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Abstract
Films containing 8, 16, 24, 32 and 64 MoSe, layers were synthesized using the modulated
elemental reactants method. X-ray reflectivity patterns showed that the annealed films were the
targeted number of MoSe, layers thick with atomically smooth interfaces. In-plane x-ray
diffraction (XRD) scans contained only /.0 reflections for crystalline MoSe, monolayers.
Specular XRD patterns contained only 00/ reflections, also indicating that the k0 plane of the
MoSe, layers are parallel to the substrate. Both XRD and electron microscopy techniques
indicated that the 4k0 planes are rotationally disordered with respect to one another, with all
orientations equally probable for large areas. The rotational disorder between MoSe, layers is
present even when analyzed spots are within 10 nm of one another. Cross-plane thermal
conductivities of 0.07-0.09 W m ! K~! were measured by time domain thermoreflectance, with
the thinnest films exhibiting the lowest conductivity. The structural analysis suggests that the
ultralow thermal conductivity is a consequence of rotational disorder, which increases the
separation between MoSe, layers. The bonding environment of the Se atoms also becomes
significantly distorted from C3, symmetry due to the rotational disorder between layers. This
structural disorder efficiently reduces the group velocity of the transverse phonon modes but not
that of longitudinal modes. Since rotational disorder between adjacent layers in heterostructures
is expected if the constituents have incommensurate lattices, this study indicates that these
heterostructures will have very low cross-plane thermal conductivity.

Supplementary material for this article is available online

Keywords: TMDs, molybdenum diselenide, thermal conductivity, heterostructures, rotational
disorder, turbostratic disorder

(Some figures may appear in colour only in the online journal)

1. Introduction catalytic [13] properties that arise when two or more

nanosheets are assembled in a stacked configuration.
In the past decade, van der Waals heterostructures have Depending on the selected constituents, layers can either
attracted significant research interest [1—4] due to emergent operate relatively independent of one another [14] or states
optoelectronic [5—7] magnetic [8, 9] topological [10-12] and may be coupled to create novel or modified behavior
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[5, 15, 16]. The modular design of heterostructures enables
researchers to vary the constituents, layer thicknesses or
stacking sequence to tune a targeted property [2]. More
recently there have been efforts to understand more precisely
how the rotation angle between layers affects properties and
gives rise to extended in-plane structural and electronic
superlattices (i.e. Moiré lattices). In transition metal dichal-
cogenide systems, phenomena dependent on rotation angle
include carrier lifetime, collection efficiency, band gap and
structural modulations [17-21]. These investigations are
particularly relevant to nanoelectronics, where the interactions
between constituents become more important as interfaces
become a larger fraction of devices [22].

While electronic, optical, and structural changes in single
layers and heterostructures of van der Waals materials have
been widely studied, there has been much less emphasis on
thermal properties. Thermal conductivity between dissimilar
materials is an important design parameter in many applica-
tions, with high thermal conductivity desired for some (heat
dissipation in electronics) and low thermal conductivity
desired for others (thermoelectric materials). Theoretical and
experimental investigations of the in-plane thermal transport
properties of monolayers of transition metal dichalcogenides
have yielded a range of in-plane thermal conductivity values
for MoS, and MoSe, (~50-100Wm 'K™') [23-36].
Reported cross-plane thermal conductivities are significantly
lower (~1-4 W m 'K 1), reflecting the weak van der Waals
bonding between dichalcogenide layers [37]. There are only a
few reports on the interfacial thermal conductance between
dichalcogenides and substrates or between dichalcogenides
and other 2D materials in heterostructures [38—43]. There are
conflicting reports of the thermal conductivity of
Bi,Te;—Sb,Tes intergrowths [44—46]. These samples were
also structurally ill defined, however, and the degree of
intermixing of the cations was not defined in the different
samples measured [47]. The small number of reports of the
thermal conductivity of van der Waals superlattices is mainly
due to the synthetic challenges in preparing these structures
via epitaxial growth techniques [48].

The weak van der Waals bonding across the interface
also creates the opportunity for an arbitrary rotational angle
between two constituents in heterostructures, which sig-
nificantly impacts physical properties including thermal con-
ductivity. Very low thermal conductivity (0.2W m 'K ")
has been reported for heterostructures with periodic
TiTe,~Bi,Te; layers with significant rotational disorder
between the constituents [49]. Chiritescu et al reported a 30-
fold reduction in cross-plane thermal conductivity in WSe,
compared to bulk single crystal WSe, due to significant
rotational disorder [50]. Surprisingly, significantly higher
cross-plane thermal conductivity has been reported in TMDs
with extensive defects and non-planar sheets [51]. Electron
microscopy studies of the WSe, samples used by Chiritescu
also indicated extensive defects and non-planar sheets, raising
questions as to the cause of the ultralow thermal conductivity
[52]. As we discuss in more detail below, we now believe that
these early microscopy results were affected by artifacts

created by the methods used to prepare the electron micro-
scopy specimens.

In this work we present the synthesis, in-depth structural
characterization, and cross-plane thermal conductivity and
speeds of sound analysis of MoSe, ultra-thin films with tar-
geted thicknesses. Specular x-ray diffraction (XRD) analysis
indicates that the films are crystallographically aligned to the
substrate and uniform in thickness over a large area
(~2cm x 2 cm). The spacing between MoSe, layers (0.6531
(2)nm) is larger than that reported for the crystalline poly-
morphs (~0.646(1) nm) for 2H, 3R, or 4H MoSe,) [53-57].
The measured film thickness is consistent with the targeted
integer number of MoSe, layers. In-plane diffraction reveals
only hkQ reflections of crystalline MoSe, and indicates that
the MoSe, grains are randomly orientated with grain sizes on
the order of 10-100 nm. The in-plane lattice parameter is
consistent with that reported for single crystals and powders
of MoSe, prepared at high temperatures. Cross section high
angle annular dark field high-resolution scanning transmis-
sion electron microscopy (HAADF HRSTEM) reveals flat
and parallel MoSe, layers with the targeted number of MoSe,
layers. Plan view transmission electron diffraction patterns
indicate that the layers are rotationally disordered from one
another. Nanobeam electron diffraction (NBED) patterns and
Fourier transform analysis of HRTEM micrographs indicate
that the orientations of the layers change over a 10 nm length
scale. In-plane electrical conductivity measurements show an
activated behavior, with activation energy of 0.2 eV. Cross-
plane thermal conductivity was evaluated by time domain
thermoreflectance (TDTR) and found to be between 0.07 and
0.09W m ! K !, which is more than an order of magnitude
smaller than previous reports of crystalline MoSe,. Pre-
viously, the ultralow thermal conductivity of disordered
layered materials has been attributed to the combination of
turbostratic disorder and pronounced anisotropy in the elastic
constants [58] of the parent crystalline solid. Here, we report
experimental evidence that the group velocity of the trans-
verse phonon modes is strongly suppressed in the z direction.
The suppression of the transverse sound velocity directly
reduces the thermal conductivity in the z direction and also
enhances the anisotropy of the elastic constants which further
suppresses heat conduction due to phonon focusing effects
[58]. These results show that ultralow cross-plane thermal
conductivity can be achieved in a highly periodic MoSe,
array in which interlayer rotational disorder is the salient
structural feature.

2. Results and discussion

Samples were prepared by depositing a targeted number of
Mo|Se bilayers and annealing the samples at low tempera-
tures to crystalize individual MoSe, layers and self assemble
them into a rotationally disordered stack. Deposition para-
meters for the modulated elemental precursor were calibrated
so that the amount of Mo and Se in a deposited bilayer
yielded a 1:2 ratio of the elements. These values were
adjusted during this study to yield precursors with varying
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Figure 1. Low-angle reflectivity patterns for two samples designed to
form 24 layers of MoSe,. The yellow trace (middle) is a calculated
pattern that was used as a comparison for the two experimental
patterns (red and blue). The blue (bottom) trace was annealed from a
stoichiometric precursor with ~5% deficiency in Mo, whereas the
red trace (top) contained a ~10% Se excess and the correct amount
of Mo to form 24 layers. XRF data indicated that the films after
annealing had the same composition.

amounts of excess Se as this improved the quality of the
resulting XRR and XRD patterns. The thickness of the
deposited layers was then scaled so the number of atoms in
each Mo|Se bilayer matched the number of atoms in a single
Se-Mo-Se trilayer of MoSe, (subsequently called a mono-
layer). Samples were prepared with a range of total thick-
nesses by varying the number of Mo|Se bilayers deposited.
Samples were annealed at 650 °C for 60 min in a N, atmos-
phere followed by a 60 min anneal at 550 °C in a sealed tube
with a Se partial pressure. The specular diffraction patterns of
all samples contained only the 00/ reflections expected for
MoSe, indicating that the MoSe, planes are parallel to the
substrate.

Figure 1 contains both calculated (yellow) and exper-
imental (blue and red) low-angle reflectivity patterns of
samples where 24 MoSe, monolayers were targeted. The
patterns contain periodic oscillations called Kiessig fringes,
which result from two superimposed phenomena—the inter-
ference of scattered x-rays off the top and bottom interfaces of
the film and the incomplete destructive interference of the 24
MoSe, monolayers. The position of the Kiessig fringes at low
angles is dominated by the reflectivity of the sample, and their
location depends the average total film thickness via Bragg’s
law corrected for refraction. The position of the Kiessig
fringes closer to the 001 Bragg reflection for MoSe, is
dominated by the incomplete destructive interference of the
finite size crystal, and their location is related to the number of
monolayers and their spacing, which is the c-axis lattice
parameter. The annealed film from the stoichiometric pre-
cursor (blue) was ~1nm thinner than the target thickness,
leading to a film with less than 24 layers of MoSe,. There is a
difference between the thickness calculated from the position
of the low-angle Kiessig fringes (between 22 and 23 mono-
layers) and the higher angle fringes near the Bragg reflection
(23 monolayers), indicating that different regions of the film
have slightly different thicknesses. The interference between
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Figure 2. Low-angle reflectivity patterns of 8- and 16-layer MoSe,
films that show strong agreement between the calculated (blue) and
experimental (red) traces. The scans are offset for clarity.

these two areas of the film results in a reduction in the
amplitude of the Kiessig fringes between 7° and 10° relative
to that in the calculated pattern. Precursors deposited with the
correct amount of Mo but a 10%-15% excess of Se form
films with Kiessig fringe amplitudes closer to that expected
from the calculation; and the excess Se is expelled upon
annealing as monitored using x-ray fluorescence spectroscopy
(XRF) [59]. The agreement between the experimental (red)
and calculated (yellow) reflectivity patterns indicates that this
sample contains 24 parallel monolayers, which is consistent
with the cross-sectional STEM images discussed later. The
samples used in this study were all prepared from precursors
with ~10% excess Se.

Films containing 8—64 monolayers of MoSe, were pre-
pared by changing the number of Mo|Se bilayers deposited in
the precursor. Figure 2 contains the experimental and calcu-
lated x-ray reflectivity patterns for 8- and 16-layer structures.
The agreement between the experimental (red) traces and
calculated (blue) traces demonstrates the ability to prepare
films with a targeted number of MoSe, monolayers over the
entire probed area (~4 cm?). The Parratt relationship relates
the angle to which resolved fringes are observed to how
parallel the bottom and top surfaces of the sample are over the
probed area [60]. The observation of fringes to 26 > 15°
indicates sub-Angstrom smoothness.

Specular diffraction patterns were collected to determine
the out-of-plane structure of the samples. All the observed
Bragg maxima (figure 3) can be indexed as the 00! series of
reflections, indicating that the MoSe, layers are parallel to the
substrate. Rocking curve measurements were done on the 00/
reflections to measure the extent of preferred alignment,
yielding half widths of 1.1° . These half widths are sig-
nificantly narrower than the ~15° 6 reported by Muratore
et al [51]. The line widths of the reflections broaden as the
number of layers decreases and the coherence length becomes
limited by the film thickness. c-axis lattice parameters were
calculated for the different samples (see table 1), yielding an
average value of 0.6531(2) nm, which is larger than the
individual layer thicknesses calculated from previously
reported c-axis lattice parameters (0.646(1) nm) for 2H, 3R,
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Figure 3. Specular diffraction patterns show only the 00/ series of
Bragg reflections, indicating that MoSe, nanosheets run parallel to
the substrate. The structural refinement shows a slightly increased
interplanar distance between Se and Mo planes, which is consistent
with other low temperature syntheses. Experimental data points are
shown in black, and the refinement is shown in yellow. The residuals
are in red.

or 4H MoSe, prepared by high temperature syntheses
[53-57]. We believe that this increased thickness per MoSe,
trilayer is a consequence of the rotational disorder between
adjacent MoSe, layers. Even larger thicknesses per MoSe,
trilayer have been reported for MoSe, prepared using a
variety of low T synthesis techniques [61-63]. The larger
thicknesses from these syntheses were not explicitly dis-
cussed, but for some approaches may be a consequence of
included solvent molecules between the MoSe, layers.

Rietveld refinement of the specular diffraction pattern of
the MoSe, sample with 64 layers was conducted to gain
insight into the cause of the expanded c-axis lattice parameter.
Figure 3 contains the experimental and calculated diffraction
patterns, with a schematic of the refined model inset within
the figure. The van der Waals gap from our refined model,
taken as the distance between the Se planes in adjacent MoSe,
layers, 0.321(1) nm, is 0.008 nm larger than that reported in
the literature for MoSe, prepared at high temperatures
(0.3128 nm). The Se-Mo interatomic distance (0.165(7) nm)
is also larger than that reported in the literature for the ther-
modynamically stable product (0.1615(1) nm). Our XRF
analysis indicates that the stoichiometry of all the samples
prepared is MoSe; 992y [59] indicating that large deviations
from stoichiometry (due to Se loss, for example) are not
responsible for these differences. The increase in the c-lattice
parameter is a consequence of both of these distances
increasing, which we speculate is caused by the rotational
disorder between adjacent MoSe, layers.

Grazing-incidence XRD was collected to obtain infor-
mation about the in-plane structure of the samples. All of the
patterns contain Bragg maxima that can be indexed as hkO
reflections using a hexagonal unit cell (figure 4), consistent
with the preferred orientation of MoSe, layers. The a-axis
lattice parameters of the different MoSe, films were deter-
mined using LaBail fits of the diffraction patterns. The value
obtained, 0.331(1) nm, agrees with literature values for

MoSe,, which range from 0.329 nm for MoSe, prepared at
high temperature [54-57] to as low as 3.22 for films prepared
at low temperature [7]. The Debye—Scherrer equation was
used with line widths obtained from the LaBail fits to obtain
an estimate of 10 nm for the in-plane grain sizes [64]. In-plane
pole figures indicate that the crystallites are randomly oriented
in the xy-plane over the ~4 cm? analytical area.

Cross-sectional HAADF HRSTEM images were col-
lected to gain additional information about the structure of the
MoSe,; layers and their stacking. Figure 5 shows images of
the 8- and 24-layer samples, which contain layers of alter-
nating contrast corresponding to the nanosheets (bright) and
van der Waals gaps (dark) with the layers parallel to the
substrate. The number of Mo|Se layers in the precursors has
been retained in the crystalized films, which contain parallel
layers and atomically sharp interfaces in agreement with the
diffraction data discussed previously. Areas with resolvable
zone axes are not frequent and neither are areas with align-
ment between layers, such as that in the image of the 8-layer
sample. This is consistent with the rotational disorder pre-
viously reported from other films made via modulated ele-
mental reactant (MER) synthesis and the pole figure
measurements discussed earlier. A periodic stacking of the
layers observed in the thermodynamically stable bulk phases
of MoSe; is not observed. A non-representative area of the
8-layer film is shown in figure 5 because it contains a rare
region where the bottom 2 layers have a [110] orientation
while layers 3 and 4 have the [100] axis aligned with the
beam. The observed chevron arrangement of the atoms within
the MoSe, nanosheets where the electron beam is aligned
down the [100] axis is consistent with trigonal prismatic
coordination of the Mo atoms. Layers 5-8 do not show
resolvable low index zone axes, indicating that they possess
different rotational orientations. Most of the areas viewed in
the STEM investigation did not show any, or at most a single
layer with a resolvable zone axis. A high density of inde-
pendent nucleation sites probably causes the rotational dis-
order between layers during the self-assembly of the
precursor. Faster growth along a MoSe, sheet than hetero-
geneous nucleation of an adjacent layer at the interface of an
existing layer results in the random rotational orientation.
Grain sizes within a layer agree with the diffraction estimates
using Debye—Scherrer analysis (on the order of ~10 nm).

The HAADF HRSTEM images in figure 5 consist of
well-defined planar layers. These images are very different
from previously reported HAADF HRSTEM images of WSe,
made by MER synthesis, where the cross section high-reso-
lution TEM images showed non-planar layers with small in-
plane grain sizes [52]. These cross-sectional images of WSe,
were inconsistent with the reported XRD data on the same
sample [50] indicating that the sample was probably damaged
during TEM sample preparation.

Plan view HRTEM data and NBED patterns were col-
lected over a 250 x 250 nm region of the 8-layer sample to
obtain information on the local rotational disorder. Figure 6
shows a representative 3 x 3 grid of these NBED patterns
collected with a focused 8 nm electron beam on a square grid
with 10 nm between the centers of the electron beam. All of
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Table 1. Summary of lattice parameters from x-ray diffraction, cross-plane thermal conductivity (A), and z-axis longitudinal (Cs3) and shear
(Cy4y) elastic constants for the rotationally disordered MoSe, films in this study.

# MoSe, layers a (nm) c(nm) AWm KD Cs3(GPa) Cyy (GPa)
64 0.3309(5) 0.6532(2)  0.090799% 44 43 —
32 0.3313(1)  0.6526(2)  0.07+)53 3245 —
24 0.3309(1) 0.6528(5)  0.07%3%, 4147 —
16 0.3310(1)  0.6536(9)  0.073%, 38 +8 —
8 0.3308(4)  0.653(1) — — —
~ 92 — — — 33+1  3.0+09

intensity / a.u.

I T TN TN N T N T A

10 20 30 40 50 60 70 80
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Figure 4. Representative GIXRD patterns of 16-, 32-, and 64-layer
films showing only /&0 reflections due to the preferred orientation of
the crystallites.

the patterns contain multiple hexagons of varying orientation
and intensity, reflecting the local orientations of the hexagonal
MoSe, basal planes. The local orientations change sig-
nificantly from spot to spot. The grain orientations are ran-
domly distributed and they change intensity independently of
one another, consistent with the rotational disorder inferred
from the cross section HRSTEM data discussed earlier. If all
of the patterns over the 250 x 250 nm area are stacked on top
of one another, rings of uniform diffraction intensity are
obtained (see SI, available online at stacks.iop.org/NANO/
30/285401 /mmedia), consistent with the x-ray pole figure
experiment discussed earlier. Different grain orientations can
be identified in each individual pattern, and are represented by
the different color hexagons in the central pattern of figure 6.
These orientations were tracked from the central pattern to the
adjacent regions. If a specific orientation is still observed, a
hexagon of that color is shown. If the orientation is missing in
an adjacent region, the hexagon is not shown. While a specific
orientation may exist on diffraction patterns collected on
adjacent spots, the majority of the orientations change even at
this length scale.

Further information about the extent of rotational dis-
order of the MoSe, layers on a smaller scale was obtained
through the evaluation of fast Fourier transforms (FFTs) taken
from 5 x 5nm? region of the HRTEM micrograph depicted
in figure 7 and explained in the SI. The rotational disorder of
NBED patterns on the larger scale is consistent with the
superposition phase contrast visible in figure 7(a). However,

Figure 5. Cross-sectional HAADF-STEM images of 24-layer and
8-layer MoSe, films. Grain orientations and zone axes are indicated
in the shaded boxes, and the arrangement of atoms is shown with red
spheres corresponding to Mo atomic columns and gold spheres
corresponding to Se atomic columns.

confined areas with single rotational alignment could be
identified, see, HRTEM contrast and FFT data evaluation
showing single hexagon patterns in figures 7(b) and (c),
respectively. To show how the orientations of the hexagons
vary as a function of location, we created a color coded map
of the hexagon orientations (figure 7(d)), similar to the
colored hexagons of figure 6. In figure 7(d), the colors refer to
specific rotational orientations observed in this area. New
orientations appear and rotations from an adjacent square
disappear as the FFT area is moved across the image. Specific
orientations persist over 10-30 nm length scales, as observed
for the sample area examined by NBED. Details of the data
evaluation are presented in the supporting material. The
changes in grain orientation observed in figure 7 are
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Figure 6. Nanobeam electron diffraction patterns of selected areas of
MoSe, separated by 10 nm. Grain orientations are highlighted by
colored hexagons in the central SAED image. If one of these
orientations persists in a neighboring SAED image, the color
hexagon corresponding to that orientation is superimposed on the
image.

consistent with the estimates of the in-plane grain size and
illustrate the extensive local rotational disorder between
MoSe; layers on the nanometer scale.

Electrical resistivity was measured at temperatures
between 165 and 295 K using the van der Pauw method. The
resistivity increased exponentially from 0.83 Q2 m at room
temperature to 10.7 2 m at 165 K, indicating that the films are
semiconducting. A linear regression of Inp v. T~! (figure 8)
yielded an activation energy of ~0.2eV over this small
temperature range, which is approximately one order of
magnitude smaller than the optical band gaps reported for
bulk 2H MoSe, and large-grain monolayer structures [65].
While studies report a narrowing of band gaps in rotationally
disordered systems by ~15% [17] the lower activation energy
in our system obtained from the resistivity suggests that we
are not observing the intrinsic band gap, but instead we are
measuring barriers introduced by the grain boundaries or the
activation energy of a defect band [66].

Thermal conductivity measurements were made using the
TDTR method [67] on the 16, 24, 32, and 64-layer films with
a 80 nm thick aluminum film as an optical transducer sput-
tered on the MoSe, films. The 8-layer film was not measur-
able as it is too thin for the measurement to have enough
sensitivity to the thermal conductivity. The thermal model is
compared with the measured TDTR data to determine the
thermal conductivity of MoSe, (A). Regarding the other
parameters of MoSe, that are needed for the thermal model,
we used the heat capacity as 1.89 JK™' cm™ [68]; for the
interfacial thermal conductance (G) between Al and MoSe,,
we assume the range of G as 100 + 70 MW m> K~'. The

lower end corresponds to the lowest interfacial thermal con-
ductance of metals and van der Waals materials, i.e. NbV and
ReS, [68]. The upper end corresponds to the interfacial
thermal conductance of Al sputtered on Si thermal oxide. The
TDTR signal is most sensitive to A of MoSe, and less sen-
sitive to G, and only the lower end of G affects the fitted A. A
summary of the thermal conductivity of 16, 24, 32, and 64-
layer films is given in table 1. Note that the positive uncer-
tainty of A corresponds to G = 30MW m ™= K™' and the
negative uncertainty corresponds to G = 170 MW m > K\,

The measured cross-plane thermal conductivities,
0.07-0.09Wm ' K', are extremely low for a fully dense
solid. These values are a factor of 20-50 smaller than what
has been reported for bulk dichalcogenides of Mo, W, and Ti
for which values ranged from 1.75Wm ' K™ ' for a pur-
chased single crystal of WSe, to 4.7 W m ' K~ for a natural
mined single crystal of MoS, [35, 37, 50, 51, 69]. Thermal
conductivity values for crystals of Mo and W dichalcogenides
grown via vapor transport range from a low of 1.2Wm™'
K™ for WSe, to a high of 3.5 Wm ! K!' for MoSe,
[37, 70, 71]. Samples of MoS, prepared by annealing Mo
films in S vapor have thermal conductivities close to those of
bulk crystals [51, 72]. These values are generally in agree-
ment with calculated values [73, 74]. Intercalation has been
shown to lower the cross-plane thermal conductivity of
dichalcogenides by a factor of 2-3 [69, 72] significantly less
than the reduction observed here. Very low cross-plane
thermal conductivities have been published for disordered
dichalcogenide films prepared by magnetron sputtering,
0.1-0.3Wm ' K™' [51]. Models that accommodate reduced
symmetry along z have corroborated that stacking disorder
and lattice expansions on the order of 2%-3% can reduce
cross-plane thermal conductivity to ~0.4Wm~' K~' [75].

The longitudinal speed of sound along the z-axis (v;) of
the Al-sputter coated MoSe; films can be determined by using
picosecond acoustics [76]. The longitudinal elastic constant,
Cs3, can be calculated as C33 = pvi, where p is the theoretical
mass density of MoSe,, 7.0 gcm*3, and is shown in table 1.
The Cs3 of 3244 GPa is comparable to that of other trans-
ition metal dichalcogenides, e.g. 52 GPa for MoS, bulk [72]
and 43 GPa for ReS, exfoliated flake [77].

We also determined transverse speed of sound along the
z-axis (v7) via surface acoustic wave measurements [78]. The
measurement can be performed in the same setup as TDTR
but requires a thicker film with a tuned thickness of Al
transducer. Therefore, we used a MoSe, film prepared by the
MER method but of 60nm thickness (=92 layers). The
sample was coated with 145 nm thick Al. Surface acoustic
waves with a wavelength of 700 nm were generated using an
elastomeric polydimethylsiloxane phase-shift mask attached
onto the sample surface. The shear modulus (Cy4) was derived
from the measured frequency of the surface acoustic waves,
from which the transverse speed of sound along the z-axis can
be calculated using Cyy = pv%.

The shear modulus of the 60 nm thick MoSe, film is
3.0 £ 0.9 GPa (see table 1). To the best of our knowledge,
this is the first experimental data for the shear modulus of a
disordered van der Waals material. This value is significantly
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Figure 7. Plan view HRTEM study of the 8-layer MoSe, sample. (a) HRTEM micrograph showing blurred phase contrast originating from
the superposition of rotationally disordered layers. (b) Magnified view of the red box in (a) showing a small area with single rotational
alignment, and corresponding FFT pattern (c). (d) Color coded map showing different hexagon orientations extracted from a grid of FFTs
from 36 x 5 x 5nm?” square areas. The presentation is limited to the three most prominent rotations.
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Figure 8. The linear relationship between Inp and 7' indicates that
films are semiconducting.

suppressed compared with the bulk counterpart: although
direct experimental results are not available, the shear mod-
ulus derived from the frequency of Raman-active shear modes
is 17-19 GPa for MoSe, and 19 GPa for MoS, [79]. First-
principles calculations predict 33 GPa for MoSe, [80]
although we point out that this result is likely to be sensitive
to the choice of the functionals used to describe the van der
Waals interactions between the layers. The reduced shear
modulus implies that the ultralow thermal conductivity of the
rotationally disordered MoSe, films can be partly attributed to
the strongly suppressed group velocity of transverse acoustic
phonon modes.

Results presented in this study suggest that rotational
disorder in otherwise well-defined crystalline systems is suf-
ficient to reduce thermal conductivity to ultralow values. The
structural analysis indicates that our films consist of a highly
periodic MoSe, array with flat (non-wavy) monolayers that
have in-plane lattice parameters equal to that found in
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crystalline MoSe,. The in-plane XRD pole figures show that
the layers have a random rotational orientation over the large
area probed. The NBED and high-resolution TEM imaging
show that this interlayer rotational disorder exists at the
nanoscale. The c-axis lattice parameter, however, is ~1%
larger than that measured in crystalline MoSe, due to the
rotational disorder between the layers.

The ultralow thermal conductivity values reported here
are consistent with the cross-plane thermal conductivities
reported for WSe, and dichalcogenide containing hetero-
structures prepared using the MER approach with semi-
conducting rock salt layers, with values ranging from 0.05 to
0.35 Wm 'K™! [49, 50, 81-84]. From the acoustic mea-
surements, we reveal that the rotational disorder suppresses
the group velocity of the transverse phonon modes along the
z-axis, while that of the longitudinal modes remain intact.

3. Summary

The results presented herein are relevant for researchers
investigating the potential use of the novel properties found in
van der Waals heterostructures for use in nanoelectronic
applications where interfaces between layers are likely to be a
large fraction of the active devices. We showed via extensive
structural characterization that rotational misalignment
between layers creates very anisotropic environment in the x—
y plane for the chalcogen atoms of dichalcogenides, as the
chalcogen atom in one layer is no longer sitting in the middle
of a triangle of chalcogen atoms from the adjacent layer [85].
This rotational disorder results in extremely low thermal
conductivities for a fully dense solid. Similar anisotropic
environments are present at the interfaces in van der Waals
heterostructures due to the different in-plane lattice para-
meters of the constituents. Consequently, we expect that van
der Waals heterostructures will likely have very low cross-
plane thermal conductivities. This will be an important design
issue for heterostructures devices that dissipate power and a
potential opportunity to obtain high thermoelectric perfor-
mance in devices operating across the van der Waals inter-
faces of heterostructures.
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