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We used molecular dynamics simulations to study the isotopic doping effects on phonon thermal
conductivity in armchair silicene nanotubes (SNTs). The phonon thermal conductivity of armchair SNTs

can be effectively tuned with isotope substitution. Randomly and superlattice-structured isotopic doping

can significantly reduce thermal conductivity. By analyzing the phonon vibrational spectrum, we reveal

the underlying physical insights into the relationship between randomly isotopic doping concentration

and thermal conductivity. Given the same doping concentration, the superlattice-structured doping

method can reduce thermal conductivity more significantly than the disordered doping. For the isotopic
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superlattice doping method, the completion between the phonon interfacial scattering and phonon

tunneling may cause minimum thermal conductivity at the critical period length. This study provides

DOI: 10.1039/d0ra00834f

rsc.li/rsc-advances doping engineering.

1. Introduction

The emergence of graphene has given rise to the exploration of
other two-dimensional (2D) nanomaterials. Silicene, which is
the scaling of a silicon atomic sheet in a buckled honeycomb
lattice similar to graphene,* exhibits numerous superior phys-
ical properties,>* thereby attracting great attention in the
community of 2D materials. Since its theoretical prediction,®
the growth of silicene on metal substrates has been experi-
mentally reported.®® A high buckled silicene sheet was recently
fabricated on a semiconducting MoS, substrate, thereby
obtaining an isolated silicene sheet while avoiding the influ-
ence of metal substrate on the electronic structure.'® Given the
compatibility of silicon with silicon-based nanotechnology, this
material has developed potential for the next generation of
nano-electronic devices, in which thermal transport properties
also play a key role. Hence, the study of thermal conductivity of
silicon-based nanomaterials has received increasing attention
in recent years. In addition, thermoelectric (TE) materials are
a type of functional materials that can directly convert heat
energy into electrical energy. The performance of TE materials
is measured by the figure of merit,"* ZT = S*¢T/k, where S, o, T,
and « are the Seebeck coefficient, electrical conductivity, abso-
lute temperature, and thermal conductivity, respectively. So it is
interesting to find an efficient mechanism for enhancing the
thermoelectricity by blocking phonon transport in 2D
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a possible means to effectively reduce the thermal conductivity of thermoelectric SNTs through isotopic

materials. Given that free-standing silicene is difficult to obtain
experimentally, no experiment has yet to be performed to
measure the thermal conductivity of this material. Many theo-
retical studies have shown that the room-temperature thermal
conductivity of free-standing silicene (approximately 20-65 W
mK * (ref. 12-17) with various theoretical methods) is consid-
erably lower than that of graphene (2000-5000 W mK " in
experiment'®) and bulk silicon (150-200 W mK " in experi-
ment®). This result indicates that silicene nanomaterials
possess immense potential in TE applications. The effects of
strain, interface, defect, surface functionalization, and size on
the thermal conductivity of silicene nanoribbons have attracted
considerable attention in the last decade.?*>*

Despite extensive studies on the electronic and thermal
features of silicene nanoribbons, minimal research has been
devoted to date to the thermal (phonon) transport of silicene
nanotubes (SNTs).>* Previous studies have shown that isotope
impurities provide a powerful technique to modulate the
phonon-related properties of carbon nanotubes (CNTs),>* gra-
phene,* and silicon nanowires.”” Isotope doping easily intro-
duces phonon-defect scattering in nanostructures without
damaging the electronic quality, thereby attracting intensive
interest among researchers. Many experimental and theoretical
studies have been conducted on the isotopic effects on the
thermal conductivity of bulk Si and silicon nanowires. However,
the influence of isotope doping, including doping concentra-
tion, doping pattern, and doping type on the thermal conduc-
tivity of SNT, remains unclear. The current study introduces °Si
to dope **Si SNTs and investigates the effects of isotope doping
on the phonon thermal conductivity of *®Si SNTs. Phonon
thermal conductivity is calculated using non-equilibrium

This journal is © The Royal Society of Chemistry 2020
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molecular dynamics (NEMD) simulations. The effects of size
and isotope doping on thermal conductivity are discussed.
Phonon density of states (PDOS) analysis is also conducted to
explain the mechanism. Accordingly, our study can guide the
isotopic doping engineering of the TE properties of SNTSs.

2. Computational methods

In semiconductors, such as silicene, phonons contribute the
most to thermal conductivity at room temperature. On the basis
of the LAMMPS software package,”® we used the classic NEMD
method to simulate phonon transport in SNTs placed within
a simulation box. In this method (see Fig. 1a), a temperature
gradient across the system is built in the heat flux direction by
using two heat reservoirs at the two ends of the system at
different temperatures. Thereafter, the resultant heat flux
running through the system in the non-equilibrium steady state
is calculated. This approach is analogous to real experimental
measurement and is also known as the direction method. The
NEMD simulation is often performed with sufficient time to
allow the system to reach a non-equilibrium steady state. That
is, the temperature gradient is well established and the heat flux
going through the system is time independent.

In the molecular dynamics (MD) simulation, Newton's
equations of motion are integrated by using the velocity verlet
algorithm. A time step of 1 fs was considered for the integration
of the atomic equations of motion. Tersoff potential*® was used
to describe the Si-Si bonding interaction in the simulation
systems, and successfully utilized in the simulation of the
structural and phonon properties of SNT.'*** The structural
optimization was performed using the Polak-Ribiére version of

(b) 315
310

305
300 -

205 -

Temperature (K)

290 |

1 1

5 10 15 20 25 30 35 40
Z (nm)

285
0

Fig. 1 (a) Schematic of the simulation model for NEMD. A small
amount of heat is added into the hot region and removed from the
cold region to create a heat flux. (b) Typical temperature profile in SNT
along the z-direction at 300 K.
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the conjugated gradient algorithm. Fig. S1 (ESIt) shows the
radial distribution function of optimized SNT. We found that
the average nearest-neighbor distance is about 0.229 nm, which
is close to the nearest-neighbor distance of 0.228 nm in sili-
cene.” Then the simulation is carried out according to the
standard process described in the literature.>»***! Initially, 1 ns
Nose-Hoover thermo bath coupling®* (coupling constant 0.1 ps)
with a background temperature of 300 K were conducted to
achieve equilibrated structures. After the equilibrium state was
achieved, the microcanonical ensemble is adopted and NEMD
simulations are performed to investigate the thermal transport
behavior. Along the direction of heat flow, the simulation
system is divided into N slabs, in which two slabs on the left and
right ends are fixed to prevent the rotation of the system during
the simulation time. Adjacent to these fix regions are hot and
cold slabs. These slabs are coupled with the Nose-Hoover
thermostat employing the canonical ensemble for 4 ns at T +
AT/2 (310 K) and T — AT/2 (290 K), respectively, where T is the
mean temperature of the nanotube and AT is the temperature
difference between the hot and the cold segments of the system.
Furthermore, the microcanonical ensemble is applied to inte-
grate the equation of motion of atoms in all the other slabs.

After the system finds the steady-state condition, the
temperature of each slab is obtained using the energy equal-
ization theorem,

R S
= 3N 2 m;vj (1)

where N; is the number of atoms in block #; m; and v; are the
mass and velocity, respectively, of atom j in the slab; and kg is
the Boltzmann constant. The average temperature gradient is
obtained via the linear regression of the steady-state tempera-
ture distribution (see Fig. 1b). The accumulative energy added
into and subtracted from the hot and cold regions were recor-
ded every 10 ps and plotted versus time. Fig. 2 shows that the
linear slopes of the energy diagrams are equal to the heat
current of the system.
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Fig.2 Accumulative added energy (red line) to and subtracted energy
(blue line) from heat baths as a function of simulation time to calculate
the heat current belonging to the armchair SNT with diameter of 8 nm
and length of 40 nm at T = 300 Kand AT = 20 K.
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For the one-dimensional nanotube, thermal conductivity is
calculated according to Fourier's law of heat conduction in the
z-direction:

J
T A(dT/d) )

K =

where d7T/dz is the effective temperature gradient along the z-
axis, J is the calculated heat current, and A is the cross-section
area of SNT (thickness is approximately 4.65 A**). To reduce
the fluctuation of statistical simulation, each simulation was
repeated with six different initial conditions, and the final
thermal conductivity is the average of the six thermal conduc-
tivities. It is worth mentioning that all the studies were per-
formed at a MD temperature of 300 K and the quantum
correction effects” are neglected.

PDOS can reflect the change of the internal vibration mode
of a system under the influence of external factors. PDOS can be
obtained through the Fourier transform of velocity autocorre-
lation function in the MD simulations,*

L[ (Ov(0)
mJ olon) & &

PDOS(w) = 3)

3. Results and discussion

Fig. 3a shows the effect of sample length (L) on the calculated
phonon thermal conductivity (k) in SNTs. We observed the
considerable sensitivity of the nanotube length thermal
conductivity caused by phonon scattering. « values mono-
tonically increase with the system length. For example, when
the length of SNT was increased from 30 nm to 120 nm, the
calculated « increased to approximately 1.6 times that of the
original short SNT (i.e., 19.95 + 0.49 W mK ' for L = 30 nm).
Given an increasing simulation-domain length, additional long-
wavelength modes are included. Thus, the calculated «
increases and approximates its true value. However, it is
computationally prohibitive for many materials in practice to
obtain sample size-independent « predictions using the direct
NEMD simulation. To predict the « value of an infinite length
SNT (k«), a linear-fitting approach is usually applied to the
finite « results based on,**

11 (2
;7K00(L +1> )

where [ is the effective phonon mean free path of the infinite
system and here L ranges from 30 to 120 nm. According to
eqn (4), the intercept of the fitting line as shown in Fig. 3b
should be the reciprocal of k.. Using this approach, the «.
value of individual armchair SNT is extrapolated to be 38.5 W
mK ', which is one order of magnitude lower than that of bulk
silicon crystal. Also, the calculated phonon mean-free path
(MFP) for an infinite armchair SNT is about 14.7 nm, which is
consistent with the previous results of 13.5 nm for armchair
SNT by MD simulations® and about 24 nm for silicene by first
principle calculations,? respectively.
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Fig. 3 (a) Phonon thermal conductivity (k) of 8 nm-diameter armchair
SNTs with varying lengths (L) of 30-120 nm, (b) relationship of the
reciprocals of length and phonon thermal conductivity.

0.01

At room temperature, the phonon thermal conductivity may
be attributed to both acoustic and optical phonons."” When the
size goes down to the nanoscale, the boundary scattering plays
an important role in the phonon transport. The length-
dependent thermal conductivities may be understood by the
length-dependent PDOS. For instance, when the length of SNT
decreases from 120 nm to 30 nm, phonons with long MFPs will
be strongly scattered by the boundary, leading to the suppres-
sion of acoustic and optical phonon modes, as shown in
Fig. S2 (ESI).t So the contribution of these phonons to « will be
limited. We also calculated the phonon thermal conductivity of
armchair SNTs with the same length of 40 nm and diameter in
the range of 6-14 nm, and the results are shown in Fig. 4. It is
found that changing the diameter has little effect on the
thermal conductivity of SNTs, which is in good agreement with
the previous study.”*

Fig. 5 shows the calculated phonon thermal conductivity of
the randomly doped SNT with the different percentage of doped
395i. The phonon thermal conductivity of the studied SNTs
decreases initially to a minimum and increases thereafter as the
doping concentration (p) changes from 0% to 100%. At low

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Effect of diameter on the phonon thermal conductivity of
armchair SNTs with the same length of 40 nm at T = 300 K.
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Fig. 5 Plot of the normalized thermal conductivity against the
randomly doping concentration p for armchair SNTs. kq is the phonon
thermal conductivity of pure 285i SNT with 8 nm diameter and 40 nm
length.
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isotopic percentage, the small ratio of impurity atoms can
induce large reduction on conductivity. For example, the
thermal conductivity is decreased by about 27% at p = 50%
compared to the case of p = 0. The calculated thermal
conductivity of pure *°Si SNT (p = 100%) is found to be
approximately 3% smaller than that of pure **Si SNT (p = 0, ko =
21.5 + 0.4 W mK ') because *°Si atoms have large mass, thereby
giving low phonon frequency. This U-shaped change of thermal
conductivity is also found in isotope-doped graphene,>**®
CNT,* and silicon nanowires.>*** The isotopic-doping-induced
reduction of thermal conductivity is due to a point defect
induced by a mass difference in a crystal lattice that causes
phonon scattering; this finding is controlled by the masses and
concentrations of the individual isotopes that contribute to the
disorder.*

PDOS is calculated to understand the mechanism of the
thermal conductivity reduction induced by random isotopic
doping. We examined the phonon spectra for p = 0, 20%, 40%,
60%, 80% and 100% (see Fig. 6). It is observed that the highest

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Phonon spectra of 30g; randomly doped armchair SNT with
8 nm diameter and 40 nm length.

frequency of the phonon modes decreases with increasing p
from 0 to 100%, indicating the softening of the system. In
addition, when p increases from 0 to 40% or decreases from
100% to 60%, the mass disorder increases, thereby lowering the
intensity of the optical phonon mode (near 16.5 THz). Similar
results are also found in isotope doped CNT*” and silicene
nanoribbon.'®** Hence, isotope substitution induces mass
disorder in the lattice, thereby resulting in increased phonon
scattering at defective sites because of the difference in the
characteristic frequencies of phonons. These impurities cause
the local localization of phonon modes, thereby reducing
thermal conductivity.

In nanostructures, the surface and interface also play key
roles in the physical properties, including phonon transport.*
Superlattice structures provide an efficient means to obtain
ultralow thermal conductivity owing to the strong phonon-
interface scattering.'® Among various superlattice structures,
the isotopic-superlattice (IS) is a particularly good structure to
reduce the thermal conductivity without destroying the
stability.”” We study the phonon transport in SNT superlattice,
which consists of alternating 2%si/*°Si layers along the longitu-
dinal direction. Fig. 7 shows the phonon thermal conductivity
of the IS-structured SNTs (L = 40 nm and 120 nm, respectively)
as a function of the superlattice period length [ for doping
concentration p = 50% (i.e., >®Si 5/°°Sio s~SNT superlattice). As /
decreases from 20 nm to about 6 nm (2 nm) for L = 40 nm (L =
120 nm) SNT, the phonon thermal conductivity decreases
remarkably. Evidently, increasing the number of interface for
fixed length (L = 40 nm or 120 nm) will enhance the phonon-
interface scattering, thereby resulting in the reduction of
phonon thermal conductivity. However, an increase in phonon
thermal conductivity is found as the value of [ decreases further.
This anomalous increase in phonon thermal conductivity at
short superlattice period length can be understood qualitatively
from the wave characteristics of phonons. When period length
decreases to below the critical period length, particularly
smaller than the dominant phonon wavelength, phonon
tunneling contributes to phonon transmission,”* thereby
resulting in the increase of phonon thermal conductivity. Thus

RSC Adv, 2020, 10, 10752-10757 | 10755
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Fig. 7 Phonon thermal conductivity (k) of the 28Sigs/*°Sig5—SNT
superlattice, compared with the phonon thermal conductivity (ko) of
pure 28Si SNT. Here each armchair SNT has a diameter of 8 nm. land L
are the superlattice period length and the overall nanotube length,
respectively.

the completion between the interfacial scattering and phonon
tunneling may cause minimum thermal conductivity at the
critical period length. These behaviors have also been found in
other superlattice systems.>**”** From Fig. 5 and 7, we also
found that, at the same *°Si doping concentration of 50%,
superlattice-structured doping (for / = 6 nm in L = 40 nm SNT)
can reduce thermal conductivity more largely than randomly
doping does.

4. Conclusions

In conclusion, phonon thermal transport in armchair SNTs was
investigated by using NEMD simulations. Our theoretical study
found that the phonon thermal conductivity of SNT is approx-
imately one order of magnitude lower than that of bulk silicon
crystal, thereby showing good potential in TE applications.
Moreover, we obtained thermal conductivity reduction in SNTs
with two types of isotopic doping. Evidently, the introduction of
heavy isotope substitution can better reduce thermal conduc-
tivity compared with the light isotope atoms. Randomly and
superlattice-structured isotopic doping can significantly reduce
thermal conductivity. At the same doping concentration,
superlattice-structured doping method can particularly reduce
thermal conductivity better than disordered doping. As the
superlattice period length of 2%Sij;/*°Siys~SNT decreases,
thermal conductivity decreases initially but increases anoma-
lously when the superlattice period length is below a critical
value. The reason is that the completion between the phonon
interfacial scattering and phonon tunneling may cause
minimum thermal conductivity at the critical period length.
The remarkable isotopic effect observed in this research
provides an efficient approach to decrease phonon thermal
conductivity without affecting electronic transport. This study
guides the isotopic doping engineering of the thermal transport
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properties in silicene materials, and has crucial implications for
SNT application in nanoscale thermoelectric materials.
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