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Visualizing Energy Transfer at Buried Interfaces in Layered
Materials Using Picosecond X-Rays
Clara Nyby, Aditya Sood, Peter Zalden, Alexander J. Gabourie, Philipp Muscher,
Daniel Rhodes, Ehren Mannebach, Jeff Corbett, Apurva Mehta, Eric Pop,
Tony F. Heinz, and Aaron M. Lindenberg*

Heat dissipation presents a significant bottleneck for the
performance of numerous computing, optoelectronic, and
energy storage technologies.[1–5] Understanding thermal

energy transport across various interfaces
which appear in heterogeneous systems
remains a key challenge.[6] Experimentally, the study of thermal boundary conductance (TBC) between two dissimilar
materials is typically carried out in specially designed model systems where the
interface of interest is positioned close
(≈few nanometers) to the surface of the
sample.[7–9] However, these model systems
often cannot incorporate the complexity
of real devices, where thermal bottlenecks
frequently occur at buried interfaces,
which could be at depths of tens to hundreds of nanometers up to several micrometers.[10] With the advent of 3D integrated
circuits,[11] where heat dissipation could be
a major issue, it is of paramount importance to develop nondestructive thermal
metrologies for buried interfaces and in
spatially confined geometries.
Developing such metrologies is particularly relevant for van der Waals (vdW)
layered materials such as transition metal dichalcogenides
(TMDs), which are promising candidates for next-generation
applications in optoelectronics and photonics. Because the
weak vdW bonding in these materials limits thermal conduction, heat management is a key consideration for integrating
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Understanding the fundamentals of nanoscale heat propagation is crucial for
next-generation electronics. For instance, weak van der Waals bonds of layered materials are known to limit their thermal boundary conductance (TBC),
presenting a heat dissipation bottleneck. Here, a new nondestructive method
is presented to probe heat transport in nanoscale crystalline materials using
time-resolved X-ray measurements of photoinduced thermal strain. This technique directly monitors time-dependent temperature changes in the crystal
and the subsequent relaxation across buried interfaces by measuring changes
in the c-axis lattice spacing after optical excitation. Films of five different layered transition metal dichalcogenides MoX2 [X = S, Se, and Te] and WX2 [X = S
and Se] as well as graphite and a W-doped alloy of MoTe2 are investigated.
TBC values in the range 10–30 MW m−2 K−1 are found, on c-plane sapphire
substrates at room temperature. In conjunction with molecular dynamics
simulations, it is shown that the high thermal resistances are a consequence
of weak interfacial van der Waals bonding and low phonon irradiance. This
work paves the way for an improved understanding of thermal bottlenecks in
emerging 3D heterogeneously integrated technologies.

1. Introduction
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them into devices.[2,12,13] Directly observing heat transport at
buried interfaces is especially difficult in these materials due
to their low out-of-plane (i.e., parallel to the c-axis) thermal
conductivity.[14] Widely used methods such as time-domain
thermoreflectance (TDTR)[7] and frequency-domain thermoreflectance (FDTR)[15] are ideal for measuring thermal transport
at the interface between a metal transducer and substrate or at
interfaces below very thin layers of material. However, probing
buried interfaces is challenging due to the competing effects of
various thermal impedances in the network. Similar difficulties
are faced by electrothermal techniques like the 3ω method,[16]
where buried TBC measurements must deconvolve the effect
of heat transport across the film thickness. An additional drawback of both the optical and electrothermal methods is the
requirement of fabricating metal electrodes, which introduce
additional uncertainty from the metal-film TBC. Raman thermometry has been demonstrated to be a useful technique to
nondestructively measure TBC in atomically thin materials,[8,17]
including recently at buried TMD interfaces.[18] However, it typically requires that the upper layers are sufficiently transparent,
and the buried layers have sufficiently large temperaturedependent changes in Raman peak position and well-characterized optical absorption, or a prominent Stokes/anti-Stokes ratio.
In contrast to optical and electrothermal methods, X-rays
offer unique advantages in terms of both material specificity
and depth of penetration (e.g., ≈500 µm in silicon at 15 keV).
Here, we report a new technique for observing thermal energy
dissipation at buried interfaces in nanoscale vdW-layered crystals using optical pump, picosecond X-ray diffraction (XRD)
probe measurements. This method leverages the high sensitivity of X-rays to detect extremely small thermally induced
strains at the 10−7 level.[19,20] The need for a transducer layer
is avoided by directly exciting the layered crystal. As the material cools, we measure its time-dependent c-axis strain. Finiteelement (FE) simulations are used to model this combined
optical and thermal process to extract the TBC with the substrate, to which these measurements are uniquely sensitive.
Using this approach, we measure TBCs of five TMD layered
crystals (MoX2 where X = S, Se, Te, and WX2, where X = S and
Se), graphite and W-doped alloy of MoTe2 (Mo0.93W0.07Te2) on
c-plane sapphire (Al2O3) substrates. Notably, most of the measured TBC values lie in the range 10–30 MW m−2 K−1 at room
temperature, which is at least one order of magnitude lower
than typical metal–dielectric interfaces used in the semiconductor industry. We explain this thermal bottleneck effect in
terms of the low phonon irradiance of layered materials and
weak vdW bonding to the substrate. This work demonstrates
the suitability of picosecond XRD to probe interfacial coupling
in isolated layered crystals and underscores the importance of
TBC in determining the ultimate performance of 2D materialbased devices.

2. Results and Discussion
Measurements were conducted at the Stanford Synchrotron
Radiation Lightsource (SSRL) beamline 10–2 using monochromatized and focused (≈300 µm full width at half maximum
or FWHM) 15 keV X-rays to probe isolated single crystals
Adv. Funct. Mater. 2020, 30, 2002282

(see Figure 1a) on the sapphire substrates. The time resolution of the measurements is limited by the 60 ps FWHM pulse
length of the probe X-rays. We synchronize a femtosecond
1030 nm fiber laser with a 1.28 MHz repetition rate and
2.6 W average power to the electron bunch radio-frequency
(RF) signal and use a barium borate crystal to generate a 515
nm pump pulse with an FWHM of 500 fs. The spot size of
the optical pump is ≈1 mm FWHM, larger than both the lateral size of the samples (10–100 µm) and the spot size of the
X-rays (≈300 µm FWHM), to ensure homogeneous excitation.
To achieve pump–probe spatial overlap, the TMD (or graphite)
crystal is placed at the center of rotation of a six-circle diffractometer, and the pump beam is directed to the sample with
a half-circle mirror such that the pump and probe beams are
nearly collinear, with a crossing angle of ≈1°. Diffracted X-rays
from the (008) reflection of the TMD (or graphite) crystals are
captured with a Pilatus 100K detector mounted 950 mm from
the sample.
We measure the dynamic photoinduced strain response in
the thin crystal by measuring center-of-mass changes in the
diffraction images. Previous work discusses in detail how the
strain response is extracted from center-of-mass changes in
Bragg reflections.[19] Strain is linearly related to temperature
rise via the coefficient of thermal expansion. As the sample
cools due to thermal transport across the sample–substrate
interface, the time-dependent strain provides a direct measurement of the normalized cooling curve on a nanosecond timescale (see Figure 1b–d). We note that this approach does not rely
on an absolute measurement of temperature, only its rate of
change, similar to ultrafast thermoreflectance techniques. The
thickness of the flakes, measured by atomic force microscopy,
ranges from 30 to 360 nm (see the Supporting Information).
Note that because the X-ray penetration depth (e.g., ≈100 µm
for MoS2 at 15 keV) is orders of magnitude larger than the film
thickness, the change in the center-of-mass of the Bragg peak
provides the thickness-averaged strain. We extract the TBC
values using an FE model that calculates the full depth- and
time-dependent temperature profile, as described below.
The time-dependent interlayer strain (i.e., parallel to the
c-axis), η, in a 200 nm thick MoS2 sample is shown in Figure 1c.
The negative strain following time zero corresponds to a contraction of the lattice caused by a photoinduced modulation of
the vdW forces between the layers.[21] Following this transient
effect near zero delay time, fitting the longer time strain relaxation dynamics to a single exponential function yields cooling
time constants ranging from 13 to 70 ns for the various thicknesses of MoS2. Assuming a 1D diffusion model as described
earlier,[22] this time constant τ can be directly related to the
TBC as, τ = Cvl/G, where l is the thickness of the flake, Cv is
the volumetric specific heat of the sample, and G is the TBC
with the substrate. For the thinnest MoS2 crystal (l = 33 nm),
this simple model estimates G = 5.3 MW m−2 K−1, in rough
agreement with the value extracted using the more detailed FE
model described below.
The normalized temperature profile is fit to an FE heat diffusion model to extract the TBC at the interface between the
layered crystal and sapphire substrate. Other input parameters
for this simulation are the thickness, volumetric specific heat,
optical attenuation coefficient (α), and out-of-plane thermal
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Figure 1. a) Experimental setup of time-resolved X-ray diffraction (XRD) probing out-of-plane lattice reflections, where Δd indicates a change in lattice spacing, ΔQz is the change in reciprocal lattice, and t is the time delay between pump (800 nm) and probe (X-ray) pulses. A 40 MHz oscillator is
synchronized to the synchrotron radio frequency (RF) at 1.28 or 476 MHz via a phase-locked loop (PLL), and the timing of the laser pulse is controlled
with electronic delays. An electronically gated detector captures X-rays in a single 10 mA pulse, separated from other pulse trains by ≈60 ns. b) Normalized intensity profile of a 33 nm thick MoS2 crystal (008) Bragg reflection, compared to the (008) reflections in MoSe2 and MoTe2 using 15 keV X-rays.
c) The change in intensity after time zero (t ≈ 0.5 ns) of the MoS2 intensity in (a), showing the center-of-mass change. d) Strain response, η, of a
200 nm thick MoS2 crystal extracted from center-of-mass changes in the (008) Bragg reflection. The inset shows the shorter time response.

conductivity of the layered material (κz), as well as Cv and κz
of the substrate. Heat conduction is modeled as 1D since the
pump laser spot size is larger than the lateral dimensions of the
isolated single crystals. The governing equations used to model
the heat transfer are
Cv

∂T
∂2 T
−κz
=q
∂t
∂z2

(1)

where q = q0 exp(−αz) is the heat deposited per unit volume
by the laser pulse in the film over the optical absorption depth
Lp = 1/α. The sapphire substrate is transparent to the pump
wavelength and does not absorb any energy directly from the
laser pulse, i.e., q = 0 in the substrate. Literature values for Lp
and Cv are listed in Table S1 (Supporting Information) for all
the materials. A thermal boundary conductance G is included
at the interface between the film and sapphire substrate and is
modeled by
−κ z ,t

∂T
∂T
= − κ z ,b
= G (Tt − Tb )
∂z t
∂z b

(2)

where Tt and Tb are the top and bottom temperatures across the
interface. Because the temperature jumps do not exceed 5 K,
thermal radiation is ignored. The substrate in the simulation is
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much thicker (100 µm) than the films (up to 360 nm) and therefore acts as a heat sink with close to infinite capacity.
Previous studies have shown that vdW layered materials
can exhibit significant thermal size effects in the out-of-plane
direction,[23] i.e., κz decreases for films thinner than ≈1 µm,
even at room temperature. For example, κz ≈ 0.9 W m−1 K−1
across a 20 nm thick MoS2 film, which is ≈5× lower than the
bulk value of ≈5 W m−1 K−1.[23] This is due to the long meanfree-paths (MFPs) of c-axis thermal phonons, which scatter diffusely at the interfaces. This has also been seen in first principles calculations of MoS2,[24] WS2, and WSe2.[25] To account
for size effects in MoS2, WS2, and WSe2, we use a Boltzmann
transport equation (BTE)-based suppression function in conjunction with the ab initio MFP calculations to determine κz as
a function of thickness.[23] For graphite, we use previous thinfilm measurements made using TDTR.[26] For MoSe2, MoTe2,
and Mo1−xWxTe2 (x = 0.07), we assume that the normalized
MFP accumulation functions are similar to MoS2 and estimate
κz for the thin films by scaling with the ratio of their bulk κz
values.[25,27] Table S1 (Supporting Information) lists κz for each
sample, following the procedure outlined above.
Figure 2 shows the temperature rise as a function of z and t
for two thicknesses of MoS2. We find that the film equilibrates
internally before a significant amount of heat has left it, so that
only the TBC of the MoS2/Al2O3 interface determines the rate
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Figure 2. Finite-element simulations of heat propagation across
MoS2. Simulated time-dependent temperature rise in a) 33 nm thick flake
and b) 200 nm flake as a function of depth in the sample. A ≈500 fs laser
pulse is incident on the sample at the time point indicated by t0.

of cooling. Because of this, the simulations are largely insensitive to κz of the film. To fit the experimental data, from the
FE simulations, we evaluate the time-dependent temperature
rise averaged across the film thickness. Thickness averaging is
performed because the penetration depth of the 15 keV X-rays
is several orders of magnitude larger than the film thickness,
as noted above. Representative data and model best fits for the
various materials are shown in Figure 3. For example, for MoS2
samples of thickness 33–200 nm, we estimated a TBC between
8 and 28 MW m−² K−1 with sapphire, at room temperature.
Error bars are calculated by propagating uncertainties of ±5%
in thickness, ±10% in volumetric specific heat, ±10% in penetration depth, and ±2 ns in determination of time zero, and
adding the individual contributions in quadrature. All reported

values are summarized in Table 1 and plotted in the Supporting
Information.
We find that the TBCs for MoS2/sapphire lie within the
range of previously reported values for MoS2/SiO2 measured
using TDTR[23] and Raman thermometry,[8,13] as well as junctions between different layered materials[17,18] (see Figure 4a). In
general, we do not observe a systematic dependence of TBC on
film thickness. This is as expected, since to first order, the TBC
is related to the heat capacity and phonon group velocity, and
neither of these quantities depends on thickness. While there
is some variation in the measured values, they lie largely in
the range 10–30 MW m−2 K−1 (see Table 1) and are significantly
lower than most metal/Al2O3 interfaces measured previously
(see Figure 4b and Table S3 in the Supporting Information).
These junctions can therefore create a significant bottleneck for
heat dissipation in TMD-based devices. For example, a single,
atomically sharp vdW junction with a TBC of 10 MW m−2 K−1
has the same thermal resistance as a film of ≈140 nm of amorphous SiO2 (also known as the Kapitza length).
To gain insight into the physics of interfacial transport, we
compute the TBC at the MoS2/sapphire interface using molecular dynamics (MD) simulations in the bulk and monolayer
limit. For bulk MoS2, we use a nonequilibrium MD (NEMD)
method to extract the TBC. We apply a temperature gradient
across an MoS2/sapphire structure until a steady-state heat
current has been achieved. The resulting temperature profile,
averaged over ten independent simulations, as well as the corresponding structure can be seen in Figure 4c. Using Fourier’s
law, we compute the TBC for bulk MoS2 on crystalline Al2O3 to

Figure 3. Time-resolved strain response measurements (symbols) of a) 33 nm thick MoS2, b) 33 nm Mo0.93W0.07Te2, c) 39 nm MoSe2, d) 103 nm
WSe2, e) 106 nm WS2, and f) 200 nm graphite crystals, overlaid with best-fit simulation results (red lines). Additional data and analyses are provided
in Figures S4–S10 in the Supporting Information.
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Table 1. Summary of measured TBC values. All samples are on sapphire, at room temperature.
Material
MoS2

Thickness [nm]

G [MW m−2 K−1]

33

8 ± 1.2

43

18 ± 3.5

52

28 ± 3.3

130

20 ± 2.2

200

20 ± 2.5

MoSe2

39

10 ± 1.2

MoTe2

30

9 ± 1.3

360

32 ± 3.6

103

20 ± 2.2

185

28 ± 3.2

WS2

106

28 ± 3.3

Mo0.93W0.07Te2

33

10 ± 1.6

156

50 ± 5.6

200

50 ± 10

WSe2

Graphite

be 18.6 ± 0.8 MW m−2 K−1 at room temperature, which agrees
well with our range of measured values (8–28 MW m−2 K−1)
shown in Figure 4a.
To calculate the TBC of monolayer MoS2 on sapphire, we
employ the approach-to-equilibrium molecular dynamics
(AEMD) method used recently.[28] We first heat MoS2 to 500 K
and set the sapphire to 300 K, then release the temperature
constraints. During the temperature equilibration process (see
Figure 4d), we monitor the temperature of both MoS2 and
sapphire, which can be used in an equivalent thermal circuit[28]
(see Figure S2a in the Supporting Information) to compute the
TBC. The extracted TBC for monolayer MoS2 on crystalline
Al2O3 is 15.3 ± 0.3 MW m−2 K−1, similar to that computed for
bulk MoS2 using NEMD, suggesting that TBC has a weak
dependence on the number of layers. We also compute the TBC
between monolayer MoS2 and amorphous Al2O3 (see the inset
of Figure 4d) which gives 18.9 ± 0.5 MW m−2 K−1. Interestingly,
this is slightly higher than the TBC of monolayer MoS2 on crystalline Al2O3. We suggest that this is due to the broader density
of states in the amorphous substrate that overlaps better with
the MoS2, causing improved interfacial heat transfer.[29] These
insights could be beneficial for the design of substrates for 2D

Figure 4. a) Values of thermal boundary conductance, G, for MoS2 on sapphire compared to previously reported values in monolayer (red diamond)[8,13]
and thin films (green squares)[23] on SiO2/Si substrates using Raman thermometry and time-domain thermoreflectance, respectively. The dashed
horizontal line corresponds to the TBC calculated by nonequilibrium molecular dynamics simulations for bulk MoS2 on sapphire, 18.6 MW m−2 K−1.
b) Average of all measurements of TBC for MoS2/sapphire (18.8 MW m−2 K−1) compared to TBC for metal/sapphire interfaces from literature.[30–36]
MTLDebye is the maximum transmission limit in the Debye approximation (see Equation (3)). c) MD simulated average temperature profile for “bulk”
MoS2 (red diamonds) on crystalline Al2O3 (blue hexagons). The background shows the simulation structure and the atom positions corresponding to
the overlaid temperature profile. The temperature difference at the interface is denoted by ΔT. d) Average temperature transients using the approachto-equilibrium MD method for monolayer MoS2 on both crystalline sapphire (c-Al2O3, blue line and left inset) and amorphous Al2O3 (a-Al2O3, green
line and right inset). Dashed black lines represent the fit to Equation (S1) in the Supporting Information.
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electronics with optimal thermal performance. For example,
it may be important to consider a tradeoff between choosing
more conductive crystalline substrates with lower TBC, and less
conductive amorphous substrates with higher TBC. Detailed
descriptions of the MD simulations and density of states figures can be found in the Supporting Information.
To further understand the origin of this low TBC from a
phenomenological point of view, we consider the description
of TBC based on the phonon irradiance and transmission coefficient.[6] In the maximum transmission limit (MTL), we can
write the TBC in terms of the temperature derivative of the irradiance of the vibrationally weaker side. In the case of MoS2/
Al2O3, as for several metal/Al2O3 systems, the irradiance of
Al2O3 is higher and therefore the TBC is limited by the vibrational properties of the MoS2 film. Under the Debye approximation, the MTL of TBC is given by the following equation[6]
GMTL, Debye =

1
nakB ∑ v s,p
4
p

(3)

where na is the atomic number density, kB is the Boltzmann
constant, and vs,p is the sound velocity of the branch with
polarization p. In Figure 4b, we plot the experimentally measured TBC versus GMTL,Debye for MoS2/c-Al2O3 and compare it
with literature data for 15 different metals on the same substrate.[30–36] Assumed values for na and vs,p for all materials
as well as compiled TBC data from literature are provided in
Table S3 (Supporting Information). The observed correlation
in Figure 4b indicates that one of the main factors causing low
TBC at the TMD/Al2O3 interface is the small phonon frequencies and group velocities along the c-axis.
The second effect which can influence TBC is the interfacial
bonding, which affects the transmission probabilities of phonons across the interface. A smaller work of adhesion correlates with lower transmission probabilities.[6,37] Weak bonding
at the vdW interface between the layered material and sapphire substrate contributes towards a suppression of the TBC
compared with strongly bonded metal/sapphire interfaces,
while the range of measured TBCs for each material is likely
due to variations in interface quality among the individual
samples. We note that the quantitative calculation of TBC in
layered materials requires a detailed modeling of the anisotropic dispersion and phonon-focusing effects;[38] however,
the arguments presented above provide a reasonable starting
point.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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3. Conclusion
In summary, we have reported TBC values for several TMD/
sapphire and graphite/sapphire interfaces near room temperature and presented a new method for measuring TBC in
isolated single crystals, without the need to pattern any metal
electrodes. We also find close agreement between measured
values and NEMD simulations for the bulk MoS2/sapphire
interface TBC. This work opens possibilities for measuring
nanoscale heat transport at buried interfaces and in confined
geometries for any crystalline material. The high repetition rate
(1.28 MHz) together with the brightness of the synchrotron
Adv. Funct. Mater. 2020, 30, 2002282

allows for measurement of near-equilibrium dynamics
associated with small temperature changes. Importantly, the
material specificity offered by X-rays (e.g., see the clearly distinguished Bragg peaks in Figure 1b) will enable measurements
of heat transport in complex crystalline heterostructures which
find applications in high-power electronics, memory, energy
harvesting, and optoelectronics. In general, this approach can
be applied not only to single crystals, but also to polycrystalline
materials, where the center-of-mass of a portion of the ring diffraction pattern can be tracked to measure thermal strain. This
extends the range of possible materials to include small-grained
metallic and semiconducting films deposited by techniques like
evaporation and sputtering. The very large penetration depth of
hard X-rays in most materials (≈4000 µm in diamond, ≈500 µm
in Si, ≈20 µm in GaAs and GaN, and ≈15 µm in Cu at 15 keV)
makes this approach very well suited for noninvasive thermal
characterization of deeply buried interfaces. Furthermore, as
this technique does not require microfabrication or deposition
of additional transducer layers, it is ideal for in situ measurements of heat transport in operating electrical and electrochemical devices, including functional thermal materials.[39] Finally,
the use of X-ray nanobeam diffraction can provide new insights
into the dynamics of heat flow in locally heterogeneous, defectrich materials.[40]
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Molecular dynamics simulations
To compare with experimental results, we compute the thermal boundary conductance (TBC) using
molecular dynamics (MD). All MD simulations are run using the LAMMPS package.[1] We model MoS2
with the Stillinger-Weber (SW) potential parameterized by Jiang et al.[2] and Al2O3 with the Vashishta
potential.[3] Interactions between MoS2 and Al2O3 atoms, as well as interactions between MoS2 layers
were modeled by the Lennard-Jones (LJ) potential. LJ parameters are from the universal force field[4]
and parameters for atom pairs of different type are calculated using Lorentz-Berthelot mixing rules.
The LJ parameters are presented below in Table S2. For all simulations, we use a time step of 1 fs.
This timestep is confirmed to maintain constant system energy when running in the constant atom
number, volume, and energy ensemble (NVE).

We compute the TBC at two different MoS2 thickness extremes: ‘bulk’ and single-layer. For bulk-like
MoS2, we use the non-equilibrium MD (NEMD) method to extract the TBC. Experimentally, bulk outof-plane thermal properties are not observed until thicknesses > 500 nm in MoS2.[5] Here we use 20
layers of MoS2 (~13 nm thick) as an approximation of bulk behavior but mostly to serve as a structure
comparatively much thicker than single-layer MoS2. The 20-layer MoS2 stack is placed on top of 16
nm of crystalline Al2O3 (c-Al2O3) with an interfacial area of 4.9 × 5.7 nm2 (structure in background of
Fig. 4c in main text). Periodic boundary conditions are applied in the x and y directions but not in the
z direction. Initially, this system is equilibrated to 300 K in the constant volume and temperature
ensemble (NVT) for 10 ps. Using the top three layers of MoS2 as a heater (320 K) and the bottommost
2015 atoms (~0.7 nm) of c-Al2O3 as a heat sink (280 K), we apply a temperature gradient of 40 K over
the structure. We apply this temperature gradient for 1 ns to reach a steady-state heat current. We
continue for an additional 2 ns, but now record temperatures and the heat current. The averages, as
1

well as the errors, of the TBC extractions are computed over ten independent simulations. The
resulting average temperature profile can be seen in Fig. 4c of the main text.

The TBC is extracted using the following expression based on Fourier’s law: J = GΔT, where J is the
heat flux, G is the TBC, and ΔT is the temperature difference between the two materials at the
interface. For our simulations, we had an average heat flux of J = 300.24 ± 12.24 MWm-2 and an
average ΔT = 16.16 ± 0.34 K (Fig. 4c in the main text) yielding a TBC of G = 18.58 ± 0.81 MWm-2K-1.
This number represents the TBC between bulk MoS2 and c-Al2O3, in the range of measured values for
MoS2 (8-28 MWm-2K-1; as seen in Fig. 4a of the main text).

To better understand the TBC of our bulk-like MD structure, we compute the phonon density of
states (PDOS) of both bulk MoS2 and c-Al2O3 by taking the Fourier transform of the velocity
autocorrelation function. The result is plotted in Fig. S1. The flexural acoustic phonons[6] (from outof-plane atomic motion) are found below 5 THz but, in this range, it is difficult to determine to what
degree the Al2O3 substrate couples to the MoS2. However, there are significant MoS2 peaks,
corresponding to optical modes, that overlap with the Al2O3 phonon DOS. This overlap likely couples
MoS2 to Al2O3 well around 10 – 14 THz.

Next, we investigate the TBC of single-layer MoS2 on Al2O3. To compute the TBC, we use the
approach-to-equilibrium molecular dynamics (AEMD) method used recently.[7] The NEMD method is
not appropriate because a thermostat would be required at the interface, interfering with any
calculation of ΔT. For these simulations we use a 5.4 nm thick block of c-Al2O3 and a single layer of
MoS2 on top. Additionally, we created an amorphous Al2O3 (a-Al2O3) block to examine if substrate
defects could change the TBC. The interfacial area is identical to that in the NEMD approach. Larger
interface areas and thicker Al2O3 were not found to affect the results. The crystalline and amorphous
Al2O3 structures are shown in the inset of Fig. 4d in the main text.

The simulation procedure is as follows: First, we run at constant pressure and temperature (NPT) at 0
atmosphere and 300 K until the system volume oscillations die out (10 ps). Next, we stabilize the
entire system’s temperature at 300 K for an additional 10 ps in the NVT ensemble. We then take 25
ps to ramp the temperature of the MoS2 to 500 K (while keeping the Al2O3 at 300 K). This state is held
for 10 ps to stabilize the temperature again. Finally, we remove all thermostats, place the system in
the NVE ensemble, and let it equilibrate. During the equilibration process, we monitor the
temperature of both MoS2 and Al2O3.

We model the system and the temperature transient as a resistive-capacitive (RC) thermal circuit
(Fig. S2a). The expression for the temperature difference between MoS2 and Al2O3, i.e. ΔT = TMoS2 –
TAl2O3, can be written as:[7]
2

(

)

(S1)

where
and
are the respective mass and specific heat per unit mass,
is the area of the
interface, is the TBC, and is the time. Since we start the thermal relaxation process with TMoS2 =
500 K and TAl2O3 = 300 K, the initial difference is ΔT0 = 200 K. Fitting this expression to Eq. S1 from ten
independent MD simulations allows us to extract the TBC between the two materials. Both ΔT and
the fit to Eq. S1 for crystalline and amorphous Al2O3 are shown in Fig. 4d in the main text.

For the c-Al2O3 substrate (inset of Fig. 4d in the main text), the extracted TBC is 15.3 ± 0.3 MWm-2K-1.
Comparing directly to the NEMD-extracted TBC, we find that single-layer MoS2 TBC is 18% lower.
Calculations and experimental measurements show the out-of-plane thermal conductivity of MoS2 to
be decreasing with decreasing thickness.[5] Thus, while a single-layer of MoS2 represents an extreme
with regards to thickness and its out-of-plane thermal transport may not behave similarly to a bulk
MoS2 crystal, we expect the TBC of MoS2 on c-Al2O3 to decrease with thickness. Heat-carrying
vibrational modes incident on the interface, present in the NEMD structure, will either have their
mean free paths restricted by the thickness of single-layer MoS2 or simply not exist as their
wavelengths are larger than MoS2 is thick. With respect to this work, there are sources of error which
likely artificially reduce the difference between single-layer and bulk TBC. The NEMD approach,
which has ~13 nm of MoS2, only approximates bulk out-of-plane thermal transport. Recent
experimental results[5] show that the out-of-plane thermal conductivity does not saturate until an
MoS2 thickness > 500 nm. Based on our explaination above of the relationship between thermal
conductivity and TBC, we expect the NEMD TBC extraction to be an underestimate of the true bulk
MoS2 on c-sapphire TBC. We may also be overestimating the room-temperature TBC using the AEMD
method as we are fitting to a single temperature transient curve that spans ~200 K. We find the TBC
to decrease when we fit Eq. S1 to larger time ranges (e.g. 100 ps, 200 ps, 300 ps, etc.). However, the
noise in ΔT increases with time, making TBC extractions over large time ranges less reliable.
Balancing these factors, we chose to fit the first 100 ps of ΔT calculations to Eq. S1; however, if we
place any trust into the noisy extractions over large time ranges, a TBC ~10% smaller may be
possible. The cumulative effect of these errors gives the impression that single-layer and bulk MoS2
on c-Al2O3 TBCs are closer to each other than in reality. Still, it is unlikely that there is a strong
dependence of TBC on MoS2 thickness as an increase in thickness by a factor of 20 does not yield
even a doubling of the TBC in our simulations.

Finally, the a-Al2O3 substrate (inset of Fig. 4d in the main text) results in a TBC of 18.9 ± 0.5 MWm-2K1
. These calculations represent the disordered limit for pure Al2O3 and show that a more disordered
Al2O3 substrate yields a higher TBC consistent with the conclusions of a recent study.[8] An increase in
TBC from a crystalline AlN to an amorphous SiO2 substrate was also seen in previous work[7] and,
while that work compared different substrate materials in conjunction with a change in crystallinity,
we find their TBC trend and their accompanying analysis can be extended to our case as well. Figs.
S2b and S2c shows the PDOS of crystalline and amorphous Al2O3 combined with single-layer MoS2.
Since the same number of atoms are in c-Al2O3 as in a-Al2O3, both substrates have the same number
of modes; however, the peaks of the PDOS of a-Al2O3 are broadened and their height reduced,
3

‘flattening’ out the distribution. This leads to a greater PDOS overlap than in the c-Al2O3 case. MoS2
phonons relevant to the TBC will have more vibrational states to couple with in a-Al2O3 compared to
phonon modes in c-Al2O3, resulting in a higher TBC.

Sample preparation
For the Mo0.93W0.07Te2 sample, single crystals were synthesized through a chemical vapor transport
technique using iodine or TeCl4 as the transport agent. Samples were held at 750 °C with a 100 °C
temperature gradient for 1 week, then subsequently cooled over 3 days to 400 °C and removed from
the furnace. Each growth commonly yielded crystals of both structure types (Td and 2H).
Stoichiometry was determined by energy dispersive X−ray spectroscopy (EDS) analysis through a
field-emission scanning electron microscope (FEI Nova 400). All other bulk crystals were purchased
from the commercial suppliers HQgraphene or 2Dsemiconductors.

The bulk crystals were exfoliated on the sapphire substrates using a polydimethysiloxane (PDMS)
stamp method. The thickness of individual flakes was measured using a Park XE-70 scanning probe
microscope (See Figure S3).

Material

MoS2

Fit Input
Thickness
(nm)

(Wm-1K-1)

33
43
52
130
200

1.19
1.35
1.49
2.25
2.67

Heat
capacity
(Jg-1K-1)

0.40[9]

4

Density
(gcm-³)

Penetration
depth
(nm)

5.06

36[10]

39
0.89
0.28[11]
180
1.77
30
0.65
MoTe2
0.22[12]
360
1.89
103
0.48
WSe2
0.21[13]
185
0.67
WS2
106
0.49
0.26[14]
33
0.42
MoWTe2
0.22[12]
156
0.84
Graphite
200
3.4
0.72[15]
Table S1. Input parameters for finite element (FE) simulations.
MoSe2

6.96

19[10]

7.70

26

9.32

26[10]

7.50

30[10]

7.70

26

2.15

28[16]

Atom Pair
ϵ (meV)
σ (Å)
Mo-Mo
2.43
2.72
S-S
11.88
3.59
Mo-Al
7.29
3.36
Mo-O
2.51
2.92
S-Al
16.13
3.80
S-O
5.56
3.36
Table S2. Parameters for the LJ potential defined for all atomic pairs in the MD simulations.

Figure S1. (a) The PDOS of both ‘bulk’ MoS2 and Al2O3 structures from the inset of Fig. 4c in the main
text. The gray shading highlights the frequencies corresponding to the flexural MoS2 phonons.
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Figure S2. (a) The equivalent RC thermal circuit that Eq. S1 is derived from. This circuit models the
temperature behavior in Fig. 4d in the main text. (b), (c) PDOS of single-layer MoS2 on a c-Al2O3 and
an a-Al2O3 substrate, respectively.

Metal
Al
Bi
Cr
Cu
Au
Pb
Mo
Ni
Pd
Pt
Ag
Ta
Ti
W
Ir
MoS2

(atoms/m3)
6.02E+28
2.82E+28
8.28E+28
8.56E+28
5.9E+28
3.29E+28
6.4E+28
9.08E+28
6.82E+28
6.64E+28
5.85E+28
5.45E+28
5.66E+28
6.31E+28
7.05E+28
1.9E+28

LA
(m/s)
6360
2180
6850
4760
3280
2160
6250
5810
4540
4080
3640
4100
6070
5180
5380
3300

TA
(m/s)
3130
430
3980
2300
1190
700
3350
3080
1900
1690
1690
2900
3125
2870
3050
2000

MTLDebye
(MWm-2K-1)
2621.048
296.0527
4229.347
2764.769
1151.657
403.6209
2857.685
3750.142
1960.907
1708.277
1417.484
1863.014
2404.15
2378.908
2794.08
479.4783

TBC on Sapphire
(MWm-2K-1)
180[17], 185[18], 311[19], 160[20]
19.5[21]
390[22], 349[20]
180[22], 197[23], 175[20]
45[17], 65[22], 57[20],
55[17],
216[20]
283[20]
167[23], 126[19], 152[20]
180[18], 85[19], 106[20]
77[20],
141[20]
218[17], 324[19],
131[20]
147[20]
8 - 28 [This work]

Table S3. Values for atomic number density , sound speed
for longitudinal acoustic (LA) and
transverse acoustic (TA) branches, and computed thermal boundary conductance (TBC) in the
maximum transmission limit assuming Debye dispersion, MTLDebye. Also provided are experimental
data from literature for TBC measurements between these materials and sapphire.
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Figure S3. AFM topography of a 33 nm thick MoS2 flake on sapphire substrate, (a) line plot and (b)
image.

a)

b)

Figure S4. Strain response in MoTe2 a) 30 nm thick flake and b) 360 nm thick flake

7

Figure S5. Strain response in a 106 nm thick flake of WS2

a)

b)

Figure S6. Strain response in WSe2 a) 103 nm thick flake and b) 185 nm thick flake

a)

b)

Figure S7. Strain response in Mo0.93W0.07Te2 a) 33 nm thick flake and b) 156 nm thick flake
8

Figure S8. Strain response in a 200 nm thick flake of graphite.

.

Figure S9. Strain response in a 39 nm flake of MoSe2 (same as Fig. 3c) showing measurement
sensitivity by perturbing the best-fit result by ± 20 %.
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Figure S10: Strain response in 130 flake of MoS2, showing repeatability of the measurement. Each
curve shows an average of 3 scans of the time window, with the measurements taken 2.5 hours
apart.

Figure S11: Summary of measured TBC data, ordered based on the calculated MTL values.
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