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Monolayer KCuTe is a new-type of two-dimensional (2D) semiconductor material with high carrier mobility
and large power energy conversion efficiencies, suggesting its potential application in thermoelectric (TE)
and photoelectric fields. Based on the density functional theory (DFT) and semiclassical Boltzmann
transport equation, the electronic and phonon transport properties of monolayer KCuTe are
systematically studied. Our results show that it possesses an ultralow lattice thermal conductivity value of
nearly ~0.13 W m~* K™% at 300 K, mainly attributed to its small phonon group velocity, large Grineisen
parameters, and strong phonon-phonon scattering. Furthermore, the intralayer opposite phonon
vibrations greatly restrict the heat transport. Monolayer KCuTe shows an ideal direct band gap of

) ~1.21 eV, and a high twofold degeneracy appearing at the I' point gives a high Seebeck coefficient of
iigzgti?j ii:hNiiztrir;ebre;OZgw ~2070 pV K% leading to high TE performance. Using the transport coefficients together with constant
electron relaxation time, the figure of merit (ZT) can reach 2.71 at 700 K for the p-type doping, which is

DO 10.1035/c9ra07828b comparable to the well-known TE material SnSe (2.6 + 0.3 at 935 K). Our theoretical studies may

rsc.li/rsc-advances provide perspectives to TE applications of monolayer KCuTe and stimulate further experimental synthesis.
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1 Introduction

With the depletion of the fossil fuels, searching for renewable
energy resources as well as related materials is urgently
demanded. In particular, TE materials have attracted much
attention, because they could convert waste heat into electric
energy via the Seebeck effect."” In general, the conversion effi-
ciency of a TE material is characterized by the dimensionless
figure of merit ZT*

S%6T

b
Ke + K1

ZT = (1)
where S, T, o, k. and «; are the Seebeck coefficient, absolute
temperature, electric conductivity, electronic and lattice
thermal conductivity, respectively. Obviously, a good TE mate-
rial should exhibit a larger power factor (PF) S*¢ and/or low
thermal conductivity.* However, it is difficult to optimize the
transport coefficients independently because of their complex
competition. Some comment strategies have been studied to
dispose this paradoxical relationship. For example, some
common methods are optimizing electrical transport properties
by band structure engineering>® and/or reducing a material's
thermal conductivity via low dimensional technologies™® and
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phononic crystal patterning.®'® These approaches can help
people to simplify these TE parameters and focus on optimizing
electrical or phonon transport properties alone.

It is well known that TE materials with plicated layered
configuration such as SnSe,"* PbTe,"* and Bi,Te; (ref.13) have
low thermal conductivity, which is one of the key factors to
achieve good TE performance. Usually, the most pristine TE
materials are composed of light atoms and heavy atoms, all of
which possess strong anharmonicity.’**® For instance,
Bi,0,Se monolayer, a new star material, exhibits an intrinsi-
cally low thermal conductivity (0.74 W m™~" K" at 300 K) due
to its strong anharmonic interaction."” For the phosphorene-
like SnSe compound, its characteristic crystal structure and
electronic structure lead to low «; and high power factor.™
With the excellent electrical transport properties, the decep-
tively simple material SnSe monolayer shows an unexpectedly
high ZT of 2.76 at 700 K and it has become a very promising TE
material.*®

Very recently, the monolayer KCuTe, as a novel layered
material, has been theoretically proposed,® which can be
prepared by isovalent substitutions in layered KAgSe. The
monolayer KCuTe has a favorable direct band gap with
ultrahigh electron mobility of 1.3 x 10* cm®> V™' s™*, which is
not only much larger than that of the MoS, monolayer*® but
also can be on a par with that of black phosphorene (1.0-2.6 x
10* em? V' s71).2! Further, its excellent electrical properties,
large power energy conversion efficiencies (~21.5%) and
applicable band gap, offer multiple perspectives for
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applications in photoelectric and photovoltaic solar cells.*®
Considering these outstanding performances, it is necessary
to study comprehensively on its TE properties. Based on
theoretical calculations, we systematically study the TE
properties of monolayer KCuTe. Meanwhile, we find that it
exhibits a high Seebeck coefficient of 2070 v K~ ' and an
ultralow lattice thermal conductivity of 0.13 W m™* K,
which are prerequisites for achieving high TE performance.
Detailed discussions of phonon spectrums, atomic vibration
modes, phonon group velocity, and Griineisen parameters are
presented to explain its heat transport ability. The maximum
ZT value is as high as 2.71 at 700 K for p-type doping. It is
revealed that the monolayer KCuTe possesses extraordinary
TE response.

2 Computational methods

Within the framework of DFT, the electronic properties of
monolayer KCuTe were investigated by using the projector
augmented wave method, which was implemented in the
Vienna ab initio Simulation Package (VASP).>> The generalized
gradient approximation (GGA)* in the Perdew-Burke-Ernzer-
hof (PBE)** was employed. The cutoff energy of the plane wave
was set as 500 eV and 11 x 11 x 1 Monkhorst-Pack k-mesh were
adopted in the calculations. A vacuum region of 25 A was set
along the z direction to avoid the interactions between periodic
layers. The semi-empirical DFT-D3 (ref. 25) correction was
included to evaluate the van der Waals interactions. The atomic
positions are fully relaxed with the Hellman-Feynman force
0.01 eV A~', while the total energy convergence criteria was
107° eV A™'. The optimized lattice parameter of monolayer
KCuTe is a = 4.26 A, which is consistent with the previous
theoretical prediction.” In order to calculate its electronic
structure, the hybrid functional approach of Heyd-Scuseria—
Ernzerhof (HSE06) was employed.”® By using the Boltzmann
transport theory and the rigid band approach, the electronic
transport properties were obtained, implemented in the Boltz-
TraP code.”” The constant relaxation time approximation was
employed, which was valid because the relaxation time doesn't
vary strongly within the energy scale of kg7.>* Such method has
accurately assessed TE properties of many materials.” To
accurately perform Fourier interpolation of the Kohn-Sham
eigenvalues, a dense 45 x 45 x 1 k-mesh was employed in the
Brillouin zone (BZ).

Using the ShengBTE code,* the phonon transport properties
were evaluated. The harmonic second-order interaction force
constants (2nd IFCs) and phonon spectrum were obtained by
the VASP and Phonopy packages® using 5 x 5 x 1 supercell
with 3 X 3 x 1 k-mesh. The anharmonic third-order IFCs (3rd
IFCs) were obtained using the finite-difference method,* where
the influence of the seventh nearest neighbors is considered.
Additionally, the convergence of the «; as a function of the -
mesh was carefully tested. A dense 35 x 35 x 1 k-mesh was
employed for the calculation of the lattice thermal conductivity.
In order to convert conductance of monolayer material to
conductivity, the effective thickness of 7.8 A was chosen in
monolayer KCuTe.
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3 Results and discussions
3.1 Electronic structures

The monolayer KCuTe shows an orthorhombic structure with
the space group P4/nmm symmetry (129), as shown in Fig. 1(a)
and (b). We can see clearly that the monolayer KCuTe exhibits
five atomic-layers in the form of K-Cu-Te-Cu-K and six atoms
per unit cell, which greatly increases the complexity of the
structure. Moreover, its conspicuously plicated configuration
can give rise to strong lattice vibrations, greatly suppressing
phonon transport ability."”

The band structures and corresponding projected density of
state (DOS) of monolayer KCuTe along a series of high symmetry
points in the BZ are shown in Fig. 1(c). It has direct band gap with
the valence band maximum (VBM) and conduction band
minimum (CBM) locating at I point. In the vicinity of Fermi level,
the conduction bands (CB) are rarely occupied by the K, Cu and
Te atoms, whereas the valence bands (VB) are primarily
contributed by the Cu and Te atoms. Interestingly, a twofold
degeneracy could be observed at I" point. It is reported that band
degeneracy has been proved to be critical for achieving high TE
performance®** and can be realized through proper band engi-
neering.* In addition, this degenerated electronic state is rela-
tively flat at the VB edge, which is in favour of high PF.*® Several
sharp peaks are observed at VB in DOS, a signal of a dramatic
increase in Seebeck coefficients.*”*®* Therefore, unique DOS
structure and an intrinsic VB degeneracy appear together in the
monolayer KCuTe, which are good electronic features for high-
performance of TE equipments.
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Fig. 1 Side (a) and top (b) views of the atomic structure of monolayer
KCuTe. (c) The band structures and the corresponding DOS.
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3.2 Electron transport properties

With the constant relaxation time assumption, the electronic
transport properties for KCuTe are obtained. Here, we
computed the Seebeck coefficients S, electrical conductivity «;,
and electronic thermal conductivity k., and PF $*g of monolayer
KCuTe under the temperature from 300 to 700 K. Calculative
results are shown in Fig. 2(a)-(d) as a function of chemical
potential u, of which the positive and negative side correspond
to n-type and p-type doping, respectively. By using the Boltz-
mann transport theory, the S and ¢ could be expressed as*

i | S| - L @

af

Sﬂﬁ(Tv ,LL) =

B i . _afﬂ(T,e) .
o (Tost) = VJ%;( )[- 2 6)
> (o) = ;—Oera(nk)Va(h k)wv (4)

af ik

where « and § are Cartesian indices, V is the volume of the unit
celland )" (e) is the transport distribution function. As shown in
af

Fig. 2(a), the monolayer KCuTe exhibits relatively large values of
the Seebeck coefficients. At room temperature, the Seebeck
coefficients can reach to 2070 and 1970 pV K~ for p- and n-type

—300 K
——500 K
700 K

u (V)

Fig. 2
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doping. Meanwhile, we can also find that the Seebeck coeffi-
cient for n-type doping is slightly larger than that of the p-type
doping, which can attribute to its DOS. As has been reported,*
the multiple degeneracy usually significantly improve the See-
beck coefficient. We can clearly find that the Seebeck coeffi-
cients exhibit the obvious temperature-dependent behavior. At
low chemical potentials, the Seebeck coefficients appear peaks
due to the sharp energy dependence of the total DOS, i.e., large
dn(e)/d(e), as shown in Fig. 1. For doping system, the Seebeck
coefficients could be derived according to the Mott relation®

_ kg’ T {l dn(e) N 1 dn(e)}E .

§ 3e u de

(5)

n de

We can find that the Seebeck coefficient can be further
enhanced by optimizing the carrier concentration.

The electrical conductivity ¢/t as a function of chemical
potential is shown in Fig. 2(b). In fact, theoretical calculations
prove that the p-type doping shows larger ¢/7 than that of the n-
type ones. The slopes of the g/t around the VBM and CBM is
flatted by increasing temperature because the electrons obey
the Fermi-Dirac distribution.

Besides, the electronic thermal conductivity k. can be
calculated by using the Wiedemann-Franz law:*°

ke = LoT,

(6)
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(a) Seebeck coefficients, (b) electrical conductivity, (c) electronic thermal conductivity, and (d) power factor with respect to the scattering

time at different temperatures (300, 500, and 700 K) as functions of the chemical potential.
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where L = w?kg?/3€® is the Lorenz number. We can clearly see
that the k. and ¢ exhibit similar behaviors since both of them
are originated from the electronic structure. Combining with
the Seebeck coefficient and the electrical conductivity, we
calculate the PF with respect to the scattering time as shown in
Fig. 2(d). The PF of p-type doping is visibly larger than that of n-
type doping for monolayer KCuTe, owing to its high ¢ in p-type
doping. Additionally, the maximum peak PF of 1.8 x 10" W K>
ms~' is due to its ideal DOS at the VB edge. The twofold
degeneracy which can rise large number of carriers and result in
high Seebeck coefficients is another reason of high PF.

3.3 Phonon transport properties

The phonon dispersions and partial atomic phonon density of
states (PhDOS) of monolayer KCuTe are shown in Fig. 3(a).
Since the acoustic branches play a major contribution to heat
transport,** we highlight these phonon modes with different
colors. Here, the negative phonon frequency is not observed,
demonstrating its dynamical stability. Surprising, we can find
that it shows a very narrow phonon frequency interval with the
maximum frequency of the optical mode about 4.5 THz. Such
low phonon frequencies are beneficial to low thermal conduc-
tivity. Additionally, its lowest optical mode frequency is as low
as 0.39 THz, which is much lower than that of the phosphorene
like SnSe (0.99 THz).*> We can also find that the lowest optical
modes are overlapping with its acoustic branches, resulting in
strong acoustic-optical interactions and low lattice thermal
conductivity. From the corresponding PhDOS, we can see that
the phonon branches are evenly occupied by K, Cu and Te
atoms in the full-frequency region, which further verify its
stability.* This phenomenon can attribute to the strongly
overlapping electron states. The out-of-plan acoustic mode (ZA)
has parabolic dispersion, which is a unique character for
atomically thin materials. We can note that these flat phonon
modes and protuberant PhDOS can give rise to small phonon
velocities.

To further study each modes phonon spectrum, some typical
vibration modes of KCuTe sheet at I' point are shown in

(a)
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Fig. 3(b). One can see clearly that the vibrations of the acoustic
modes are strictly along the in-plane (LA and TA) or out-of-plane
(TA), which are an inherent vibration property. For the lowest
optical branch, we find that the upper Cu atoms move in
opposite directions with respect to the lower Cu atoms,
including both intralayer Se atoms, while the K atoms keep still.
Such atomic vibration mode will greatly suppress heat transport
ability in layered materials. Similar with graphene,** these
optical modes are easily thermally activated at room tempera-
ture, leading to low thermal conductivity via enhancing
phonon-phonon scattering.**

From the phonon kinetic theory, the lattice thermal
conductivity in a solid is defined by

1 2
K| = ?Z)\:Cy\\/)\ Ty, [7)

where C, is mode heat capacity, v, is the phonon group velocity,
and the 7, is the phonon relaxation time, respectively. To
investigate the thermal transport properties of KCuTe sheet, the
Kk}, at temperature from 200 to 800 K, is shown in Fig. 4(a). In
many structures,”*® the ; exhibits decreasing behavior
monotonously with the temperature increasing. Specifically, in
low temperature region, the «; decrease rapidly. Furthermore, it
also shows an ultralow «; of 0.13 W m™' K™ ! at 300 K, which is
lower than that of the KAgTe (0.22 W m~ ' K™ ').” Such low &
indicates it might be possesses excellent TE response.

The phonon velocity is a very important physical parameter
for the calculation of thermal conductivity. It can be obtained by
using the phonon spectrum,

aw*,\
Vig = aq“’

; (8)

where w; 4 is the phonon frequency, and plot them in Fig. 4(b).
Obviously, we can see that the KCuTe sheet exhibits very small
phonon velocities. For its acoustic branches (ZA, TA, and LA),
the average phonon velocities are 1.05, 0.82, and 0.83 km s,
respectively. Compared with the monolayer PbSe,** the phonon
velocities of the KCuTe exhibits smaller phonon velocities,

which can attribute to its flat phonon dispersions. Based on the

(b)
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Fig. 3

(@) Phonon dispersion and total and partial phonon density of states (PhDOS) of monolayer KCuTe. (b) The corresponding vibrational

modes of the acoustic phonon branches (the red, green and blue lines corresponding to the ZA, TA, and LA) and the lowest optical branch (Opt.)

near and at I" point.
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Fig. 4 (a) Calculated lattice thermal conductivity with respect to temperature for monolayer KCuTe. (b) Phonon group velocity, (c) Grineisen

parameters, and (d) phonon relaxation time at 300 K. The inset of (c) is three phonon phase space.

eqn (6), we can conclude that these small phonon velocities lead
to low thermal conductivity.

Besides the phonon velocities, we further study its Griineisen
parameters and phonon relaxation time of each phonon modes,
as shown in Fig. 4(c) and (d). The Griineisen parameters can
qualitatively describe the anharmonic interactions of a crystal.
In general, it can be computed from the relationship between
phonon frequency and volume change as below:

V (’)(x))\.q
Yog = Tong OV )
a
@
—300 K
—500 K
700 K

I \

S \

1F \ /\

VAN

?1.0 -0.5 0.0 0.5 1.0
u(eV)

Usually, a large |y| means that it might have a strong
phonon-phonon anharmonic scattering. Surprisingly, we can
see clearly that the monolayer KCuTe exhibits very large
Griineisen parameters, indicating that it possesses strong
anharmonicity. From the Fig. 4(c), we find that the Griineisen
parameter of ZA mode is much larger than that of the TA and LA
mode. Herein, the phonon relaxation time can be obtained by
the summation of various scattering processes.** Compared
with some common TE materials,"”** we can see clearly that it
shows a very short relaxation time (nearby 0.1 ps), leading to low
lattice thermal conductivity. To further analyze its phonon

(b)
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Fig. 5 ZT with respect to (a) chemical potential and (b) carrier concentration for monolayer KCuTe.
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relaxation time, the three phonon scattering phase space (P3) is
presented as shown in the insert of Fig. 4(c). One can see that
the monolayer KCuTe possesses a relatively larger P3 in the full-
frequency region, which indicates that it exists strong phonon-
phonon scattering and greatly suppress the phonon transport.

3.4 Thermoelectric figure of merit

Using the electronic and phonon transport coefficients avail-
able, we have computed the TE properties of monolayer KCuTe.
Herein, the electronic scattering time t is 3.5 fs, extracted from
previous report.* The ZT values with respect to chemical
potential and carrier concentration at 300, 500 and 700 K are
shown in Fig. 5(a) and (b). Additionally, we can see that the ZT of
the p-type doping is higher that of the n-type doping, which can
attribute to the difference of PF. With the temperature
increasing, the peak becomes wider and the peak position
moves toward u = 0. We can see that the ZT values can approach
2.71 and 1.51 for p-type and n-type doping at 700 K since it has
a lower thermal conductivity. Moreover, the corresponding
concentration of maximum ZT is about 5 x 10"* em ™2 for p-type
doping.

4 Conclusion

In summary, using DFT and Boltzmann transport equation, we
systematically studied the electronic and phonon transport
properties of monolayer KCuTe. Results show that it possesses
an ideal band gad (1.21 eV) with a high Seebeck coefficients of
2070 uv K ' at room temperature. Since the multiple valley
degeneracy around VB, it exhibits outstanding electrical trans-
port properties. Additionally, its unique crystal texture, small
phonon velocity, large Griineisen parameters, and short
phonon relaxation time greatly suppress the heat transport
ability, leading to ultralow lattice thermal conductivity of 0.13 W
m ' K" at 300 K. The ZT of monolayer KCuTe is as high as 2.71
at 700 K for p-type doping. Collectively, our works demonstrate
that the monolayer KCuTe possesses excellent TE performance
and will become a hopeful candidate in TE material field.
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