrSe2 and HfSe2 bilayers
at 300 K, respectively, are much lower than that of n-type, they
are still much higher than that of their bulk counterparts, which
do not exceed 0.1 as predicted previously.11
4 Summary and conclusions

In summary, using rst-principles calculations in combination
with Boltzmann transport theory, we have investigated the
electronic and thermoelectric transport properties for ZrSe2 and
HfSe2 bilayers. The van der Waals (vdW) interactions, on-site
Hubbard U parameter and spin–orbit coupling have been
included in calculations to correctly describe the electronic
properties of the considered systems. The degenerate conduc-
tion bands and stair-like 2D DOS contribute to the high n-type
Seebeck coefficient and power factor. In addition, they exhibit
rather low lattice thermal conductivity comparable to their
individual bulk. Overall, the dimensionless gure of merit at
room temperature are predicted as high as 1.84 (3.83) and 0.41
(0.58) for n- and p-doped ZrSe2 (HfSe2) bilayers, respectively,
which are superior to those of some monolayer TMDCs and
other popular thermoelectric materials. The present work
indicates that bilayers of ZrSe2 and HfSe2 are promising ther-
moelectric materials preferable to their bulk counterparts.
Although a lot of monolayer systems have been studied as
promising 2D thermoelectric materials, studies on the
This journal is © The Royal Society of Chemistry 2019
corresponding bilayer or multilayer congurations are rare. Our
ndings show that tuning the atomic layers of 2D TMDCs is an
effective approach to further optimize their thermoelectric
performance.
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