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ABSTRACT

The lattice thermal conductivity and thermal transport properties of 2D o-selenene are investigated based on the first-principles calculations.
The isotropic in-plane thermal conductivity is as low as 3.04 Wm™' K™' at room temperature, even abnormally lower than o-tellurene that
processes analogous configuration and lower Debye temperature. We find this abnormal phenomenon reasonably stems from the larger anhar-
monicity of the acoustic phonon branch. Moreover, the phonon spectra, elastic properties, and related thermal properties are also exhibited.
Acoustic phonons contribute mainly to the total thermal conductivity. Furthermore, size effect, boundary effect, the total phase space for
three-phonon processes, phonon group velocity, and relaxation time are further investigated, and the last one is unveiled to be the key ingredi-

ent of thermal transport in 2D selenene.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5135092

I. INTRODUCTION

Since the successful isolation of graphene in 2004,' two-
dimensional (2D) materials have been intensively investigated in
recent years. Their intriguing properties and the potential applica-
tions result in the fast expansion of the family. Beyond graphene,
numerous elemental 2D materials have been predicted and synthe-
sized, such as borophene, group IV, and group V elemental 2D
materials.””'' However, there were few investigations about group VI
elemental 2D materials reported,'” until the 2D tellurene monolayer
has been predicted and synthesized successfully on highly oriented
pyrolytic graphite (HOPG) substrates by using molecular beam
epitaxy. ™" A great many investigations about group VI elemental
2D materials have been reported especially for tellurene, and the
stable structures of monolayer Se (named selenene) are also predicted
theoretically.'>'>'>~'¥ For instance, it was found that square selenene
has low thermal conductivity'” and interesting electronic structures
with two gapped semi-Dirac cones in the Brillouin zone, displaying
nontrivial topological properties.'” A large-size 2D Se nanosheet was
also synthesized in the experiment, while the Se nanosheet photo-
transistors show an excellent photoresponsivity, showing great poten-
tial in electronic and optoelectronic applications.'’

Thermal conductivity and transport property are important in
the practical applications for materials. Furthermore, the thermoelectric

property is a hot research topic for 2D materials, since a great number
of 2D materials show high thermoelectric performance. ™ It is well
known that low thermal conductivity is very important for thermoelec-
tric materials, since the figure of merit z7, which is used to measure
the thermoelectric efficiency, is inversely proportional to thermal con-
ductivity. Specifically, zT' of a thermoelectric material is expressed as
zT = SZO'T/(Ke + k1), where S, o, T, k., and x; are the Seebeck coef-
ficient, electric conductivity, absolute temperature, electronic
thermal conductivity, and lattice thermal conductivity, respec-
tively. Furthermore, usually x; is dominant and «, is compara-
tively small, which can be ignored safely for semiconductors.
Based on the expression above, it is concluded that high thermo-
electric performance needs not only a high power factor $’c but
also a low thermal conductivity as well, especially a low value of x;.
For instance, theoretical investigation shows o-tellurene processes high
zT as its low x;.'” Thus, the investigation of x| is an urgent need for
the potential application of o-selenene as a thermoelectric material.

In this work, we focus on x; and thermal transport proper-
ties of o-selenene. The lattice thermal conductivity of o-selenene
is investigated by using first-principles calculations theoretically,
based on Boltzmann transport equation (BTE). It is found that
a-selenene possesses a quite low «; of 3.04 Wm™ K™, lower
than that of o-tellurene,'” which has similar structure and lower
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FIG. 1. The structure (a) and phonon
dispersion (b) of 2D o-selenene. In (a),
top view and side view are displayed,
while the primitive cell is indicated by
red solid lines in the top view.

Debye temperature. This abnormal phenomenon reasonably
stems from the stronger anharmonicity of acoustic phonons com-
pared with a-tellurene, shown by Griineisen parameters. Its
phonon spectra, mechanical properties, and Debye temperature
are also exhibited. The size effect and boundary effect are studied
by cumulative and size-dependent x;, respectively. Furthermore,
the total phase space for three-phonon processes, the relaxation
times, and group velocities of phonon are investigated to explore
the underlying mechanism of low k. It is concluded reasonably
that relaxation time plays the dominant role in the thermal trans-
port for 2D o.-selenene.

Il. COMPUTATIONAL AND THEORETICAL METHODSO

The structure, electronic structure, and energy are calculated
by using the Vienna ab initio simulation package (VASP),”*~*°
based on density functional theory (DFT). The local density
approximation (LDA) is chosen for exchange-correlation func-
tional.”” A plane-wave basis set is employed with kinetic energy
cutoff of 500eV. A Monkhorst-Pack’® k-mesh of 10x10x 1 is
used to sample the Brillouin zone (BZ) during the optimization.
All geometries are fully optimized with the energy and the force
convergence criterions of 107V and 107 eV A™'. The vacuum
space of at least 20 A is kept along the z direction, which is enough
to avoid the interactions between periodical images.

The harmonic and anharmonic interatomic force constants
are obtained by Phonopy”” and ShengBTE.”” A 5x 5 x 1 supercell
with a 2x2x1k-mesh for sampling is used to obtain the har-
monic interatomic force constants. For anharmonic interatomic
force constants, the same size supercell is adopted while the inter-
actions are taken into account up to the tenth nearest neighbors.
After careful test, we chose a 111 x 111 x 1 q-mesh to ensure the
convergence of thermal conductivity.

Within the Boltzmann transport equation (BTE), the in-plane
Kk, of an isotropic material can be calculated as a sum of contribution
of all the phonons with mode A and wave vector q, expressed as

1
KL= Cualiy) o Q)
49

x
=
—

where V is the volume of the cell. For the phonon with mode A4 and
wave vector q, Cyq is the heat capacity, v, and 77 are the group
velocity and relaxation time along the ¢ direction, respectively.
Equation (1) can be well solved using the ShengBTE code with an
iterative scheme,” and a great number of previous investigations
show its reliability and validity.'”*'~>

lll. RESULTS AND DISCUSSIONS

The optimized structure of a-selenene is shown in Fig. 1(a),
with the lattice constant a and buckling height h of 3.650 and
3.113 A, which are very close to previous results.'® It possesses a
1T-MoS,-like structure belonging to P3M1 (164) symmetry group,
showing an isotropic pattern in the 2D plane. Similar to
a-tellurene, the outer and centered Se atoms have the coordination
numbers of 3 and 6, respectively, displaying the characteristic of
the multivalency formation of Se.'” The bond length of 2.620 A is
smaller than that of o-tellurene, as the stronger interactions
between Se atoms than Te. As usual, the smaller bond length in the
same main group, the larger x;. The phonon spectra are also
explored and shown in Fig. 1(b), without any negative frequency,
indicating the dynamical stability of the structure. The remarkable
overlapping of acoustic and optical phonons can be found, imply-
ing strong acoustic—optical phonon scattering that will suppress the
lattice thermal conductivity.”®

The group velocities around I' point, Debye temperature 6p,
and 2D elastic properties for o-selenene are calculated, as listed in
Table I. Here, 0, is obtained by 8p = hw ey /kp, where @y, is the
maximum of acoustic phonon frequency.”>”” The 2D Young’s
modulus E and Shear modulus v are calculated based on elastic

TABLE 1. Group velocity (in km/s), 6p, 2D Young's modulus, and Shear modulus
(in Nm™) of o-selenene. For comparison, these properties of o-tellurene are also
listed here.

Vza AGUN Via 6p E G
o-selenene 0.80 2.4 3.5 163 55.1 21.9
o-tellurene 0.73 1.7 2.5 108 352 13.6
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constants with the following expressions:

E=(C, - C},)/Cn

v=Cp/Ci. (2)

For comparison, these physical quantities of o-tellurene are
also calculated and listed. The group velocities are quite small com-
parable to those of 2D SnSe, arsenene, and stanene,”> "’ but
larger than o-tellurene.'” Debye temperature 6, is larger than 2D
SnSe, [S-tellurene,32 and o-tellurene. The 2D Young’s modulus of
o-selenene is larger than a-tellurene. Interestingly, the 2D Young’s
moduli of a-selenene and o-tellurene are quite close to B-arsenene
and B-antimonene, respectively,’” which are neighbors in the
Periodic Table, indicating the similar in-plane stiffness. In the
whole, the group velocities, elastic properties, and 6, decrease from
selenene to tellurene, as the interatomic interactions decrease.
Usually, higher 6, means higher thermal conductivity for materials
with a similar structure, as it indicates larger group velocity and fre-
quency of phonons.”’ However, we will find there is an abnormal
case for o-selenene and o-tellurene.

It should be noted that an effective thickness should be defined
to calculate the thermal properties for 2D materials. Here, the thick-
ness is defined as the summation of the buckling height / and the
twice of van der Waals radii of Se atoms.””"” Thus, we get the value
of 6913 A for the effective thickness of o-selenene. With the thick-
ness, the temperature dependent intrinsic lattice thermal conductivity
Ky is calculated by the iterative scheme of ShengBTE,30 exhibited in
Fig. 2(a). The convergence test of k; varying with the cutoff distance
is in the inset of Fig. 1(a). It is found the x; becomes convergent
when the cutoff is the tenth nearest neighbor. The intrinsic «; shows
inverse dependence of T due to the stronger phonon-phonon

ARTICLE scitation.org/journalljap

scattering at higher temperature. We obtain the value of
3.04 Wm ™' K™' for x; of o-selenene at 300 K, even lower than the
one of bulk Se,* but higher than square selenene.'” For comparison,
Ky of a-tellurene from Ref. 17 is also displayed in Fig. 2(a). It is
found that a-selenene has much lower x; than o-tellurene in the
whole temperature range. For instance, the value of 1 is
9.85 W m™ ' K™! for o-tellurene at room '[emperature,17 much higher
than the one for a-selenene. This is quite different from our observa-
tion that a-selenene has a larger 6, compared with o-tellurene.
Based on the conventional theory, o-selenene should have higher «;,
than o-tellurene, as usually higher 6, means higher x;. The underly-
ing physical mechanics of this unusual behavior will be explained in
detail later.

To investigate the contributions of phonons with different fre-
quencies to the total «;, the frequency-resolved k; for o-selenene at
300K is displayed in Fig. 2(b). The highest peak near about
1.8 THz indicates that acoustic phonons have the most significant
contribution to k;. The main of k; comes from phonons lower
than 3.5 THz, while nearly all of these phonons belong to acoustic
branches as shown in Fig. 1(b). Thus, the acoustic phonons domi-
nate the thermal transport of a-selenene. However, part of the con-
tribution to x; comes from optical phonons, as there is also a peak
near 5.5 THz.

In fact, all materials in practical applications have finite size,
and 1, will be suppressed by boundary scattering of different sample
sizes significantly, especially at nanoscale. The boundary scattering
for a phonon of branch A and wave vector q can be expressed

v, . . . .
as: 5 = 7%, where L is the size of a material and v,4 is the group
A4

velocity. Note here that the expression is corresponding to a completely
diffusive boundary scattering of phonons. The size-dependent
normalized k; at 300K is calculated and exhibited in Fig. 3(a).
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FIG. 3. Normalized 2D o-selenene
as a function of sample size L at 300 K
(@) and the MFPs dependent normal-
ized cumulative x_ (b). The dashed red
line in (b) represents the data of fitting.
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The normalized k; shows sensitive dependence on the variation of
L when L is smaller than 0.1 um, indicating a strong boundary scat-
tering. For instance, with a sample size of 5nm and 0.1 um, ¥,
reaches about 50% and 94% of the value for the infinitely large
system, respectively, whereas it is nearly independent of L above
0.5 um. In fact, the normalized x; reaches 0.99 with this size. This
indicates that the remarkable size effect occurs when the size of

' 102 10° 10

MFP (nm)

o-selenene is less than 0.5 um, much smaller than many other 2D
materials such as 2D WTe, and o-tellurene.'”**

Furthermore, the normalized cumulative k; also can be used
to estimate the size effect of materials, which is corresponding to a
certain threshold of mean free path (MFP) A,,,,, and only the con-
tributions of phonons with lower MFPs are taken into account.
The normalized cumulative k;, at room temperature as a function

6x10°
sxi0 | @ © ZA e TA
\ °» LA = Optical
2 4x10
'm I
i‘E/3xlO3 .
=" 2x10°

FIG. 4. Group velocity of phonons (a)
and relaxation time (b) for 2D

Relaxation time (ps)

o-selenene. The green, red, blue, and
black markers represent ZA, TA, LA,
and optical phonons, respectively.
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of MPF is plotted in Fig. 3(b). The phonons with MFPs of
1-50 nm contribute mainly to k. Additionally, cumulative xy, can
be fitted by a single parametric function: kp(A < Ajey) = lim

Amax
where ¥,,,, means the intrinsic x; with infinite size and A, is a
fitting parameter, which means the representative of the mean free
path in materials.””** Obviously, the fitting line reproduces the line
of the calculated data reasonably well. We find the value of 5nm
for Ay, implying that «; of a-selenene will decrease fast when
the sample size is smaller than several nanometers. The value is in
reasonable agreement with Fig. 3(a), where the normalized x; is
about 0.5 for the material with the same size. This information is
useful for reducing x; in designing thermoelectric devices in the
nanoscale.

Based on Eq. (1), group velocity v, and relaxation time t of
phonons are related to intrinsic xy, closely. These data at 300 K are
calculated and shown in Fig. 4. The percentage contributions of
ZA, TA, LA, and optical branches to the total intrinsic ¥y, are 30.5%,
17.7%, 14.14%, and 37.4%, respectively. After carefully checking and
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analyzing, we find the main factor that affects the thermal transport
is 1. In Fig. 4(a), it is found that the group velocities of phonon
branches do not have great differences, whereas the most contribu-
tions to total x are from three acoustic branches, and all the six
optical modes contribute less than 40% to total k1. The domination
of acoustic phonons comes from their high value of 1 as shown in
Fig. 4(b), especially those phonons below 3.5 THz, which is also in
agreement with Fig. 2(b). The 7 of the ZA mode is the highest of all
the phonon modes, which is as high as about 20 ps. It determines
that ZA phonons contribute most to the total k;, though their
group velocities are lower than other acoustic phonons. Compared
with acoustic phonons, optical phonons do not contribute mainly
to the total «p, since T of most optical phonons are in the order of
10° ps only. Additionally, t of many phonons around 3 THz has a
sharp drop, indicating the intense acoustic—optical phonon scatter-
ing near the frequency, as there is no gap between acoustic and
optical branches. The intrinsic x;, will be also suppressed by the
phenomenon.”>** In the whole, the phonon group velocities in
o-selenene are higher than those of o-tellurene, whereas t is at
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FIG. 5. P; (a) and Griineisen parameters (c) for 2D o-selenene. For comparison, those for 2D a-tellurene are in (b) and (d).
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least an order smaller than o-tellurene especially for acoustic
phonons with low frequency,'” which results in lower intrinsic
in o-selenene than o-tellurene. It further confirms that t of acoustic
branches plays a key role in the thermal transport of a material.

To further investigate the underlying physical mechanics that
lead to low relaxation time t as well as the low intrinsic ¥y in
o-selenene, the total phase space for three-phonon processes P;
and the Griinerisen parameter y are calculated, as exhibited in
Figs. 5(a) and 5(c). Note P; and y of o-tellurene from Ref. 17 are
also plotted in Figs. 5(b) and 5(d) for comparison. A limited «p,
originates from the phonon-phonon scattering,'” and P; can be
directly used to estimate the number of three-phonon scattering
processes available to each phonon, which must satisfy both energy
and quasimomentum conservations,””*”*** and it only depends on
the phonon dispersions. Corresponding to each individual scattering
channel, the inverse of 1, i.e., the phonon scattering rate, is propor-
tional to P; and the square of the corresponding scattering matrix
element, and the latter reflects the phonon anharmonicity, which
can be represented by y. Thus, we can conclude that large P; and
vy lead to low ;. As in Fig. 5, P; in o-selenene is in the range of
5-35x107% lower than those of a-tellurene, especially for the
phonons with low frequency.'” Obviously, it is not the factor that
results in lower i« in o-selenene. The Griinerisen parameter y
provides important information on thermal transport, as it can be
used to measure the anharmonicity of phonons. y for o-selenene
is displayed in Fig. 5(c). In the whole, they are mainly in the
range of —15 to 60, wider than the range of y for o-tellurene.'” y
of ZA phonons disperses widely for both o-selenene and a-tellurene.
However, ¥ of LA and TA modes for a-selenene is much larger than
those of a-tellurene. It indicates much stronger anharmonicity of LA
and TA modes in o-selenene. As a matter of fact, thermal conductiv-
ity of a crystal structure is an outcome of summation of harmonic
and anharmonic properties. Thus, it is reasonably concluded that
the strong anharmonicity of phonons especially LA and TA
phonons indeed results in the abnormal phenomenon of lower k.
Additionally, y near 3 THz has a sudden jump, where acoustic and
optical phonons mix together. It indicates the intense acoustic—optical
scattering, as there is no phonon gap between acoustic and optical
branches. The phenomenon is in agreement with the dispersion of t
in Fig. 4(b), also representing suppressed intrinsic «.”**

IV. CONCLUSIONS

In summary, the intrinsic k. of 2D o-selenene is investigated
by using first-principles calculations theoretically. It is found that
o-selenene possesses an unusually low thermal conductivity of
304Wm ' K™', even lower than that of o-tellurene, which has
similar structure and lower Debye temperature. This abnormal phe-
nomenon mainly stems from the strong anharmonicity of LA and
TA phonons, shown by Griineisen parameters. Its phonon spectra,
mechanical properties, and Debye temperature are also exhibited.
The size effect and boundary effect are studied by cumulative xp,
and size-dependent x;, respectively. Furthermore, the total phase
space of three-phonon processes P;, the group velocities, and relax-
ation times of phonons are investigated to explore the underlying
mechanism of low thermal conductivity. The relatively low relaxa-
tion times mainly determine the low thermal conductivity. It is

ARTICLE scitation.org/journalljap

concluded reasonably that relaxation time plays a dominant role
for the thermal transport of a-selenene.
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