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ABSTRACT: Defects such as grain boundaries (GBs) fundamentally control thermal and electrical
transport in two-dimensional (2D) transition metal dichalcogenide (TMDC) materials, but the
mechanism remains elusive. We have studied thermal and electrical transport across and along the
GB within a monolayer of a prototypical TMDC, MoS,, using molecular dynamics simulation and
first-principles quantum-mechanical calculation. We found the existence of an interfacial phase (or
“interphase”) within a few nanometers from the GB, which has anisotropic transport properties that
are distinct from those of a perfect crystal. Namely, the GB interphase has reduced thermal
conductivity across the GB. In stark contrast, the electrical conductivity of electron-doped MoS, is
enhanced in both directions, with higher conductivity across the GB. These results are understood
in terms of the alignment of energy levels and spatial distribution of electronic wave functions
around the GB. Such contrasting thermal and electrical transport properties of the GB interphase
suggest a promising application of GB superlattices to thermoelectric power regeneration for
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sustainable future 2D electronics.

B INTRODUCTION

Atomically thin van der Waals materials' have emerged as a
breakthrough platform to potentially extend Moore’s law of
electronics, where transition metal dichalcogenide (TMDC)
materials act as key semiconductors.”” In the coming age of
two-dimensional (2D) electronics, the electrical conductivity
of a doped TMDC plays an essential role for future
semiconductor devices,” while their thermal conductivity is
critical for energy harvesting devices based on the thermo-
electric effect.’

Among TMDCs, monolayer MoS, has garnered significant
attention due to its remarkable optoelectronic®™ '’ and
thermal'' properties. Its 2D structure gives rise to distinct
physical properties compared with its bulk form. Monolayer
MoS, has a direct band gap of 1.8 eV, making it suitable for
optoelectronic aé)plications such as photodetectors and light-
emitting diodes.” Its high carrier mobility also allows for swift
electron movement, making it advantageous for high-speed
electronic devices. These exceptional characteristics have
propelled extensive research on monolayer MoS,, holding
promise for potential electronics and energy conversion
applications.

Defects such as grain boundaries (GBs) greatly influence the
structural, mechanical, thermal, electronic,'” and magnetic13
properties of monolayer MoS,, notably thermoelectric
performance.”” Studies have demonstrated that doping MoS,
GBs with transition metals can lower their formation energies,
resulting in induced magnetism and enhanced electron
mobilities.'* Furthermore, research has revealed that the size
of MoS, grains influences the performance of MoS, transistors,
with devices featuring larger grains in the channel region

© 2024 American Chemical Society

7 ACS Publications

exhibiting improved on/off current ratios due to reduced
carrier scattering from GBs.'® These findings suggest that the
meticulous engineering of GBs in monolayer MoS, holds the
potential for enhancing its thermoelectric performance.

Here, we study the effects of low-energy GBs composed of
S- and 7-membered rings on thermal and electrical transport in
monolayer MoS,. We first perform nonequilibrium molecular
dynamics (NEMD) simulations'' to calculate thermal
conductivity based on Fourier’s law. We then calculate the
electrical conductivity of electron-doped MoS, using the
Kubo—Greenwood formula'® in the framework of density
functional theory (DFT)."”

B METHODS

Thermal Conductivity. We use NEMD simulations'’
based on reactive force field (ReaxFF)'® to compute the
thermal conductivity. Simulations are performed on a square
monolayer MoS, crystal with a side L = 500 A with periodic
boundary conditions (PBCs) along the lateral (x and y)
directions, while a large vacuum is inserted in the vertical (z)
direction to avoid spurious interaction between periodic
images. We define heat source and sink regions each of 1
nm width at x = L/4 and 3L/4, respectively (Figure S1 in the
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Supporting Information). To establish steady heat flux density
Jo a fixed energy flux Q is added to (or subtracted from) the
kinetic energy of atoms in the source (or sink) region. After
the initial transient, this establishes a temperature gradient VT
between the two regions. Thermal conductivity x is then
computed from the Fourier law, Jq = —«VT.

Electrical Conductivity. We compute electrical conduc-
tivity across and along the GB using the Kubo—Greenwood
formula'® in the framework of DFT."” Electron doping is
achieved by adding electrons corresponding to a specified
doping level while adding uniform background charge to
maintain charge neutrality. Our QXMD code'’ computes
optical conductivity tensor elements

2welh? )
%) = 2 M Uy = s Vil )P0
(en'k — & — hw) (1)

and DC conductivity is obtained by its zero-frequency limit, @
— 0.1In eq 1, a€{x,y}; e and m are the charge and mass of an
electron, respectively; 7 is the Planck constant; V is the volume
of the system; Iy, ), €,1, and f,,, are the wave function, energy,
and occupation number of the Kohn—Sham eigenstate of the
n-th band with wave vector k; and W, is the k-point weighting
factor. For numerical computation, Fermi distribution with a
temperature 9300 K is used for f,;, while Gaussian broadening
of 0.8 eV is applied to the delta function (&, —¢,,,—A®). The
electronic states are calculated using the projector augmented
wave method.””*! Projector functions are generated for the 4d
and Ss states of Mo and the 3s and 3p states of S, respectively.
The generalized gradient a})proxjmation is used for the
exchange—correlation energy.”> The van der Waals interaction
between atoms is described in the DFT-D approach.”® The
momentum—space formalism is utilized, where the plane-wave
cutoff energies are 40 and 200 Ry for the electronic
pseudowave functions and pseudocharge density, respectively.
The GB system contains 78 Mo and 156 S atoms, while the
perfect crystal consists of 60 Mo and 120 S (Figure S2). We
used the I' point for both systems without and with GB.

B RESULTS AND DISCUSSION

Thermal Conductivity. We first perform NEMD simu-
lations to calculate the thermal conductivity of the MoS,
monolayer with and without the GB at a temperature of 300
K. For the GB system, we insert symmetric 5—7 GBs
consisting of S- and 7-membered rings, which have low
energies and are expected to be prominent in MoS, crystals.”*
Due to PBCs, this creates two types of GBs—Mo—Mo and S—
S GBs—which are characterized, respectively, by the presence
of S—S and Mo—Mo homobonds at the center and end of the
simulation cell (Figures 1 and S3 in the Supporting
Information).

We use NEMD simulations'' based on reactive force field
(ReaxFF)** to compute thermal conductivity. ReaxFF was
adopted because of its ability to describe Mo—Mo and S—S
bonds in GBs, which cannot be described by the previously
used Stillinger—Weber force field.'"”> To establish steady heat
flux density J, a fixed energy flux Q is added to (or subtracted
from) the heat source (or sink) region (Figures 1 and S1 in the
Supporting Information). After initial transient, this establishes
a temperature gradient VT between the two regions. Thermal
conductivity k is then computed from the Fourier law, Jq =

(a) Perpendicular
S-S GB Mo-Mo GB

Jo

(b) Parallel
S-S GB Mo-Mo GB

Ao

Figure 1. Thermal conductivity calculation with GBs in monolayer
MoS,. Computation of (a) perpendicular (k) and (b) parallel (k)
thermal conductivities, including the S—S GB (c) and Mo—Mo GB
(d). In (a, b), GBs at the center and end of the simulation cell are
colored dark gray, whereas heat source and sink are colored red and
blue, respectively.

-kVT. To compute perpendicular (k;) and parallel ()
thermal conductivities, heat sources and sinks are placed in
such a way that the heat flux is across and along the GBs,
respectively (Figure 1).

We first perform NEQMD simulations for perfect MoS,
crystal with a square-shaped simulation cell with side L = 50
nm, containing 28,574 Mo and 57,148 S atoms. Figure S4a in
the Supporting Information shows the temperature profile
averaged over 1.75 ns after 0.3 ns of thermalization. Due to
PBCs, there are two physically equivalent sides between the
heat source and sink that have respective temperature gradients
(labeled sides 1 and 2 in Figure S4a). Average over the linear
fits of both sides (Figure S4b, c, respectively) give 6.3 + 0.2
W/(m'K) for a perfect crystal. This value is close to that
obtained using a different force field in ref 11, thus validating
the current study. While the absolute value of thermal
conductivity calculated using MD simulations is sensitive to
the choice of force fields and often deviates from
experimentally observed values,”® effects of structural defects
such as isotopes and voids are s?rstematic within the same force
field and physically explainable.'"** As such, we expect that the
observed trends in our results are robust.

We next studied thermal transport across GBs to compute
the perpendicular thermal conductivity k; as in Figure la. In
this case, there are two distinct sides, one containing the S—S
GB and the other containing the Mo—Mo GB (Figure 2a). We
see rapid temperature drops around the two GBs (marked by
gray stripes in Figure 2a), which indicates the existence of GB
interfacial phases (or interphases).””’ " The best fits for
interphase thermal conductivity and width yield are as follows:
k7% = 1.4 W/(mK) and «}°™° = 1.6 W/(m-K) for
perpendicular GB-interphase thermal conductivity; see Figures
SS and S6 in the Supporting Information for details and further
discussion on sample size dependence of thermal conductivity.
This magnitude relationship is consistent with findings from
prior research.'> Additionally, the GB interphase width values
are Lg ¢ = 3.8 and Ly,_p, = 4.3 nm. Namely, the
perpendicular thermal conductivity across the GB is much
lower than the perfect crystal value (6.3 = 0.2 W/(m-K)) in
both GB interphases, where the S—S GB has a slightly lower
thermal conductivity. The reduced thermal conductivity is
likely due to enhanced phonon scattering across the GB. While
a few nanometer-thick equilibrium interphases with distinct
thermodynamic pro erties from those of the bulk have been
well established,””’ ™ we are not aware of nonequilibrium
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Figure 2. Temperature profile (a) perpendicular and (b) parallel to GBs. Black and gray symbols show results with and without GBs, respectively.
Gray stripes represent GB interphases, while red and blue stripes signify the heat source and sink, respectively.

interphases with distinct transport properties in the literature.
GB contribution to thermal conductivity is commonly
interpreted as thermal boundary conductance assumin% Zero
interphase width and step function temperature drop.”" For
the GBs in the current study, in contrast, the sharp but finite
slope within a few nanometers (which is an order of magnitude
larger than atomic bond lengths) from the GB in Figure 2a is
better understood by the nonequilibrium GB interphase
concept.

The situation is in marked contrast for thermal conductivity
K that is calculated for thermal flux along the GB as in Figure
1b. Figure S7a in the Supporting Information shows the
calculated temperature profile. Due to PBCs, there are again
two physically equivalent sides between the heat source and
sink that develop a temperature gradient (sides 1 and 2 in
Figure S7a). Average over the linear fits of both sides (Figure
S7b, c) gives an effective parallel thermal conductivity of
Kﬁffecme = 6.3 + 0.2 W/(m-K), which is a weighted sum of the
perfect crystal value k and the parallel thermal conductivity «;,
of the interphases

K_Heffective — LS—S + LMO—MOK“ L - (LS—S + LMO—MO)K
L L
()
By solving eq 2 for | gives k; = 6.3 W/(m K), a value close
to the perfect crystal value (6.3 + 0.2 W/(m'K)). This is
consistent with the nearly identical temperature profiles with
and without GBs in Figure 2b. The nearly identical x value to
the bulk thermal conductivity is also consistent with the
calculated temperature distribution in Figure S8 and in the
Supporting Information. Namely, temperature distribution
near GBs does not show clear difference from that in the
rest of the system.
Table I summarizes the anisotropic thermal conductivities
across and along GBs. Thermal conductivities across the GB

Table I. Thermal Conductivity of Monolayer MoS, for
Perfect Crystal and Those of the GB Interphase across and
along the GB

x [W/(m-K)]
63 +02

;. [W/(m'K)]
14 (x,57%)
L6 (i, Mo~M0)

Ky [W/(m:K)]
6.3

are notably lower than the crystalline value, indicating that the
GB serves as an additional scattering center for heat flux in that
direction. Conversely, thermal transport along the GB remains
unaffected and maintains an identical value to the crystal.
Electrical Conductivity. We next compute the electrical
conductivity of doped MoS, across and along the GB using the

16174

Kubo—Greenwood formula'® in the framework of DFT."”
Systems with and without the GB are shown in Figure S2 and
in the Supporting Information. Since MoS, is a native n-type
semiconductor, we consider electron doping in the range of 0—
2% of the number of valence electrons. After relaxing atomic
positions to the minimum energy configuration, a single-point
self-consistent field calculation is performed to calculate
electrical conductivity.

Figure 3 compares the calculated electrical conductivity as a
function of the electron doping concentration for both

8
=6 GB (Perpendicular)
ol AA GB (Parallel)
g 6F x-x Perfect Crystal (x)
é:) 00 Perfect Crystal (y)
o4t
X
7
Yot
o |
B :_’f:é ___________________________ é
0 &= T L . |

Concentration of doped electron [%]

Figure 3. Electrical conductivity as a function of electron doping level.
DC conductivity 6,,(0)(a€{x,y}) is plotted for perfect crystalline
(circles and crosses), perpendicular to GB (squares), and parallel to
GB (triangles). To mitigate the arbitrary impact of Gaussian
broadening in the Kubo—Greenwood formula during practical
calculations of the delta function, all data were normalized by
subtracting the value of the undoped perfect crystal.

perpendicular and parallel to the GB as well as that for a
perfect crystal. Generally, the systems with GBs exhibit higher
electrical conductivity than those with a perfect crystal. Even
without electron doping, the system with a GB displays a
nonzero electrical conductivity of 6.3 X 10*/€Q-cm. Moreover,
the electrical conductivity in the system with a GB is found to
be anisotropic, with the conductivity perpendicular to the GB,
6y, being higher compared to that parallel to GB, o).
Specifically, 6, is approximately 0.6 X 10*/Q-cm higher than
o) It should be noted that the simulated doping level is higher
than typical experimental values due to the small system size;
see Figure S9 in the Supporting Information for further
discussion on sample size dependence of the electrical
conductivity. For example, 1% doping corresponds to a carrier
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concentration of 1.8 X 10" cm™2, whereas the experimental
carrier concentration of monolayer MoS, typically falls within
the range of 1.2 to 2.3 X 10'> cm™.** Electrical conductivity
enhancement due to the GB at experimental doping levels is
expected to be between those at 0% and 1% doping, as shown
in Figure 3.

To understand the electronic mechanism underlying the
enhanced electrical conductivity at GBs, Figure 4 compares the

Perfect Crystal Grain Boundary

(T T " T T FTT 5T 7T 7T 7
L (d) Undoped :

(b) Undoped

—_ N W

—_ N W O

Density of States

N W O

—

(=]

-1 -05
E-E.[eV]

0

Figure 4. Electronic DoS of (a, ¢, and e) perfect crystal and (b, d, and
f) GB systems. (a, b) are undoped, (c, d) are 1% electron-doped, and
(e, f) are 2% electron-doped. The dotted lines represent the valence
band maximum (VBM) and the conduction band minimum (CBM)
of the perfect crystal and the Fermi level, respectively.

electronic density of states (DoSs) for undoped and doped
systems with and without GBs. In contrast to perfect crystals,
which exhibits a band gap near the Fermi energy without
doping (thus zero electrical conductivity), systems with GBs
reveal defect-induced midgap levels and more continuous
distribution of states. The continuous DoS is likely the origin
of the higher electrical conductivity observed in the GB
systems. To better understand the character of electronic
states, Figure S10 in the Supporting Information shows partial
DoS. The DoS predominantly arises from the 4d orbital of Mo
and the 3p orbital of S. Notably, the Ss orbital of Mo has much
denser population within the conduction band in the GB
system compared to the perfect crystal.

To investigate the nature of electronic wave functions near
the Fermi level, Figure 5 shows the isosurfaces of wave
functions just below and above the Fermi level of 1% electron-
doped systems. Wave functions are localized around GBs in
both the VBM and CBM. Specifically, the VBM wave function
predominantly localizes around Mo—Mo GBs, with reduced
presence around the S—S GB and the pristine area. In contrast,
the VBM wave functions strongly localize around the S—S GB,
with reduced presence around the Mo—Mo GB and the
pristine area. As a result, the wave functions of occupied and
unoccupied states are distributed nonuniformly and alternately
perpendicular to the GB, while they are uniformly distributed
parallel to the GB. This nonuniform distribution of wave
functions of occupied and unoccupied states is the origin of

*

Mo-Mo GB S-SGB Mo-Mo GB
(c) CBM (d) VBM _
TRl it Uls Perspective
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Figure 5. Electronic wave function. Isosurfaces of Kohn—Sham wave
functions at the valence band minimum (b, d) and conduction band
minimum (a, c) for the GB system. (a, b) are front view, whereas (c,
d) are top view.

large matrix elements (¥ in the

occupied, kl unoccupled k)l
Kubo—Greenwood formula, leading to the observed anisotropy
in electrical conductivity. This suggests enhanced electrical
conductivity, especially across the GB, when GBs are aligned
with an interval of a few nanometers. Figure S11 in the
Supporting Information shows electronic orbital contributions
to the KS bands. We observe the dominance of Mo 4d and S
3p orbitals across most bands in both GB and perfect crystal
systems. What is notable is a higher degree of hybridization
between these two orbitals within the midgap states of the GB
system compared to the perfect crystal. This observation aligns
with the isosurface representations of the Kohn—Sham wave
functions in Figure S. Such hybridization indicates distribution
of orbitals among both Mo and S within the midgap states,
thereby promoting electrical conduction. Also notable is the
higher contribution of Mo Ss orbitals within the conduction in
the GB system compared to the perfect crystal. Since the Mo
Ss orbital has a larger spatial extent compared to the Mo 4d
orbital, it has a larger matrix element and hence contributes
more to electrical conductivity. Figure S12 in the Supporting
Information shows that the radial pseudoatomic wave function
of the Mo Ss orbital indeed has a larger magnitude at the
nearest-neighbor S atom position compared to the Mo 4d
orbital.

Thermopower is known to be temperature-dependent.
Thermal conductivity exhibits well-known temperature de-
pendence,'' which however is insensitive to structural
defects.”> To examine the temperature dependence of
electrical conductivity, we have performed new calculations,
where the electronic temperature in the Fermi distribution
within the Kubo—Greenwood formula varied in the range
between 0.1 and S00 K (see Figure S13 in the Supporting
Information). We found that electrical conductivity exhibits
much weaker temperature dependence than thermal con-
ductivity, where electrical conductivity slightly decreases with
increasing temperature. While these should result in temper-
ature-dependent thermopower, effects of structural defects like

https://doi.org/10.1021/acs.jpcc.4c04339
J. Phys. Chem. C 2024, 128, 16172—-16178


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c04339/suppl_file/jp4c04339_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c04339/suppl_file/jp4c04339_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c04339/suppl_file/jp4c04339_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c04339/suppl_file/jp4c04339_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c04339/suppl_file/jp4c04339_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c04339/suppl_file/jp4c04339_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04339?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04339?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04339?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04339?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04339?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04339?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04339?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c04339?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c04339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

GBs discussed in this paper are temperature independent and
are expected not to change the temperature dependence of
thermopower.

B CONCLUSIONS

Calculated thermoelectric conductivities with GBs composed
of 5- and 7-membered rings have provided valuable insights.
Most importantly, an interphase of approximately 4 nm was
found to form GB, which exhibits distinct thermoelectric
properties compared from bulk. Thermal conductivity was
calculated using NEMD with a reactive force field, revealing a
remarkable reduction of approximately 80% across GB
compared to perfect crystal. On the contrary, GB does not
affect thermal conductivity along GB. Electrical conductivity
was calculated using DFT and the Kubo—Greenwood
equation. GB enhances electrical conductivity even without
doping due to the midgap levels. Specifically, electrical
conductivity is larger by 6.6 x 10* and 6.0 X 10*/Q-cm,
respectively, across and along GB, compared to perfect crystal.
This anisotropic electrical conduction in electrical conductivity
has been attributed to the alignment of energy levels and the
spatial distribution of wave functions around GBs. These
findings suggest exciting prospects for applying GBs in
thermoelectric applications. Meticulous control of temperature
gradient and voltage across GBs makes it possible to
concurrently achieve low thermal and high electrical
conductivity compared to a perfect crystal. This will, in turn,
enable potential utilization of GBs in thermoelectric devices,
holding promise for advancing energy conversion technologies.
Future research can focus on optimizing and fine-tuning the
properties of GBs to maximize their thermoelectric perform-
ance and explore their practical applications in various fields. In
particular, our results suggest that a superlattice of GBs exhibits
excellent thermoelectric properties, which makes it an excellent
candidate for power regeneration from wasted heat in
microprocessors toward sustainable future electronics (Figure
S14 in the Supporting Information).” Scalable manufacturing
of such superlattices may be facilitated by surface-induced
defect self-duplication’* and stress-induced self-assembly.”
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