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Engineering thermal rectification in MoS,
nanoribbons: a non-equilibrium molecular
dynamics study+

Leonardo Medrano Sandonas,?°¢ Rafael Gutierrez,*3 Arezoo Dianat®®
and Giovanni Cunibertj®®

Phononics in two-dimensional (2D) materials is an emergent field with a high potential impact from the
basic as well as applied research points of view. Thus it is crucial to provide strategies to control heat
flow via atomic-scale engineering of the materials. In this study, thermal diodes made of single layer
MoS, nanoribbons are investigated using non-equilibrium classical molecular dynamics. Specifically, we
focus on the influence of shape asymmetries of the nanoribbons on the thermal current, and obtain
thermal rectification ratios up to 30% for the T-shaped nanoribbons. This behavior is then rationalized
through a detailed analysis of the vibrational spectrum of the ribbons. In particular, it turns out that
thermal rectification is mostly related to (i) the transversal finite size of the ribbon and (ii) to the different
localization behavior of high-frequency modes for forward and backward heat flow directions. We
expect our results to shed light on the potential of 2D materials for the engineering of highly efficient

www.rsc.org/advances nanoscale thermal devices.

1 Introduction

Over the last years, the field of phononics, aiming at controlling
heat flow in tailored structures as well as developing thermal
devices such as diodes, transistors, and thermal logic gates, has
experienced an accelerated progress."* As a result, novel
applications in the fields of nanomachines, electronics, refrig-
eration, energy harvesting, and energy generation have been
suggested.>® In order to carry these ideas into thermal device
design, several theoretical and experimental studies have been
performed over different length scales, e.g. the first solid-state
active three-terminal thermal device based on VO, with large
rectification of the heat current has recently been demon-
strated.” Other successful experimental findings are thermal
rectifiers based on carbon or boron-nitride nanotubes, with
asymmetric mass loading,® and reduced graphene oxide.® A
thermal rectifier should provide a large heat flow for a certain
temperature gradient, but ideally be insulating when the
direction of the gradient, and thus that of the heat flow, is
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reversed. From a theoretical point of view, it has been found
that thermal rectification in nanostructured systems sensitively
depends on several parameters such as heat bath features,'®*
the device geometry,”™" and on the interface properties
between different materials inside the device.'*” A common
conclusion from these studies is that the simplest mechanism
to induce thermal rectification in confined nanoscale systems is
to introduce structural asymmetries.

Most of these investigations have focused on carbon-based
nanomaterials like carbon nanotubes and graphene nano-
ribbons.**»*182% In particular, graphene has drawn much
attention due to its extremely high thermal conductivity.*
Besides graphene, however, there are meanwhile a variety of
novel two-dimensional (2D) materials like transition metal
dichalcogenides, boron nitride (BN), phosphorene, and silicine,
which are expected to display different electrical and thermal
properties due to the differences in their chemical composition,
and thus offer a new broad playground to explore and develop
nanoscale devices with tailored electrical, optical, and thermal
properties. In particular, molybdenum disulphide (MoS,) has
recently attracted considerable interest in the construction of
field effect transistors (FET) and optical devices due to its
sizable electronic band gap;**** also its potential thermoelectric
performance has been highlighted.** Although a variety of
theoretical studies have been published, addressing the
phonon dispersion and thermal conductivity of MoS, layers and
ribbons,>*3® less attention has so far been devoted to the
possibility of engineering the thermal response of MoS, nano-
structures via structural asymmetries.
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Here, we study MoS, nanoribbons with strong structural
asymmetries by using non-equilibrium molecular dynamics
simulations of the thermal transport. We show that thermal
rectification ratios of up to 30% can be achieved depending on
the degree of asymmetry of the ribbons and rationalize our
findings by analyzing in detail the vibrational structure of the
systems. This includes an analysis of the mode localization in
the nanoribbon, an issue which has been indicated to strongly
influence thermal rectification in asymmetric or defective
nanostructures made of a single material."»* We find out that
different degrees of spatial localization of high-frequency
modes for forward and backward heat flow directions are an
important factor in determining thermal rectification. We
remark that nanostructures such as those investigated here may
be already accessible to state-of-the-art experimental
approaches. Here, quasi one-dimensional MoS, nanoribbons
have been successfully synthesized* as well as triangular and
hexagonal MoS, nanoplatelets.*"**

2 System and methodology

The atomic structure of a symmetric MoS, nanoribbon is shown
in Fig. 1a, while Fig. 1b displays three different geometrical
shapes for MoS, nanoribbons, which we will consider to study
possible thermal rectification effects: T-shaped, trapezoidal,
and triangular nanoribbons. To quantify the degree of struc-
tural asymmetry of these nanostructures, the dimensionless
quantity Wir = Wieg/Wrighe 18 introduced. Here, Wiy and
Wrighe are the widths of the left and right ends of the nano-
ribbon, respectively, and the case of Wy = 1.0 corresponds to a
fully symmetric rectangular structure.

Non-equilibrium molecular dynamics (NEMD) simulations
were carried out by using the LAMMPS code.** One crucial issue
is the choice of the appropriate force field, since parametriza-
tions developed for bulk systems may in general not be trans-
ferable to nanoribbons. In the case of MoS,, several force fields
have recently been developed.****** However, they turned out to
have different problems when applied to the simulation of
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Fig. 1 (a) Schematic of monolayer MoS,. Top and side views in the
armchair direction. (b) Asymmetric geometrical shapes selected for
our MoS, nanoribbons. We consider Wien = v/3L/2. The asymmetry
degree is measured by the Wigr = Wien/Whright parameter.
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systems with open boundary conditions, such as nanoribbons,
at room temperature. Therefore, after careful checks, we have
used in our investigation a force field developed on the basis of
tight-binding quantum chemistry calculations by Onodera
et al.,” which includes ionic, covalent, and van der Waals
interactions among Mo and S atoms. This interatomic potential
has already been successfully applied to study mechanical*>*®
and thermal® properties of monolayer MoS,.

In our simulations, we have considered asymmetric MoS,
nanoribbons with free boundary conditions in all directions.
We have fixed the ends in the X-direction (one layer) to avoid
global rotations of the system during the simulation. The
standard velocity Verlet algorithm was used to integrate
Newton’s equations of motion, and the MD time step was set to
0.5 fs. All investigated nanostructures were initially relaxed
using a quickstep method. The lattice constant for MoS,
obtained after relaxation is a = 3.38 A. Equilibration runs for
2 ns and at T, = 300 K were first performed in the NVT ensemble
with a Nosé-Hoover thermostat using a relaxation time equal to
0.1 ps. The choice of a thermostat is a sensitive issue in NEMD
simulations, but as discussed in ref. 10, different algorithms in
NEMD simulations only led to negligible differences in the
computed heat flows (see the ESIf for a discussion of the
thermostat parameters used in our simulations). Once the
temperature reached the required value, the thermostat was
removed, and the NEMD simulations were carried out for 20 ns.
The temperatures for left and right heat baths were defined as
Ty, = (1+a)Ty and T = (1 — «)T, for the forward direction of the
heat flux (heat flows left-to-right or wider-to-narrower) and the
opposite case for the backward direction (heat flows right-to-left
or narrower-to-wider). We consider as temperature bias
AT = |Ty, — Tg| = 2aT, (« > 0). Each heat bath extended over four
atomic layers corresponding to a length of roughly 2.3 nm. Time
averages of the temperature and the heat current were carried
out over the last 10 ns of the simulation. The temperature

profile was then computed by dividing the system into a certain
Ni

number of slabs and using the relation: T; = mv?

3N;kg =
where N; is the number of atoms in the i slab, and m; and v,
correspond to the atomic mass and velocity of atom number £,
respectively. Furthermore, the calculated temperature for each
slab, T}, was averaged over a predefined time interval to obtain a
smooth temperature profile. To avoid spurious effects related to
the specific choice of initial velocities, an average over five
random choices of the initial velocity distribution was addi-
tionally performed. To quantify the efficiency of thermal
transport in both temperature bias directions, a thermal recti-
fication (TR) ratio n can be defined as:

n[%] = (M;bjb}) x 100, (1)

where the subscripts indicate whether the rectifier is operated
in the forward or backward direction of the heat flux. The heat
currents J, induced by the temperature bias AT are computed
as Jip = (6E§§&/6t + 6E§Ifght/6t)/2, where EP%, and Efilfght are the
total energies that have been added to or subtracted from the

This journal is © The Royal Society of Chemistry 2015
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atoms in the left (L) and right (R) heat baths, respectively. It is
worth noting that once the system reaches the steady state, the
absolute values of the time derivatives has to be almost the
same for the left and right baths. As it is discussed in the ESL,{ a
wrong choice of thermostat parameters may lead to an
improper interpretation of the simulation results.

3 Results and discussion

In Fig. 2a we show the temperature profile for « = 0.1, for
trapezoidal MoS, nanoribbons of length L =
(Wiete = V/3L/2) with Wig = 1.0 (symmetric) and Wig = 3.0
(asymmetric). For symmetric nanoribbons, the temperature
profile has a symmetric and nearly linear behavior for both
directions, forward and backward, of the applied temperature
bias, so that no rectification of the thermal current can take
place, as expected. On the contrary, for Wiz = 3.0, the temper-
ature gradient along the nanoribbon becomes non-linear and
displays a different dependence on the spatial distance from the
heat baths for forward and backward heat flows. Notice also that
the mean temperature is mainly controlled by the wider heat
bath (left bath), and this shows up in the strong non-linear
evolution of the temperature profile with increasing distance

5.9 nm

from the wider bath. As a result of the asymmetric temperature
profiles for both temperature bias directions, the corresponding
thermal currents are also different and heat rectification can
take place, see Fig. 2b. In other words, the heat flux runs pref-
erentially from the wider to the narrower region, so that the
device behaves as a “good” thermal conductor in that direction.
This behavior is improved when the temperature bias is
increased, as shown in the inset of Fig. 5. In Fig. 2c, the TR ratio
1 is displayed as a function of the geometrical asymmetry
parameter Wig. For the different nanoribbon shapes, the
qualitative trends are rather similar: with increasing structural
asymmetry, the degree of rectification increases and can achieve
rather high values of roughly 30%, values which are comparable
with those found in more complex engineered graphene
nanoribbons.”»*® This behavior is related to the increasing
difference in the number of atoms involved in the nanoribbon-
heat bath interaction at both ends with increasing Wy, which
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increasingly breaks the heat flux symmetry as the temperature
bias is reversed. Similar effects have been reported for graphene
ribbons.*'**® There is however a clear quantitative difference in
the heat rectification efficiency of the T-shaped ribbons when
compared to the triangular and trapezoidal ones, namely, the
former has a larger TR ratio for the same length L. This is largely
related to how the transition from the wider to the narrower
region is built in: in the triangular and trapezoidal nano-
ribbons, the transition is smooth (we may call it adiabatic as
done with quantum point contacts*”), while for the T-shaped
ribbon there is a narrow interface region where an abrupt
transition from wider to narrower sections takes place. Thus,
heat flow differences resulting from the global asymmetry of the
nanoribbon will be enhanced due to this sharp interface. We
also notice that upon increasing the system size, the effect of the
structural asymmetry in thermal rectification weakens and
eventually disappears, i.e. n — 0 for L(or W) — o. This
tendency is illustrated for the T-shaped ribbons with two
different lengths: L = 5.9 nm and L = 9.4 nm (see Fig. 2c) and
highlights the fact that, besides structural asymmetry, another
major factor influencing thermal rectification is the transversal
finite size of the nanostructures. This has been previously dis-
cussed in carbon-based nanostructures.>*>*

To rationalize the process of thermal rectification in asym-
metrically structured MoS, nanoribbons, we have performed a
real-space mode analysis.*® For the sake of clarity, we focus on
the T-shaped nanoribbon with L = 5.9 nm and Wy = 3.0, since
the results for the other geometries are qualitatively similar.
Fig. 3a shows the total and partial vibrational density of states
(PVDOS) of the T-shaped ribbon. The PVDOS is defined as:*

a(®) =D D0 D el 8w — w2), @

where ¢; ., is the vibrational eigenvector component of mode 4
with a polarization « = X, Y, Z, and w), is the frequency of the
corresponding mode. Notice that the sum over j, only includes
atoms of a given type (A = Mo or A = S). Summing then over the
index A gives the total VDOS. We notice that these quantities are
computed by first diagonalizing the dynamical matrix of the last
configuration of a given NEMD run, and then performing an
average over several runs differing by the initial conditions
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Fig. 3 Total and partial vibrational density of states (a) and participa-
tion ratio (b) for the T-shaped MoS, nanoribbon with length L =5.9 nm
and W\ r = 3.0 as obtained from NEMD simulations in the forward
temperature bias direction (« = 0.1). For reference, we also show the
corresponding total VDOS for the structurally relaxed (ie. before
starting the NEMD simulation) T-shaped MoS, nanoribbon with
WLR = 3.0.

(velocities), as previously mentioned (see also additional details
in the ESIY).

In Fig. 3a, we also show as reference the VDOS of the struc-
turally relaxed T-shaped nanoribbon before running the NEMD
simulation (black solid line). The major difference to the VDOS
obtained from the NEMD simulation (green solid line) is the
spectral broadening, which manifests more clearly for the high-
frequency vibrational modes above 400 cm ™. Looking now at
the PVDOS for the two atom types in the nanoribbon, Mo and S,
we can roughly identify three different spectral regions:** a low
frequency range (up to 200 cm™") where both S and Mo atoms
carry similar spectral weights, although the contributions of the
S atoms are slightly larger; an intermediate range (~200-380
cm '), where the spectral weight is carried almost exclusively by
S atoms; a high frequency range (>380 cm ') where again both
atom types contribute similarly to the total VDOS, although here
Mo atoms have a slightly larger spectral weight. For the back-
ward heat flow direction a similar qualitative behavior was
obtained (not shown). The information provided by the VDOS
analysis does not reveal the degree of localization or delocal-
ization of the vibrational modes in different spectral ranges.
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Hence, to characterize each mode A with respect to these
features, the participation ratio (PR) has been calculated, which
is defined according to:

nt= NZ (Z%;ﬁw) (3)

Here, ¢, , is the vibrational eigenvector component of atom ¢
and N is the number of atoms in the system. The PR measures
the fraction of atoms participating in a mode and hence varies
between 1.0 for delocalized modes to O(1/N) for localized
modes. The PR is displayed in the lower panel of Fig. 3. We also
show as a reference, similar to the VDOS plot in Fig. 3a, the PR
for the T-shaped relaxed nanoribbon previous to starting the
NEMD simulation. Additionally, partial PRs separately associ-
ated to the sulfur and molybdenum atoms are shown. Partial
PRs are obtained by restricting the summation over the atom
index i in eqn (3) to only atoms of a given type.*®

The first point to notice is that the non-equilibrium vibra-
tional spectrum is mostly modified in the higher frequency part
with modes lying roughly above 400 cm ™. While for the relaxed
nanoribbon two clear groups of modes in this spectral range
with PR ~ 0.4 and 0.25 can be identified, the non-equilibrium
modes show a considerably larger degree of localization with
PR below 0.1. For lower frequencies the differences between
these two cases are much weaker, though. The partial PRs show
that modes with a higher degree of delocalization (larger PR)
involve in general a larger contribution from sulfur atoms. In
general terms, apart from the very low frequency vibrations
below 100 cm™* and a narrow region between 150 cm™ ' and
220 cm ™, almost all modes in the nanoribbon display a stronger
tendency to localization with PRs smaller than 0.4, which is a
signature of the strong impact of the structural asymmetries,
finite cross-section of the nanoribbons, and temperature. It is
worth mentioning that, based on their polarization vector, the
atoms are essentially vibrating in-plane during the NEMD
simulation, but this behavior depends on the specific frequency
of the vibrational mode (see the ESI{ for additional details).

To complement the previous analysis, the spatial distribu-
tion of the vibrational modes located within a specific spectral
range (/) was analyzed by defining the quantity ¢;, 4, which is
computed as:*®

Z 8;’:)4./16"9‘-A
e
—_— (4
SR )

1=j=N 2Je4

¢i¢x‘/1 =

Alarge value of ¢;, 4 indicates a strong contribution of the i
atom to vibrational modes belonging to the spectral region
defined by /. To define the set /1, three possible PR regions were
selected, as shown in the central panel of Fig. 4: (I) p > 0.4, (II)
0.1 <p < 0.4, and (III) p < 0.1. The behavior of ¢;, 4 for domains I
and II turned out to be almost the same for forward and back-
ward heat flows and we show these results in the ESI.f Hence,
the modes in those spectral ranges do not seem to strongly
determine the rectification of the heat current. Major

This journal is © The Royal Society of Chemistry 2015
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Fig.4 Spatial distributions, ¢, of the vibrational modes for the T-shaped MoS, nanoribbons of L = 5.9 nmand W g = 3.0 (XY plane). We only have
considered the vibrational modes with p < 0.1 (see region Il in the central panel) for the system obtained after the NEMD simulation in the forward
(left panel) and backward (right panel) directions. directions of the heat flux (¢ = 0.1). The color scale has the same meaning for all the cases, i.e.,
the cyan balls mean highest contribution while the pink balls mean lowest contribution for the vibrational modes. In these pictures, we only show

the contributions arising from the top S-layer as well as the Mo-layer.

differences were however found for region III as displayed in the modes, something to be expected for symmetry reasons. Hence,
left and right panels of Fig. 4. At this point, we need to make a we only show in Fig. 4 the contributions arising from the top S-
remark concerning the graphical representation of the spatial layer as well as from the Mo-layer. The left and right panels of
distribution of the vibrational modes. In contrast to other 2D  Fig. 4 illustrate the spatial distribution for the modes in region
materials, which consist of a single atomic layer like graphene III for the forward (left panel) and backward (right panel)

or BN, the MoS, nanoribbon is made of three atomic layers. directions. The main observed feature is the strong increase, in
This makes the visualization of the quantity ¢;, 4 more the backward flow direction, in the number of atoms giving a
involved. We have however found, by analyzing the contribution low contribution (0.2-0.3) to the modes in spectral region III,
of each atomic layer separately, that the two sulfur planes i.e. for frequencies above 350 cm . This behavior mainly affects
contribute in similar ways to the spatial distribution of the a set of atoms in the bulk of the nanoribbon, while atoms along
the edges do not appreciably change the degree of their

contribution to the selected spectral range. Moreover, we find

12.0 . . : T . T . that sulfur atoms are those mostly influenced upon reversal of
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the heat flow, while the contribution from Mo atoms is
considerably less modified and remains relatively high (¢, 1 >
i 0.5). A simple mathematical relationship between the degree of
spatial localization of the vibrational modes and the heat
current as computed in a NEMD run is difficult to establish. In
this sense, our results only hint at the fact that the strong
modification in the spatial distribution of certain groups of
1 modes upon reversal of the direction of heat current flow in
asymmetric nanostructures is a major factor determining the
O-OT-shape - L=5.9 nm i size of the thermal rectification effect found in the structurally
-1 Trapezoidal - L=59 nm asymmetric MoS, nanoribbons. This conclusion is however
further supported by a corresponding analysis carried out for

0'00 ' é ' 21 ' |6 ' 8 the trapezoidal shaped nanoribbons, which show a very similar

%Y behavior (see the ESIt): a strong modification in the mode

spatial distribution over the inversion of the heat current flow.

Fig. 5 Dependence of the M parameter on the asymmetry degree,  To this effect, which has also been highlighted in earlier works

LR

W_r, for the T-shaped and trapezoidal MoS, nanoribbons. We only
show the values obtained by considering frequencies with p < 0.1.
Inset: variation of the M parameter (<) and heat flux (> — forward and

on graphene nanoribbons,** one also needs to add, as
mentioned previously, the finite transversal size of the ribbons,

< - backward direction) after increasing the temperature bias for the ~ which modifies the boundary conditions for the vibrational

T-shaped nanoribbon with W g = 3.0.
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strongly determines the heat transport features of the system.
Clearly, these factors — asymmetry, finite size, mode localization
- are not independent from each other and their interplay
induces the observed rectification features in the MoS,
nanoribbons.

Lastly, to round off our discussion and to provide a better
illustration of the influence of the lateral confinement on the
thermal rectification, we have introduced the parameter:

M%) = <|HfI;bH"|) % 100, 5)

where II = (p), is a frequency averaged participation ratio and
the 2 modes belong to a specified spectral range 4. We have
found that, as expected from the previous discussion, the
average participation ratios in the forward and backward
directions for the spectral ranges I and II defined above are
almost identical, implying M ~ 0. Thus, Fig. 5 only shows the
dependence of M on the Wi parameter corresponding to case
III with p < 0.1 for the T-shaped and trapezoidal MoS, nano-
ribbons. Similar to the behavior of the thermal rectification
factor n, M increases when the nanoribbon becomes more
asymmetric and consistently, the effect is stronger for the
T-shaped ribbon. Finally, the inset of Fig. 5 suggests that
another alternative to increase the rectification ratio is to
enhance the applied temperature bias, as has been reported for
other systems.'®'>*

4 Conclusions

We have performed classical non-equilibrium molecular
dynamics simulations to address thermal rectification effects in
structurally asymmetric MoS, nanoribbons. As a result of our
study, the T-shaped nanoribbons displayed the largest rectifi-
cation ratio (up to 30%), when compared with the trapezoidal
and triangular structures, thus illustrating the strong sensitivity
of thermal transport to the specific design of the lateral
confinement. Our results clearly indicate that the thermal
rectification effect is related to (i) shape asymmetries and (ii)
changes in the degree of spatial localization of high-frequency
modes (frequencies larger than 350 cm™') under non-
equilibrium heat transport conditions. Due to the more
complex atomic structure of the MoS, nanoribbons, we may
expect that atomic-scale engineering, e.g. of the nanoribbon
edges, will open broad possibilities for tailoring the thermal
response of the systems. This goes, however, beyond the scope
of the current study.
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