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ABSTRACT:A significant experimental challenge in testing
proposed relationships between structure and properties is the
synthesis of targeted structures with atomistic control over both
the structure and the composition. SnSe2(MoSe2)1.32 was
synthesized to test the hypothesis that the low-temperature
synthesis of two interleaved structures would result in complete
turbostratic disorder and that the disorder would result in
ultralow thermal conductivity. SnSe2(MoSe2)1.32was prepared
by depositing elements to form a precursor containing Sn|Se
and Mo|Se bilayers, each containing the number of atoms
required to form single dichalcogenide planes. The nano-
architecture of alternating Sn and Mo layers is preserved as the
dichalcogenide planes self-assemble at low temperatures. The
resulting compound contains well-formed dichalcogenide planes that closely resemble that found in the binary compounds and
extensive turbostratic disorder. As expected from proposed structure−property relationships, the thermal conductivity of
SnSe2(MoSe2)1.32is ultralow,∼0.05 W m

−1K−1.

Exceptionally small thermal conductivities have been foundin layered compounds with extensive turbostratic disorder
(a random rotation or translation between adjacent basal
planes).1,2The extent of turbostratic disorder is typically less
than 100%, as an ordered crystal structure is thermodynami-
cally favored.3Usually the extent of turbostratic disorder is
controlled by processing conditions, with higher temperature
and longer time annealing reducing the amount of disorder.4

An alternative approach to maximize rotational disorder would
be to choose different constituents in a heterostructure with a
lattice mismatch that prevents the formation of a coherent
interface between them.
Heterostructures with incommensurate interfaces, however,
are usually thermodynamically unstable with respect to
disproportionation and cannot be prepared by traditional
synthesis approaches.5The approaches commonly used to
prepare heterostructures, such as manual stacking of layers,
yield small volumes of material, which can make characterizing
the atomic structure and measuring physical properties
challenging. It is hard tofind common growth conditions for
different constituents using van der Waals epitaxial growth
techniques, so growing A on B and B on A is typically not
possible.5,6 An alternative approach that overcomes this
problem is the modulated elemental reactant method, in
which a precursor is prepared with the nanoarchitecture of the

desired product.7Low-temperature annealing results in the
self-assembly of the kinetically stable targeted product.
Here, we use this approach to test the hypothesis that lattice
mismatch between two different hexagonal layers will max-
imize rotational disorder and result in exceptionally low
thermal conductivity. We focus specifically on a target
compound, SnSe2(MoSe2)1.32, which would contain alternating
layers of SnSe2and MoSe2with weak van der Waals bonding
between them if it could be prepared (Figure 1). The large
difference in the hexagonal basal plane lattice parameters
between the two constituents,a= 0.381 nm for SnSe2

8anda=
0.329 nm for MoSe2,

9−12results in a misfit of 1.32. Therefore,
the Se atoms in SnSe2cannot periodically reside in the middle
of a Se triangle of the adjacent MoSe2layers. This should
reduce the energy difference between different relative
orientations, which we expect will result in extensive rotational
disorder.

■EXPERIMENTAL METHODS
The compound SnSe2(MoSe2)1.32was synthesized using the
modulated elemental reactants (MER) technique.2Sn and Mo
were deposited using electron beam guns, and Se was
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deposited using an effusion cell. Allfilms were deposited on
silicon wafers with a native oxide layer and on quartz
substrates. Deposition was controlled using quartz crystal
microbalances (QCM), and deposition rates were 0.1−0.3 Å/s.
Shutters controlled the amount of each element deposited, and
the order of deposition was determined by the sequence of
shutter events. Precursors were annealed at various temper-
atures in a N2glovebox with a concentration of oxygen below
0.6 ppm to induce diffusion and self-assembly of the targeted
product.
X-rayfluorescence spectroscopy was used to determine the
number of atoms of each element deposited using a Rigaku
ZSX Primus II wavelength-dispersive X-rayfluorescence
spectrometer with a rhodium X-ray source. Intensity was
measured by integrating the signal over the appropriate ranges
for both thefilms and the substrates without any deposited
film. The substrate-integrated counts were subtracted from the
integrated intensity of the coated substrates to correct for the
background. The proportionality constant between the XRF
intensity and the atom density per unit area for each element
was determined as previously described.13

Specular X-ray diffraction (XRD) scans were collected using
a Bruker D8 Discover diffractometer equipped with Cu Kα
radiation (λ= 0.15418 nm), a Göbel mirror, and Bragg−
Brentanoθ-2θoptics geometry. In-plane XRD was done on a
Rigaku SmartLab diffractometer equipped with Cu Kα
radiation in a grazing incidence geometry. High-quality in-
plane XRD scans for Rietveld refinements were collected at the
Advanced Photon Source at Argonne National Laboratories
using beamline 33-C.
Cross-section specimens for transmission electron micros-
copy were prepared by standard focused ion beam (FIB)
milling using a FEI Helios 600i Dual-Beam FIB. High-angle
annular darkfield scanning transmission electron microscopy
(HAADF-STEM) and energy-dispersive X-ray spectroscopic
(EDX) measurements were collected using a Themis Z
instrument (FEI/Thermo Fisher Scientific) operated at 300
kV.
The van der Pauw technique14 was used to measure
electrical resistivity and Hall coefficients in a temperature
range of 20−295 K. Samples were prepared on fused quartz
crystal slides in a 1 cm×1 cm cross geometry. Further details
on how temperature-dependent resistivity and Hall measure-
ments were conducted are described elsewhere.15

Thermal conductivity experiments were performed at room
temperature using time-domain thermoreflectance as described
previously.16,17

■RESULTS AND DISCUSSION
We synthesized SnSe2(MoSe2)1.32by preparing a precursor
that contained a repeating sequence of Se|Mo|Se|Sn elemental
layers, where each Se|M bilayer contained the number of atoms
required to form a single Se−M−Se trilayer of the respective
dichalcogenide. The number of times the sequence was
repeated controlled the number of unit cells that self-
assembled and the thickness of thefilm. Annealing these
films at 300°C for 30 min in a dry N2atmosphere resulted in
the self-assembly of the targeted structure. The low diffusion
rates at this temperature prevented the precursor from
disproportionating into a mixture of the thermodynamically
more stable bulk constituents. Higher annealing temperatures
resulted in the loss of Se and the formation of SnSe impurities.
We found that a slight excess of Se (∼5%) increased the grain
sizes in the resulting heterostructures. The resulting
SnSe2(MoSe2)1.32films were annealed in a sealed tube with a
Se partial pressure at 500°C for 1 h to maximize Se
occupancies in the respective dichalcogenides. The excess Se
during annealing was condensed on the walls of the tube on
cooling, resulting in stoichiometricfilms as measured using X-
rayfluorescence.
The low-angle X-ray reflectivity (XRR) patterns of the
annealedfilms, shown inFigure 2, contain thefirst two 00l

Bragg peaks of SnSe2(MoSe2)1.32 and higher frequency
intensity oscillations, which result from Kiessig fringes at low
angles18and Laue oscillations at higher angles.19The position
of thefirst two Bragg peaks are the same in the differentfilms,
indicating a constantc-axis lattice parameter (1.305(2) nm).
The observation of oscillations to 2δ>15°indicates that the
layers are smooth and parallel to one another within an
Angstrom within the coherence length of the incident X-rays as
determined by the Parratt relationship.20The total thickness
calculated from the Kiessig fringes is an integral multiple of the
c-axis lattice parameter. Each of the deposited layers self-
assembles into a unit cell of the target structure. The
agreement between the calculated and the experimental
patterns indicates that the nanoarchitecture of the precursor
is maintained in thefinal product.

Figure 1.Schematic representation of the targeted SnSe2(MoSe2)1.32
structure.

Figure 2.Representative XRR scans from a number of different
SnSe2(MoSe2)1.32samples (blue traces), and calculated pattern (red
trace) of the sample with 16 unit cells.
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The structure of the heterostructures was also probed using
high-angle specular (XRD) and in-plane diffraction (IPXRD)
scans. All of the reflections in the specular XRD patterns
(Figure 3) could be indexed as 00lreflections, yielding ac-axis

lattice parameter of 1.307(5) nm for allfilms, in agreement
with the XRR data. This lattice parameter is 0.05 nm larger
than the sum of the MoSe2(0.646 nm)

9−12and SnSe2(0.614
nm)8,21 layers in their equilibrium bulk structures. This
increase is larger than the 0.1 Åc-axis lattice parameter
increase observed in turbostratically disordered MoSe2relative
to crystalline MoSe2.

3The largerc-axis lattice parameter of
SnSe2(MoSe2)1.32relative to the sum of the layer thicknesses
found in the binary compounds may result from the lack of
nesting of the Se atoms in adjacent layers as found in
crystalline 2H MoSe2.

9−12

A representative in-plane X-ray diffraction pattern of an
annealed SnSe2(MoSe2)1.32sample is shown inFigure 4. The

pattern contains maxima that can all be indexed ashk0
reflections of two different hexagonal lattices. The smallera-
axis lattice parameter [0.331(1) nm] is slightly larger than that
reported for MoSe2(0.329 nm),

9−12while the larger lattice
parameter (a= 0.381(3) nm) matches that of SnSe2(a= 0.381
nm).8The in-plane diffraction data are consistent with the

specular diffraction and reflectivity data, which are all
consistent with a structure containing alternating layers of
SnSe2and MoSe2.
Atomic resolution HAADF-STEM data were collected from
cross sections of thefilms to obtain more structural
information.Figure 5shows a representative cross section,

from the top to the bottom of a sample containing 32 unit cells
of SnSe2(MoSe2)1.32. The higher atomic number of Sn relative
to Mo should make planes containing Sn be brighter than
layers containing Mo. There is little contrast between layers,
however, due to the higher density of Mo atoms in MoSe2
relative to Sn in SnSe2, which offsets the difference in atomic
number. There are atomically smooth interfaces between
discrete layers, consistent with the diffraction data. We
observed only a couple of small regions oriented along low-
index zone axes.
Figure 6shows a higher magnification image of a region with
several low index zone axes visible within the samefield-of-
view. The different zone axis orientations in the respective
layers are consistent with octahedral and trigonal prismatic
coordination. There is a high degree of rotational disorder.
Furthermore, within each layer the zone axis alignments persist
for only 5−10 nm, providing a direct indication of the very
small in-plane grain sizes.
Energy-dispersive X-ray spectroscopy (EDX) spectrum
images were collected, and a representative region is shown
inFigure 7. The intensity of Sn and Mofluorescence alternates
with a periodicity equal to the c-axis lattice parameter.
Integrating the intensity over the area shown enabled us to
determine the position of the atomic planes of Sn and Mo,
which was used in the initial Rietveld refinement model
described later. There is occasionally a spike of Mo intensity in
the same location as the Sn maxima, for example, atx≈13 nm
inFigure 6, suggesting that there may be some MoSe2regions
in the SnSe2planes.
A Rietveld refinement was done on the specular diffraction
pattern to obtain the distances between atomic planes along
thecaxis. Since only 00lreflections are observed, the
diffraction data is not sensitive to symmetry within thex−y
plane.22Mirror planes perpendicular to thecaxis on the planes
of the cations of the dichalcogenide structural unit were
assumed. The atomic densities were initially assumed to be
identical to the binary compounds.Figure 8shows the

Figure 3.Four representative X-ray diffraction patterns of
SnSe2(MoSe2)1.32 samples; (00l) indices are shown above each
reflection (*= substrate reflections,#= stage reflections).

Figure 4.Representative in-plane diffraction pattern scan contains
reflections that are consistent with two hexagonal lattices. Lattice
parameters calculated from the indices of thehk0 maxima shown
above the reflections match those of SnSe2and MoSe2.

Figure 5.HAADF STEM images of a 32 unit cell thick
SnSe2(MoSe2)1.32 sample. Atomically smooth interfaces persist
throughout the entire thickness of the sample.

Chemistry of Materials Article

DOI:10.1021/acs.chemmater.9b01637
Chem. Mater.2019, 31, 5699−5705

5701

http://dx.doi.org/10.1021/acs.chemmater.9b01637


refinement of a specular diffraction pattern where the relative
positions of the atomic planes of Mo, Sn, and Se determined
from STEM-EDS data were used as an initial model. The
refined distance between Mo and Se planes within a MoSe2
layer of SnSe2(MoSe2)1.32, 0.166(1) nm, is consistent with that
reported for MoSe2(0.1667 nm).

9−12To get a reasonable
refinement, some of the Mo that was within the Sn plane of the
SnSe2layer was required, which was suggested by the EDX and
in-plane diffraction data (discussed next). The resulting
occupancies (8% Mo, 92%Sn (±5%)) are consistent with
XRF and STEM EDS data. Rather than being a random
substitution, the EDX data and in-plane diffraction data
discussed in the following paragraph both suggest that there
are regions of MoSe2within the SnSe2layer. The spacing
between Sn and Se planes in the SnSe2 layer in
SnSe2(MoSe2)1.32, 0.157(1) nm, is slightly larger than that
reported for SnSe2(0.153 nm).

8,19The refined van der Waals
gap between the SnSe2and the MoSe2constituents, 0.335(1)
nm, is 0.023 nm larger than that found in MoSe2and 0.029 nm
larger than the van der Waals gaps in SnSe2. We speculate that
this expansion is a result of the inability of adjacent layers to
settle (or nest) within each other as found in 2H or 3R MoSe2
and is indicative of turbostratic disorder.
The results of refining the in-plane diffraction pattern of
SnSe2(MoSe2)1.32are shown inFigure 9. The structures of the
different dichalcogenide layers were assumed to be identical to
that of the bulk binary compounds, and the space groups for
the bulk solids were used in the refinement.8−12The atoms are
all on special position sites in both structures; there were nox
andycoordinates to refine. Thezcoordinates of the atoms do
not change the intensity of thehk0reflections. Reasonable
refinements were obtained with all atoms constrained to the
special position sites, refining the lattice parameters and the
relative scattering of the different lattices. The agreement
between the measured and the calculated intensity indicates
that layers have the structures of the respective binary

Figure 6.Higher magnification HAADF STEM image showing a rare
region where several low index zone axes are visible. Lack of long-
range alignment of the zone axes is consistent with turbostratic
disorder.

Figure 7.EDX spectrum image of a region of the SnSe2(MoSe2)1.32.
Lower graph plots the variation of the intensity of characteristic X-
rays for Mo and Sn versus the distance along thecaxis, obtained by
integrating the EDX spectrum image in the direction parallel to the
layers.

Figure 8.Rietveld refinement of the specular diffraction pattern of
SnSe2(MoSe2)1.32using initial positions of the atomic planes derived
from STEM and STEM EDX data. (Inset) Distance between atomic
planes determined from the refinement.
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compounds. Thea-axis lattice parameters [0.331(1) and
0.381(3) nm] match those reported for MoSe2(0.329 nm)
and SnSe2(a= 0.381 nm),

8−12suggesting the relative amount
of substitution of Mo in SnSe2or Sn in MoSe2is small. The
relative intensity of the MoSe2constituent, however, is 20%±
10% higher than expected based on the misfit parameter. The
agreement of thea-axis lattice parameters with the bulk
compounds, the higher relative intensity of the MoSe2in the
refinement of the in-plane diffraction pattern, needing Mo in
the Sn layer to refine the specular diffraction pattern and the
spikes of Mo intensity found in some of the Sn planes in the
STEM EDX data are all consistent with occasional domains of
MoSe2in the SnSe2planes.
Electrical resistivity data was obtained using the van der
Pauw method. The resistivity increased from 0.067Ωm at 295
K to 2.35Ωm at 150 K. A linear regression of lnρversus T−1

yielded an activation energy of 0.20(3) eV over this small
temperature range,Figure 10, which is significantly smaller
than the reported band gaps of monolayer MoSe2(∼1.55
eV),23−25bulk MoSe2 (∼1.4 eV),

26or SnSe2 (∼0.8−1.1
eV).27−29 The small activation energy may result from
activation to or from a dopant band or grain boundary
depletion due to the small in-plane grain sizes. An alternative
explanation is that there is a type II alignment of the bands and

the activation energy is that of an interlayer band gap. This
would be consistent with a calculation for a SnSe2/MoSe2
heterostructure, which yielded an interlayer band gap of 0.1
eV.30

Cross-plane thermal conductivity was measured with time-
domain thermal reflectance (TDTR). The thermal conductiv-
ities varied from 0.04 W m−1K−1for the thinnestfilm
containing 8 SnSe2(MoSe2)1.32unit cells to 0.06 W m

−1K−1for
afilm containing 32 SnSe2(MoSe2)1.32unit cells (Table 1).

These values are similar to those reported for turbostratically
disordered WSe2, i.e., 0.05 W m

−1K−1at room temperature,
the lowest value reported for any fully dense solid.1These
values are slightly smaller than the thermal conductivity of
turbostratically disordered MoSe2, 0.07−0.09 W m

−1K−1.3

The reported conductivity is significantly lower than the cross-
plane thermal conductivity of MoSe2single crystals (∼3 W
m−1K−1)31or SnSe2single crystals (∼1.4 W m

−1K−1).19The
ultralow thermal conductivity of SnSe2(MoSe2)1.32films can be
attributed to the fact that rotational disorder effectively
suppresses the group velocity of transverse phonon modes.3

Low thermal conductivities (0.1−0.3 W m−1 K−1) were
previously reported for a number of different dichalcogenides
prepared using magnetron sputtering, but these samples had
extensive structural disorder not found in thefilms studied
herein.32

■CONCLUSIONS
This study shows that interleaving two structures with
significant lattice mismatch results in turbostratic disorder
between the constituent layers and lowers thermal conductivity
to ultralow values. The detailed structural characterization
shows that the heterostructure is highly periodic containing
alternating, well-formed and planar MoSe2 and SnSe2
monolayers that retain the in-plane structure of their bulk
lattices. The large mismatch between basal plane structures
maximizes rotational disorder and also increases the van der
Waals gap in the heterostructures. The interplanar rotational
disorder gives rise to highly anisotropic bonding environments
for the Se atoms in both constituent layers, as they no longer
reside in high-symmetry sites. The synthesis of the metastable
compound SnSe2(MoSe2)1.32, which is unstable at high
temperatures, was accomplished using designed precursors.
The precursors had a controlled number of atoms per unit
area, alternated in a designed sequence, which matched that of
the desired product. Annealing the precursor self-assembled
the targeted compound at relatively low temperatures. Since
this synthesis approach is not based on epitaxy, it is widely
applicable to heterostructures containing constituents with
greatly dissimilar chemistries and crystal structures.

Figure 9.Rietveld refinements of the in-plane diffraction pattern of
SnSe2(MoSe2)1.32with all of the atom positions constrained to the
special sites found in the respective binary compounds. Relative
intensity of the MoSe2pattern is higher than expected.

Figure 10.Graph of ln ρversus inverse temperature. Linear
relationship is consistent with an activated conductivity. Errors of
the measured values are less than the size of the data points.

Table 1. Summary of Lattice Parameters and Cross-Plane
Thermal Conductivity (Λ) for SnSe2(MoSe2)1.32Films with
Different Thicknessesa

no. of unit cells in
film

SnSe2
a(nm)

MoSe2
a(nm) c(nm) Λ(W m−1K−1)

32 0.381(1) 0.311(1) 1.307(1) 0.06(1)

16 0.381(1) 0.311(1) 1.303(1) 0.05(1)

8 0.381(1) 0.310(1) 1.302(6) 0.04(1)
aErrors are given in parentheses.
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