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Thermal anisotropy in nano-crystalline MoS2
thin films

Chris Muratore,†*ab Vikas Varshney,†bc Jamie J. Gengler,bd Jianjun Hu,be

John E. Bultman,be Ajit K. Roy,b Barry L. Farmerb and Andrey A. Voevodinb

In this work, we grow thin MoS2 films (50–150 nm) uniformly over large areas (>1 cm2) with strong basal

plane (002) or edge plane (100) orientations to characterize thermal anisotropy. Measurement results are

correlated with molecular dynamics simulations of thermal transport for perfect and defective MoS2

crystals. The correlation between predicted (simulations) and measured (experimental) thermal conduc-

tivity are attributed to factors such as crystalline domain orientation and size, thereby demonstrating the

importance of thermal boundary scattering in limiting thermal conductivity in nano-crystalline MoS2 thin

films. Furthermore, we demonstrate that the cross-plane thermal conductivity of the films is strongly

impacted by exposure to ambient humidity.

Introduction

Transition metal dichalcogenides (TMDs) are a re-emerging
class of layered materials, which have been a focus of extensive
research for diverse applications including solid lubrication,1

catalysis,2 and most recently, as potential semiconducting
materials3 for 2D nanoelectronic devices. Within the latter
scope, it is well known that thermal properties of semiconducting
TMD materials are closely coupled with their electronic proper-
ties, and ultimately, with device performance.4 Extreme thermal
gradients can limit operational efficiency and reliability for
switching or signal amplification. Thus, a better understanding
of thermal properties of 2D semiconducting materials should
enable the design and practical use of a host of new devices
recently suggested in the literature,5,6 with enhanced perfor-
mance and lifetime.

TMDs are often characterized by ‘MX2’ type of 2D hexagonally
arranged atomic structure where M corresponds to a transition
metal (oftenMo andW) while X is a chalcogen (such as S, Se, or Te).
Because of their inherent 2D layered structure, these materials
demonstrate significant anisotropy of in-plane (i.e., basal
plane) vs. out-of-plane (i.e., cross-plane) physical properties
due to differences in the nature of the atomic interactions

along the two directions. Within a molecular layer (in-plane),
these interactions are characterized by covalent bonding, while
the individual layers (cross-plane) are held together by signifi-
cantly weaker van der Waals forces. Such structural arrangements
are in principle similar to graphene and potentially provide
significant in-plane electron mobilities (>500 cm2 V�1 s�1),7

while providing one particular advantage over the graphene for
electronics – an intrinsic band gap, which can be as large as
1.9 eV for monolayer MoS2.

3 The unique electronic transport
properties coupled with the potential for strain-free hetero-
structures due to van der Waals bonding at layer interfaces have
ignited a great deal of motivation to explore TMDs as a class of
2D materials beyond graphene in diverse research areas, such as
sensing,8 energy harvesting,9 and flexible electronics.10 To realize
many of these applications, a better understanding of thermal
transport in TMD structures is needed.

The focus of the research presented here is an investigation
of the thermal transport properties of molybdenum disulfide
(MoS2) thin films. While the effects of the aforementioned bonding
anisotropy on many properties of MoS2 are well-known, its thermal
properties have only been investigated recently.11,12 Moreover,
unlike well-studied properties of electrically conductive graphite
and insulating hexagonal boron nitride in bulk13–15 and few-
layer16,17 forms, the few published reports on thermal properties
of TMD materials have been focused on the cross-plane direction,
often highlighting the extremely low values for thermal conductivity.
For example, thin, turbostratic films of WSe2 (tungsten diselenide)
have been shown to have the lowest cross-plane thermal con-
ductivity of any fully dense material.11,18 These materials with a
high degree of atomic order were demonstrated to have thermal
conductivity values lower than their amorphous counterparts,
and an order of magnitude lower conductivity than bulk crystals
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of the same composition due to phonon scattering at domain
boundaries within the material. As scalable TMD growth techni-
ques are adopted for device fabrication with 2D materials, the
role of domain boundaries and other atomic-scale defects on
electron and phonon scattering is anticipated to make a signi-
ficant contribution to device performance and operation. As our
understanding of the thermal properties of graphene has
benefited from the rigorous understanding of phonon trans-
port in graphite, we aim to understand the thermal properties
of bulk and nanocrystalline thin MoS2 films to aid in the design
of mono- and few-layer TMD devices.

Due to the semiconducting nature of bulkMoS2 crystals (1.2 eV
band gap for >4 molecular layers of MoS2

3), atomic vibrations
(phonons) are expected to dictate its thermal conduction beha-
vior. Moreover, some degree of thermal anisotropy is also
anticipated, primarily due to the differences in phonon propaga-
tion characteristics along the covalently bonded basal plane and
across weakly interacting basal planes. Each basal plane could
be considered to possess an interface in the form of a van der
Waals gap every three atomic layers (i.e. at every S–Mo–S/S–Mo–S
interface) resulting in phonon localization.18 While the thermal
anisotropy (in-plane vs. out-of-plane conduction) is reported to
be as high as a factor of 200 for pristine graphite, a more
moderate value ofB30 was observed for WSe2 (TMD) thin films,
grown by the modulated elemental reactants technique19 and
characterized with the 3o technique.20 This reduction in the
magnitude of in-plane vs. cross-plane anisotropy as compared to
graphite can be attributed to differences between in-plane bond
strength, cross-plane interactions, and atomic mass between
molecular layered materials (as in TMDs) and atomic layered
materials (as in graphite).

Here, we report on the thermal conductivity of strongly (002)
and (100) oriented MoS2 thin films of B70–250 molecular layers
(50–150 nm thickness) grown via sputter deposition, along with
that of a bulkMoS2 sample from a geological specimen.We use the
time domain thermo-reflectance (TDTR) technique for measure-
ment of the thermal conductivity of MoS2 films as well as the bulk
geo-specimen sample, and investigate the physical mechanisms
resulting in the observed thermal anisotropy. We also use mole-
cular dynamics (MD) simulations to investigate the origins of our
measurement results by incorporating different domain boundary
densities into the MoS2 films by altering the domain size and
correlating boundary scattering phenomena to predicted in-plane
and out-of-plane thermal conductivity values.

Experimental section
Thin film growth

Thin films were sputtered from a pure (>99.9%) MoS2 target in
an ultra-high vacuum growth chamber with a base pressure of
o5 � 10�9 Torr. The power to the sputter target was modulated
via an Advanced Energy Pinnacle Plus power supply. By altering
the frequency and duration (dictated by the ‘reverse’ or off
time) of the nominal power applied to the sputter target, the
orientation of the films was adjusted similar to the methods

reported in ref. 21. The deposited films ranged in thickness
between 50–150 nm. The substrates were polished, polycrystal-
line Inconel 718 nickel superalloy disks (2.5 cm) that were
electrically grounded and heated to 300 1C prior to film growth
for degassing, and maintained at that temperature during film
growth (except for an amorphous MoS2 sample which was grown
at room temperature). Film composition was characterized with
an in vacuo X-ray photoelectron spectroscopy (XPS) system in line
with the processing chamber allowing analysis of the films after
growth but prior to exposure to the ambient atmosphere. In such
cases, no oxygen was detected, and the films appeared to be
stoichiometric within the compositional resolution of the system
which was approximately 2 atomic percent. A set of MoS2 films
deposited under identical conditions was immediately coated
with a 70 nm layer of aluminum (Al) also without breaking
vacuum to avoid atmospheric exposure of the film surfaces. The
aluminum overcoat was used as a thermal transducer in TDTR
experiments and also served as a protective layer during trans-
mission electron microscopy (TEM) sample preparation of the
films via focused ion beam. In a related experiment, sets of MoS2
films were stored in laboratory air (B35% relative humidity) for
48 hours before coating with Al to investigate the effect of oxygen
ingress on the film composition and thermal conductivity modi-
fications (discussed later).

The samples were characterized using X-ray diffraction in a
Bragg–Brentano configuration to evaluate the overall film orien-
tation, as the X-rays penetrated the thickness of the MoS2 films
and into the substrates. This is especially useful for characteri-
zation of materials such as MoS2 which often demonstrate a
change in crystalline orientation from (002) to (100) throughout
their thickness due to the dynamic growth kinetics as reported
previously.22

Thermal conductivity characterization

The thermal conductivity of the deposited films was measured
using the TDTR technique. This is an ultra-fast laser-based
approach for measuring thermal properties of materials by
monitoring time-resolved, temperature-induced changes in
optical reflectivity synchronized to delivery of an infrared laser
heating pulse delivered to the material surface which has been
described in detail elsewhere.23,24 Due to the substantial aspect
ratio of laser pulse spot size to thermal penetration depth, the
TDTR measurements are selectively sensitive to one-dimensional
thermal transport properties perpendicular to the sample surface
(i.e. in the cross-plane direction for (002) deposited MoS2 sample).
This is due to the high modulation frequency of 9.8 MHz, coupled
with the relatively low thermal conductivity of MoS2. For analysis
in our studies, we included the thermal and physical property
data of the Inconel substrate from ref. 25 when modeling the
TDTR data. It was found that the lower limit for film thickness
at which we could reliably measure thermal conductivity for
MoS2 and other TMD materials with the TDTR technique is
around 50 nm,11 as data from thinner samples was difficult to
fit based on the model we used for analysis. However, thermal
interface conductance could, in principle, be measured for inter-
faces involving much thinner films (B1 nm), providing they are
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grown uniformly over an area comparable to the beam diameter
(B50 microns in our experiments). Thermal conductivity of
MoS2 samples coated with Al prior to and after controlled
exposure to the ambient atmosphere, were measured, along
with a bulk MoS2 geospecimen sample with (002) orientation
that was freshly cleaved in air immediately prior to Al coating.

Modeling section

Previously, we successfully parameterized a classical force-field
and modeled thermal conduction in pristine MoS2 crystals along
in-plane and cross-plane directions26 using MD simulations. The
force-field was parameterized with respect to experimental crystal
structure and vibrational spectra measurements of MoS2. In the
current work, we extend the MD simulation approach to investi-
gate the effect of domain boundaries observed in sputtered TMD
thin films11 and understand their impact on thermal conduc-
tivity. For this purpose, a simplistic model of in-plane crystal-
line domains with edge defects was generated and was modeled
using MD simulations as discussed below.

Model preparation

First, a periodic pristine long slab of MoS2 was created with
dimensions of 78 nm� 2.3 nm� 2.5 nm, which corresponded to
240, 8, and 2 repeat units of primitive unit-cell along X-, Y- and
Z-direction (Fig. 1c). Within this slab, a pre-defined number (2n)
of edges along basal planes (to model crystalline domains) were
introduced by deleting in-plane bonds across n planes to create
sharp interfaces along the basal plane direction within the crystal.
In doing so, the deletion of n = 1, 2, 3, 4, 6, and 20 planes resulted
in crystalline domains with parallel orientation of size 39, 26, 19.5,
15.6, 11, and 3.75 nm, respectively (Fig. 1c). In addition, we should
point out that each of these domains were of identical length
along the crystal. A representative edge or domain boundary is
shown in Fig. 1a–b for better clarity.

An additional crystalline model was explored (Fig. 1d) to
investigate the effect of randomness in domain sizes on basal
plane thermal transport in MoS2. In this model, randomly sized
crystalline domains were introduced by creating 6 sharp inter-
faces from two 39 and 78 nm slabs with average domain sizes of
B6.5 andB13 nm and with min/max domain sizes of 4/7.5 nm
and 8/15 nm, respectively. All simulations were performed

using the LAMMPS MD package27 with simulation parameters
as discussed in ref. 26. A cutoff of 10 Å was used for van der Waals
and short range electrostatic interactions while long range
electrostatics were modeled using PPPMmethodology as imple-
mented in LAMMPS. A time step of 1 fs was used for all MD
simulations. Prior to thermal transport simulations, all systems
were equilibrated using 200 ps of NVT simulations (canonical
ensemble) at 300 K, followed by 200 ps of NPT simulations
(isobaric ensemble) at 1 atmosphere pressure.

Thermal transport simulations

Non-equilibrium molecular dynamics (NEMD) simulations
based on the Fourier law approach28 were used to estimate
the in-plane thermal conductivity of MoS2 crystalline grains (as
discussed above). After equilibrating the system at the desired
temperature and pressure, one boundary (B3 nm width) of the
large aspect ratio slab was heated and kept at a desired high
temperature Thigh (hot thermostat at 350 K) while the other
boundary was cooled and kept at a desired low temperature Tlow
(cold thermostat at 250 K). In order to keep the thermostated
regions at their specified temperatures, energy was continuously
added and taken away from the hot and cold regions during the
course of the simulation, respectively. This resulted in a tem-
perature gradient across the slab. For calculating the steady state
temperature profile, the elongated slab was divided into either
50 (for B39 nm long systems) or 100 (for B78 nm long system)
thin slabs of equal thickness. Then, the temperature of each bin
was calculated as follows:

Ti ¼
1

3NikB

X

Ni

k¼1

mkvk
2

where, Ni is number of atoms in ith slab; and mk and vk
correspond to atomic mass and velocity of atom k, respectively.
Furthermore, the calculated temperature for each slab, Ti, was
averaged over a pre-defined time interval to obtain a smooth
temperature profile. Finally, the temperature gradient is calcu-
lated by the slope of the resulting temperature profile.

Similarly, heat flux per unit area, Q/ADt, is calculated as
follows:

Q

ADt
¼

1

ADt

1

2

X

NB

k¼1

mk vk
2
� vpk

2
� �

* +

where, vpk and vk are the velocities of the atoms before and after
rescaling to the desired temperature, respectively. NB is the
number of atoms in the boundary layers. Once the temperature
gradient and the heat flux are known, thermal conductivity is
calculated in a straightforward manner using Fourier’s Law.

Results and discussion
Structure orientation control of deposited films

Fig. 2a shows a semi-log plot with examples of raw X-ray
diffraction data from MoS2 samples processed using different
conditions of power modulation to highlight the accessible
range of the (002) and (100) diffraction peak intensities.

Fig. 1 (a) Top view and (b) side view representation of an edge-terminated

domain boundary in a single MoS2 layer. (c) Structures with a thickness of

4 monolayers with domains over a range of 4–78 nm in length within a

78 nm long MoS2 crystal were examined in this work. (d) Mixed domain

sizes were also examined.
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The highest and lowest (002)/(100) crystallographic ratios shown
in Fig. 2a were obtained by adjusting the pulse parameters on
the power supply as described in ref. 21. As an example, Fig. 2b
shows a Bragg–Brentano diffractogram from the 50 nm film
sputtered at ‘high-rate’ conditions (approximately 1 atomic layer
per second) of 65 kHz with a 0.4 microsecond reverse time,
yielding a film with strong (002) orientation. The strong (100)
orientation was achieved under identical conditions, only with
power modulation at 85 kHz with 5.0 microsecond reverse time.
In all cases, the broadness of the MoS2 peaks is related not only
to domain size, but is also attributed to the expansion and
contraction of the lattice due to atomic defects.29

It is evident from Fig. 2a, that the pulse characteristics have a
strong effect on the orientation of the films. These parameters
determine the arrival rate of the incident ions and atoms on the
growing film, as well as their kinetic energy during film growth.
Both of these factors can be used to obtain preferred orientation
of MoS2 films. Deposition rates of approximately 1 atomic layer

per second (65 kHz/0.4 ms) yield the highest (002)/(001) ratios in the
range of experimental parameters examined in this study. Promo-
tion of growth on inert (002) basal plane surfaces is attributed to
burial of atoms prior to desorption, which is estimated to be on the
order of 1 second at 300 1C and under the conditions used in this
work. Slower deposition rates inhibit (002) growth because most
atoms incident on these surfaces are desorbed, promoting growth of
the (100) orientation. Slower deposition rates can also increase the
concentration of contaminant atoms, since the flux of Mo and S
atoms is reduced in comparison to the flux from the ambient
atmosphere in the processing chamber. A small atomic percent of
contaminant atoms can disrupt (002) growth by exposing (100)
plane edges to incident atomic fluxes. These planes grow at much
higher rates in vapor phase growth processes due to reactive,
exposed basal plane edges. Rapid growth of (100) oriented crystals
can overshadow the slow-growing (002) planes22 leading to preferred
(100) orientation. Given the low base pressure in the current studies,
we presume that the desorption phenomena primarily dictate
orientation, as contaminant fluxes are low during growth. We also
produced an X-ray amorphous MoS2 thin film by DC sputtering on
a room temperature substrate. Consistent with the literature on
sputtered MoS2, the low ion flux and relatively low kinetic energy
typical of dc sputtering21 coupled with low atomic mobility at room
temperature result in amorphous MoS2 thin films.30,31

Fig. 3 shows cross-sectional TEMmicrographs of the 150 nm
thick film surface with preferred (a) (002) growth and (b) (100)
growth, corresponding to the high-rate (65 kHz/0.4 ms reverse
time) and low-rate (85 kHz/5.0 ms reverse time) magnetron
sputtered films, respectively, as called out in Fig. 2. The images
are taken near the surface of the film, but are representative of
the homogeneous microstructure observed throughout the film
thickness. Analysis of the TEM images from Fig. 3 suggests the
average crystalline domain sizes on the order of B5 nm in the
deposited films. Preparation of samples by focused ion beam
milling and cross-sectional electron microscopy was completed
for each sample to determine thickness, and all samples were
within 10% of the nominal thickness.

Effect of environmental humidity on layer composition

X-ray photoelectron spectroscopy (XPS) was used to examine
and compare the compositions of as-deposited and exposed

Fig. 2 (a) A semi-log plot of X-ray intensity for different sputtering power

conditions (labeled in terms of pulse frequency and duration of positive

pulse, or cathode off-time) depicting different orientations of 50 nm thin films.

(b) Linear plot of example diffraction data for the 50 nmMoS2 sample with the

strongest (002) orientation. Note that the sharp peak overlapping with the

broader MoS2 (100) peak at 2y = 33.81 is from the Inconel 718 substrate.

Fig. 3 TEM cross-sectional images from (a) strongly (002) oriented 50 nm

sputtered MoS2 film and (b) strongly (100) oriented MoS2 film. Both images

show a representative cross-sectional area observed close to surface of

the film.
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films (to humid air for 48 hours). Fig. 4a shows the high
resolution scans of the Mo (3d) peaks arising from its oxidation
states in deposited films subjected to different durations of
exposure to environmental humidity. The sample with no
exposure to air (black) shows only a Mo doublet (Mo4+ oxidation
state) and an S (2s) peak (S2� oxidation state) which are
characteristic of MoS2. However, the shoulder at higher binding
energy for the 48 hour exposed sample (red) is clearly indicative
of MoO3 formation (another doublet in which the lower energy
peak of MoO3 overlaps with higher energy peak of MoS2
doublet, giving rise to a three Mo peak structure),32,33 due to
oxygen ingress on exposure to the humid ambient environ-
ment. Fig. 4b schematically shows three possible ways in which
oxygen can be integrated into MoS2 films which are described
in the literature—as substitutional atoms at sulfur sites,34 as
atoms bound to molybdenum atoms at plane edges,32 or as an
intercalant between basal planes as O2 or moisture (H2O).

35

We believe that the Mo (3d) peak structure shown in Fig. 4a
(red curve) results from edge plane termination by oxygen via

diffusion at domain boundaries. This type of oxygen incorpora-
tion, is expected to occur after deposited film exposure to
humid atmosphere, while oxygen substitution is generally
introduced during film growth.32 We observed no oxygen in
these materials immediately after growth with the in vacuo XPS
experiments, indicating that oxygen concentrations in the

materials are less than 1 atomic percent. Examination of the
X-ray diffraction peaks in Fig. 2 could yield evidence of intercala-
tion, however fork and splitting defects within the MoS2 result in
broad diffraction peaks which may obscure a shifted portion of
the (002) diffraction peak.11We cannot determine from our data if
intercalation is a mechanism of water or oxygen ingress, however
the Mo–O peak observed via XPS is strong evidence of edge
terminated and diffused oxygen at domain boundaries.

Thermal conductivity – experimental measurement

Thermal conductivity values for a series of amorphous and
ordered MoS2 films of different thicknesses, as measured from
TDTR technique, are shown on Fig. 5. For all samples studied,
TDTR data were acquired from 10 locations on each sample
surface. The scans were individually modeled, and an average
thermal conductivity value was calculated for each sample.
For MoS2 surfaces coated in an UHV environment with the Al
transducer material immediately after growth (i.e., no exposure
to the ambient environment), we observe that the thermal
conductivity was essentially independent of thickness from
50–150 nm (compared to error bars), and varied from 0.25 to
1.5 W m�1 K�1 for the (002) and (100) orientations, respectively.
Thermal conductivity of a geological MoS2 specimen along the
(002) direction was also measured via the TDTR technique to be
approximately 3.0 W m�1 K�1. The conductivity values for (002)
oriented thin films are over a factor of 10 lower than those
measured for the bulk crystal, and a factor of three lower than
those measured for the amorphous films. This reduction is due
to the scattering at domain boundaries that dominates phonon
conduction in nanostructured TMD films.11,18 Interestingly,
(002) oriented films subjected to atmospheric exposure (B48 hours)
prior to application of the transducer layer were measured to
have a thermal conductivity of B1.0 W m�1 K�1, while main-
taining their (002) orientation. This is approximately 4 times
higher than unexposed MoS2 films along (002) orientation and

Fig. 4 (a) High resolution scans of molybdenum 3d X-ray photo electron

spectroscopy peaks for 100 nm MoS2 samples characterized immediately

after removal from the processing chamber (black curve); and measured

after 48 hours of exposure to laboratory air with approximately 35%

relative humidity (red curve). A schematic diagram showing possible

oxygen or water ingress locations within the MoS2 crystal is shown in (b).

Fig. 5 Plot of thermal conductivity measured for MoS2 with different

thicknesses and microstructures as denoted. The (002) plane bulk thermal

conductivity of the geological specimen is also shown.
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close to the values measured for films with (001) orientation,
demonstrating that the thermal conductivity of the (002)
oriented films is strongly dependent upon their atmospheric
exposure history. It is expected that MoS2 materials with fewer
domain boundaries (resulting in fewer exposed plane edges)
would possess a reduced environmental sensitivity. We propose
that the observed increase in thermal conductivity with extended
exposure to humid air and subsequent MoO3 formation is likely
due to bridging of van der Waals gaps between MoS2 layers by
stiffer bonds at edges throughout the thickness of the film
materials, increasing the thermal energy exchange across domain
boundary interfaces via more strongly bonded interactions. A
similar environmental sensitivity can expected for mono- and
few-layer MoS2 films, indicating that maximizing grain size will
be important for stability of thermal and perhaps other proper-
ties of the materials.

Thermal conductivity – predictions from simulations

The in-plane thermal conductivity of the oriented crystalline
domains (schematically shown in Fig. 1c, d) was calculated using
NEMD simulations and is plotted in Fig. 6. In order to place the
predicted values in a broader perspective, we compare our simula-
tion results for the pristineMoS2 case with published experimental
data prior to a discussion of effects of nano-crystallinity, i.e., the
effect of crystalline domains on thermal conduction in MoS2 thin
films. In this context, Fig. 6 shows the thermal conductivity of a
B70 nm pristine slab (no defects) to be B44 W m�1 K�1. Using
the same force field, we previously predicted the thermal conduc-
tivity of a shorter B20 nm pristine slab to be B18 W m�1 K�1,26

suggesting a notable length dependence on in-plane thermal
conductivity similar to that of pristine graphite/graphene at such
length scales.16 Recently, based on experimental Raman data, Sahoo
et al. also predicted the in-plane thermal conductivity of high-quality

few-layer (11 layers) MoS2 films to be B52 W m�1 K�1.12 It is
interesting to note the compelling agreement in predicted
thermal conductivity values of defect free MoS2 with two
entirely different methods. The origin of this similarity can
be attributed to the fact that vibrational characteristics of MoS2
were exploited to predict the values in both approaches. With
regards to cross-plane thermal conduction, our previously
reported value of B4 W m�1 K�1 (ref. 26) for defect-free MoS2
is also in good agreement with current experimental data
obtained from a bulk (002) oriented geological specimen
(B3.0 W m�1 K�1 in Fig. 5). Lastly, we should point out that
the thermal anisotropy factor of B15–20 for ‘pristine’ MoS2 is
also in accordance with other TMD materials such as WSe2.

20

It is imperative to understand the mechanism of reduced
in-plane MoS2 thermal conductivity for nanocrystalline films in
comparison to its bulk-like morphology,12 with the primary
difference between the two being the nature and density of
defects within the material. While point defects are known to
impact thermal conductivity,36 the magnitude of the impact is
related to the concentration of defects and the mass difference
between the defect atom and the atom it replaces. Oxygen
substitution for sulfur, as discussed previously, would be the
point defect with highest concentration, however the oxygen
concentration in films immediately capped with Al was unde-
tectable with XPS. The primary difference is therefore the high
density of domain boundaries throughout the thickness (Fig. 3)
which increases as the domain size shrinks. Fig. 6 showcases this
very issue and highlights the sharp drop in effective in-plane
thermal conductivity of MoS2 with reduction in nano-crystalline
domain size. For the smallest studied ‘identical’ crystalline
domains of B4 nm, a thermal conductivity of B1.3 W m�1 K�1

was predicted. The figure also plots the predicted in-plane
thermal conductivity of studied ‘distributed’ parallel crystalline
domains with two different average sizes of 6.5 and 13 nm. As
seen from the inset more clearly, the predicted values for
‘distributed’ domains match the homogeneous ‘identical size’
crystalline domains. The Fig. 6 inset also compares the mea-
sured thermal conductivity of deposited MoS2 film along the
(100) direction with those of predicted by simulations. For
B5 nm crystalline domains (along with its approximate dis-
tribution as shown in Fig. 3), the simulation prediction
(B1.5 W m�1 K�1) matches well with that of experimental
measurement (B1.1 W m�1 K�1). Overall, a strong thermal
conductivity dependence on the size of crystalline domains,
predicted by simulations and confirmed by experiments,
clearly demonstrates the significance of thermal boundary
scattering at the sharp interfaces limiting thermal conduc-
tion in nano-crystalline thin film MoS2. Our observation of
thickness independence of thermal conduction in thin films
also indicates that the overall thermal conductivity of the
films is dominated/limited by the domain sizes of the nano-
crystalline MoS2. For completeness, we should point out
that incorporation of oxygen and hydrogen in simulations
would require further parameterization and validation of the
updated force field to build upon the approach discussed in the
present study.

Fig. 6 Simulated in-plane thermal conductivity values of MoS2 comprised

of identical (black squares) and distributed (red circles) domain lengths.

The inset zooms in on lower domain size results and compares the results

with experimentally measured value of thermal conductivity for MoS2
along in-plane direction, as represented by shaded region.
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Conclusions

Thin films of MoS2 with strong (002) and (100) orientations
were grown to thicknesses of 50–150 nm. Thermal conductivity
was measured for both orientations at incremental thicknesses
and was found to be approximately 1.5 W m�1 K�1 along MoS2
basal planes compared to 0.25 W m�1 K�1 across the basal
planes for samples that were not exposed to ambient air. Cross-
plane thermal conductivity measurement of a bulk geological
MoS2 crystal revealed a thermal conductivity >10 times higher
than that of the film materials, suggesting the significant role of
defects arising from the films’ turbostratic structure. We observed
that environmental sensitivity of the (002) oriented MoS2 films
exposed to humid air was manifested as a 4 fold increase in cross-
plane thermal conductivity. The MD simulations of thermal
conduction in perfect (100) MoS2 crystals and those with a range
of defect densities demonstrated a significant reduction in con-
ductivity with incorporation of relatively low defect densities. The
predicted thermal conductivity values correlated well to experi-
mental observations, confirming the role of thermal boundary
scattering as dominating mechanisms in limiting thermal con-
ductivity in nano-crystalline thin films of MoS2.
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