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ABSTRACT: We present measurements of the thermal
conductance of self-assembled monolayer (SAM) junctions
formed between metal leads (Au, Ag, Pt, and Pd) with
mismatched phonon spectra. The thermal conductance
obtained from frequency domain thermoreflectance experi-
ments is 65 + 7 MW/m? K for matched Au—alkanedithiol—Au
junctions, while the mismatched Au—alkanedithiol—Pd
junctions yield a thermal conductance of 36 + 3 MW/ m? K
The experimental observation that junction thermal con-
ductance (per molecule) decreases as the mismatch between
the lead vibrational spectra increases, paired with results from
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molecular dynamics (MD) simulations, suggest that phonons scatter elastically at the metal—-SAM interfaces. Furthermore, we
resolve a known discrepancy between measurements and MD predictions of SAM thermal conductance by using a contact
mechanics model to predict 54 + 15% areal contact in the Au—alkanedithiol—Au experimental junction. This incomplete contact
obscures the actual junction thermal conductance of 115 + 22 MW/ m? K, which is comparable to that of metal—dielectric

interfaces.
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ybrid materials exploit intimate structured connections
between organic and inorganic components to create
unique energy and charge transport landscapes, showing
promise for application in electronics,' ® light-emitting
diodes,”® solar cells,” ™! and thermoelectrics.'*™*° The lifetime
and efficiency of such micro- or nanoscale devices is affected by
their operating temperature so that it is critical to know their
thermal properties.zo’21 For hybrid materials, the thermal
conductance of the internal organic—inorganic interfaces plays
a key role”*>* Our focus here is on self-assembled
monolayers™>° (SAMs), two-dimensional periodic arrays of
organic molecules that form spontaneously from solution on
metal or dielectric surfaces. A SAM junction is formed when the
SAM is sandwiched between two leads, as shown in Figure la.
SAM junctions are a unique platform for studying thermal and
electronic transport across a single molecular layer, where
discrete vibrational and electronic states in the molecules bridge
continuous energy bands in the inorganic leads. For the alkane-
based SAMs investigated here, vibrations dominate thermal
transport across the junctions since electronic transport is only
possible through weak off-resonant tunneling mecha-
nisms, 4153134
Early measurements suggested that SAM junction thermal
conductance is limited by the molecule—lead interfaces. Wang
et al.** probed thermal transport through an alkanethiol SAM
grown on Au. They found that the major thermal resistance was
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the Au—SAM interface (thermal conductance of 220 + 100
MW/m?* K) and that thermal transport within the molecules
was ballistic. Wang et al.* studied metal—SAM—semiconductor
(Au—alkanedithiol—-GaAs) junctions and reported a junction
thermal conductance of 28 + 3 MW/m? K that did not vary
with molecular length (8—10 CH, groups), corroboratin%
ballistic thermal transport within the molecules. Meier et al.”
also reported a length-invariant thermal conductance for
alkanethiol SAMs having more than 10 carbon atoms but
found an increasing thermal conductance with shortening of
the chain length.

The strength of the interfacial bonding between the molecule
headgroup and the lead has also been found to affect thermal
transport across SAM junctions. Using Au—SAM-SiO,
junctions with alkane-based SAMs, Losego et al.”” showed
that higher interfacial bonding strength can increase the
junction thermal conductance from 30 to 65 MW/m* K.
O’Brien et al.*® found that SAMs could be used to increase the
interface thermal conductance between a metal and a dielectric
by increasing the interfacial adhesion energy as well as
augmenting the overlap region of the molecule and lead
vibrational states. The effect of adhesion energy has also been
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Figure 1. (a) Schematic diagram of the transfer printing process to create a SAM junction. A 95 + S nm Au layer is transfer printed onto a SAM
grown on a 475—530 + 20—30 nm (see Supporting Information Table S4) templated metal substrate. (b) Straight chain alkane-based molecules are
used to create the SAMs in this study (1,10-decanedithiol, 1-dodecanethiol, and 1-tetradecanethiol).

investigated for Au—liquid and Au—SAM-liquid systems,
where higher wettability of the liquid on the SAM due to
higher adhesion energy led to increased interface thermal
conductance.**¢

Computational efforts to quantify thermal transport in
organic—inorganic systems have led to similar conclusions.
Segal et al.’” predicted that for junctions comprised of alkane
chains with more than 10 carbon atoms in contact with 2 leads,
inelastic effects at the interfaces and within the molecules are
insignificant. They found the thermal conductance of the
junction to be independent of molecular length in this range at
a temperature of 300 K, consistent with experimental
measurements.”*>® Predictions from molecular dynamics
(MD) simulations have found interface thermal conductance
to increase with increasing interfacial bond strength and
increasing vibrational overlap between molecule and sub-
strate.”**%**™* The predicted values of junction thermal
conductance from MD simulations,*®*~*® however, are at least a
factor of 2 higher than those measured in experiments.*®>%°
Resolution of this discrepancy is required to advance our
understanding of phonon transmission at hybrid interfaces.

There has been no systematic investigation on the effect of
the vibrational properties of the leads on thermal transport
across SAM junctions. Experimental data are only available for
metal—SAM—dielectric junctions,”* >*** wherein the vibra-
tional properties of the two leads are highly mismatched. Using
metals, it is possible to select leads with varying degrees of
vibrational mismatch. In this Letter, we use thermoreflectance
experiments and MD simulations of metal-SAM—metal
junctions to investigate the effect of vibrational spectra overlap
on the junction thermal conductance. We find that the thermal
conductance (per molecule) is highest when the leads are the
same and reduces as the vibrational mismatch increases.
Furthermore, we reconcile the discrepancy between exper-
imentally measured values of thermal conductance and those
predicted from simulations by estimating the percentage
contact area in the SAM junction using contact mechanics
models*" informed by atomic force microscopy (AFM) surface
roughness data of our leads.

Metal-SAM—metal junctions were fabricated using a
transfer printing technique® (Figure 1a). Molecules of 1,10-
decanedithiol (C;,H,,S,), 1-dodecanethiol (C,,H,¢S), and 1-
tetradecanethiol (C,4H;,S), as shown in Figure 1b, were used
to grow the SAMs. Both dithiols and monothiols were
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considered to probe the effect of end-group chemistry. Metal
films (Au, Ag, Pt, or Pd) of thickness 475—530 + 20—30 nm
(see Supporting Information Table S4) were fabricated through
a templating technique.*> The Au surface has a root-mean-
square (RMS) roughness of 4 + 1 A measured using AFM,
consistent with prior Au templates.**** These samples were
then immersed in a dilute solution (0.1 mM) of the SAM
molecules in ethanol for 18—24 h.*>** A 95 + § nm Au film
(originally evaporated onto a Si wafer, then lifted off using a
PDMS stamp) was then transfer printed onto these structures
to complete the junction (see Supporting Information S1.1 and
S2). Transfer printing the top film prevents damage to the
SAM, as has been observed when a high-energy deposition
process such as sputtering or evaporation is used to create the
junction.*”***” Thus, the junctions have the configuration
metal-SAM—Au, where the bottom metal lead is Au, Ag, Pt, or
Pd, the top lead is Au, and the SAM is an alkanedithiol or
alkanethiol. At least five samples were made of each
configuration.

The metal-SAM interface was characterized through X-ray
photoelectron spectroscopy (XPS) measurements (S1.2) to
study the atomic composition and bonding environment. The
measurements confirmed the presence of the SAM and the
absence of a parasitic oxide layer that could affect SAM
coverage and add thermal resistance. Ellipsometry measure-
ments were also performed to measure the SAM thickness and
were found to agree with previous studies (51.3).>*

The SAM junction thermal conductance was measured at an
ambient temperature of 296 K using frequency domain
thermoreflectance (FDTR), a noncontact laser-based measure-
ment technique.”>* An intensity modulated pump laser (488
nm) periodically heats the sample surface (the topmost 95 nm
Au film), leading to a periodic surface temperature oscillation.
This temperature oscillation is probed using a second laser
(532 nm) based on the high thermoreflectance of the topmost
Au lead. An analytical solution to the heat diffusion equation for
a semi-infinite layered system heated by a Gaussian-shaped
periodic surface heat flux is fit to the phase lag of the samg)le
surface temperature with respect to the applied heat flux.>**°
Representative phase lags for Au—alkanedithiol—Au and Au—
alkanethiol—Au SAMs are plotted in Figure 2a versus
modulation frequency. The solid lines correspond to the
solution of the heat diffusion equation with junction thermal
conductance as the only fitting parameter. There is a stark
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Figure 2. (a) FDTR phase responses for junctions with 1,10-
decanedithiol, 1-dodecanedithiol, and no molecules are clearly
distinguishable. Solid lines represent the best-fit solutions of the heat
diffusion equation for a semi-infinite layered system heated by a
Gaussian-shaped periodic heat flux at the surface. (b) Variation of
junction thermal conductance G with the Debye temperature of the
templated metal substrate on which the SAM is grown. The raw
experimental data (left panel, unfilled data points) are scaled by the
molecular footprint (right panel, filled data points) to isolate the effect
of the leads vibrational spectra on G. Also plotted is the MD prediction
of G for a Au—(1,10-decanedithiol)—Au junction (unfilled star) and
the percentage area corrected experimental thermal conductance
(filled black circle), which has been displaced slightly to the left for
clarity. All experiments were performed at an ambient temperature of
296 K.

difference in the phase responses between these two
configurations with junction thermal conductances of 65 + 7
and 34 + 3 MW/m? K. They also differ from the phase
response of a Au—Au interface (no SAM), also plotted in
Figure 2a. These phase responses demonstrate the sensitivity of
our measurements to the possibility of metal—metal shorting
across the SAMs and indicate that such shorting is not present.
Supporting this conclusion, previous studies of SAM junctions
created through transfer prints have shown a high degree of
repeatability in creating junctions without shorting between the
electrodes.””>> Measurements were made for at least five
different laser spot locations on each sample. These results
demonstrate the sensitivity of the phase response in FDTR to
the presence and chemistry of the SAM.
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The measured junction thermal conductances for all
configurations are plotted in the left panel of Figure 2b versus
the Debye temperature (Tp) of the metal contact on which the
SAM is grown (for a list of Debye temperatures, see Supporting
Information S3). The uncertainty of an individual thermal
conductance measurement (as reported in Figure Za) was
calculated from the fitted thermal model by accounting for the
uncertainty in the properties of the layered sample.”>*’ The
error bars in Figure 2b represent the combination of the
uncertainties of the individual measurements with the variability
arising from different spot locations and samples using a
statistical model, details of which are provided in Supporting
Information S4. The Debye temperature is an estimation of the
temperature at which all vibrational states in a system are
activated. It can thus be used to characterize the extent of the
vibrational frequency spectrum for a material.>”**>* We use the
Debye temperature as a measure of the vibrational mismatch
between the two metal leads (Au with either Au, Ag, Pt, or Pd)
in a particular SAM junction. Au has the lowest Debye
temperature (Tp, = 170 K) and thus Debye temperature

mismatch between the leads increases (i, the ratio Tp/Tp,,

increases) as we move from left to right along the horizontal
axis in both panels of Figure 2b.

The 1,10-decanedithiol SAMs exhibit a larger range of
junction thermal conductances (mean values of 36 to 71 MW/
m? K) than either the 1-dodecanethiol or 1-tetradecanethiol
SAMs (25 to 37 MW/m? K). The two monothiols have
comparable junction thermal conductance values for all
configurations, corroborating the previously reported length
independence for alkane chains having more than 10 carbon
atoms.”®*?*”** Our measurements are comparable to previous
measurements of junction thermal conductance of Au—1,10-
decanedithiol-GaAs®® (28 + 3 MW/m? K) and Au—(11-
mercapto-undecyltrimethoxysilane) —quartz*’” (65 + 5 MW/m>
K) junctions. As further confirmation, we also fabricated Au—
decanedithiol-GaAs junctions and measured a thermal
conductance of 32 + 4 MW/m? K, which is in agreement
with the result of Wang et al*®

The junction thermal conductance plotted in the left panel of
Figure 2b is related to the molecular footprint (ie., the
projected area per molecule) of the SAM, which depends on
the lead on which it is grown.”>*** To isolate the effect of the
vibrational properties of the leads from the footprint effect, we
scaled the measured experimental data (G) using the molecular
footprint of the 1,10-decanedithiol SAM (6gap_a,) grown on
Au according to

O,
_ “SAM-—metal
Gscaled - G

(1)

Here, Osapmea 1S the molecular footprint (Supporting
Information SS) of the SAM on the bottom metal lead (Au, Ag,
Pt, or Pd). The scaled data (Gj,.q) is plotted in the right panel
of Figure 2b. The scaled junction thermal conductance
decreases as the difference in the Debye temperatures of the
leads increases. The reduction is strong for the 1,10-
decanedithiol SAMs and weak for the 1-dodecanethiol and 1-
tetradecanethiol SAMs. The values of Ggp_meta fOr the systems
investigated here are within 15% of each other, a range
comparable to the error bars associated with the thermal
conductance measurements plotted in Figure 2b. The total
range of thermal conductances of the Au—alkanedithiol—metal
systems is larger than this uncertainty, giving us confidence in

OSAM-Au
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the observed decreasing trend. We hypothesize that the
decrease happens as the combined overlap between the density
of states (DOS) of the leads and the discrete vibrational states
of the molecules decreases, or equivalently as the Debye
temperatures of the leads diverge. The weak trend for the
monothiol SAMs is likely due to the weak metal-CH; bond
acting as the dominant resistance to thermal transport, thus
overpowering the effect of the mismatched metal leads.

Though in agreement with similar measul‘em<ents,26_30 our
thermal conductance for the Au—alkanedithiol-Au junction
(65 + 7 MW/m? K) is a factor of 2 lower than our MD
prediction (113 + 9 MW/m?* K, plotted as a white star in the
right panel of Figure 2b, discussed later) and the MD
prediction (200 + 60 MW/m? K) by Luo and Lloyd.*>*® We
hypothesize that a major source of this discrepancy is that the
surface roughness of the Au leads causes imperfect surface
contact within the junction. To test this hypothesis, we
calculated the percentage contact between the leads upon
transfer printing using a rough surface contact model.*' The
model is an extension to the work of Kogut and Etsion®” (the
KE model), who included finite element analysis (FEA)-
validated plasticity effects while determining surface deforma-
tions. The rough surface is modeled as a collection of spherical
asperity tips with areal density and dimensions based on surface
topography data obtained using AFM (shown in Figure 3a).
The contact between the two rough surfaces is made
mathematically equivalent to a single rough surface in contact
with a smooth one, as illustrated in Figure 3b, and originally
proposed by Greenwood and Tripp.>® The balance between the
reaction pressure and attractive adhesive pressure allows us to
predict the contact area of the asperities.

Previous studies that predicted percentage contact area only
considered adhesion stemming from van der Waals bonding at
the surface characterized by a Lennard-Jones (LJ) poten-
tial**~®' The strong thiol-Au interaction®®® in our system
required us to modify the adhesion force calculation derived by
Derjaguin et al.* and Muller et al.** (the DMT model) by
using a Morse potential instead of the LJ potential.*!
Furthermore, previous applications of the DMT model
considered asperities comprised of one material. In our case,
we have a SAM grown on Au, which creates a composite
asperity, as shown in Figure 3c. To account for the SAM, the
total adhesion force between the asperity and the flat surface
was assumed to be a linear combination of adhesion forces for
each shell. Our contact model, like the DMT and KE models, is
based on the assumptions originally made by Greenwood and
Tripp:*® (i) the analysis is valid for a surface profile that is
isotropic with a Gaussian distribution of peak heights, (ii) a
single asperity tip is not influenced by the deformation of
neighboring asperities, and (iii) the bulk solid behind the
asperity layer is rigid. In addition, we also assumed that the
SAM layer has the same elastic properties as the deforming
metal asperity it is grown on.

From our analysis, we predict the percentage contact area A*
for the Au—alkanedithiol—Au junction to be 54 + 15%. The
measured junction thermal conductance can be related to A*
and that of a perfect contact through the analysis described by
Seong et al’* and Prasher et al®® Together with the
experimental measurement of 65 + 7 MW/m?® K for the
Au—alkanedithiol-Au junction, we thus predict a perfect
contact junction thermal conductance of 115 + 22 MW/m?*
K, which is plotted as a black circle in the right panel of Figure
2b. This value agrees with our MD prediction and supports our
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Figure 3. (a) AFM image of a templated Au lead (RMS roughness 4 +
1 A). (b) Schematic diagram of two rough surfaces represented as
spherical asperities (475 nm Au + SAM) in contact with a flat,
undeformable surface (95 nm Au). (c) A single asperity is a layered,
composite structure consisting of an outer shell of the SAM molecules
[S (red) and C (black) atoms] enclosing an inner Au core.
Interactions between all atoms and the upper Au surface are
considered when calculating the percentage contact area.

hypothesis that the source of the discrepancy between
experimental measurements and MD simulations is incomplete
contact. Although measured RMS roughnesses of templated Ag,
Pd, and Pt samples are similar to that of Au,** new interatomic
potentials for the thiol-metal bonds would be required to
apply our contact mechanics model to those junctions. As such,
we cannot rigorously confirm the universality of this result.
To further probe the vibrational coupling effects in the SAM
junctions presented in Figure 2b, we performed MD
simulations using LAMMPS® of Au—alkanedithiol—Au struc-
tures representative of the experimental setup (Supporting
Information S6). Our MD simulation structure has a cross-
sectional area of 2.5 X 2.5 nm” and represents a region of
perfect contact. To mimic the experiments, the SAM was first
created on a Au substrate. This system was relaxed in a
canonical ensemble at a temperature of 300 K resulting in a
steady-state tilt angle of 26 + 5°, which agrees with
experimental observations of 30 + 7°.>° The second substrate
was then placed on the SAM (similar to the transfer print step)
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Figure 4. (a) DOS of the metal leads with atomic masses m,, (red) and 0.5m,, (blue), and 1,10-decanedithiol having carbon and sulfur atoms with
atomic masses (mc,mg) (green), (400mc,400mg) (purple), and (1000m,1000m;) (orange). (b) MD-predicted variation of the thermal conductance
of the individual interfaces (blue square and red triangles) and the entire junction (green circles) with the Debye temperature ratio of the metal
leads. (c) Variation of junction thermal conductance, normalized by the value of the matched lead case, with the Debye temperature ratio of the
metal leads. The MD predictions (orange triangles, purple squares, and green circles) are compared to the experimental results (blue filled circles)

and DMM calculations (dashed line).

and the entire system was relaxed again at a temperature of 300
K. Nonequilibrium molecular dynamics was employed to
predict a temperature difference across the junction for a
known heat flux q”. The junction thermal conductance was
calculated using G = q"/AT, where AT is the temperature drop
across the entire junction.

To model the effect of mismatched metal leads, we varied the
atomic mass (m) of one lead. We assume that the main
contribution to the vibrational properties is from the atomic
mass of the lead. This approximation is reasonable because all
of the metals in our experiments are face-centered cubic with
similar lattice constants. If the ratio of the bottom lead atomic
mass with respect to that of Au is @ = m/m,, its Debye
temperature (TD) can be set from

TD — a—1/2

I, )

Vibrational DOS calculations were performed using velocity
autocorrelation data from MD simulations for the bulk leads
and lattice dynamics calculations using GULPY for the
molecules (Supporting Information S7). The predicted DOS
for two leads whose atoms have masses of m,, and 0.5m,,
(comparable to the atomic mass of Pd) are plotted in the
bottom panel of Figure 4a. The discrete states of 1,10-
decanedithiol molecule are plotted in the panel immediately
above the lead DOS (in green).

The junction thermal conductance of such mismatched
systems depends strongly on the nature of vibrational scattering
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at the individual metal-SAM interfaces. For an elastic
scattering event, the frequencies of the reflected and/or
transmitted energy carriers are the same as that of the incident
energy carrier. For an inelastic (i.e., anharmonic) event, the
scattered frequencies will be different. If only elastic scattering
is present at the interfaces and the thermal transport in the
SAM is ballistic, the metal lead having the DOS with the
narrowest spectrum will dictate the highest frequency that can
transmit energy across the entire junction and contribute to the
junction thermal conductance. Vibrational modes with
frequencies above this cutoff will be fully reflected from the
interface. This scenario would imply that as the vibrational
spectra of the two leads increase in mismatch, the junction
thermal conductance would decrease because the number of
overlapping vibrational modes between the SAM and the two
leads would also decrease. This hypothesis is consistent with
our experimental measurements, suggesting the dominance of
elastic scattering at the interfaces.

The variation of the junction thermal conductance with the
lead Debye temperature ratio (Tp/Tp, ) from MD simulations
is plotted in Figure 4b (green circles). In contrast to our
experimental measurements, the junction thermal conductance
increases by a factor of 1.3 as Tp,/Thp,, increases. We also plot
the metal-SAM interface thermal conductances on either side
of the junction in Figure 4b. The thermal conductance of the
interface whose Debye temperature is varied (Ggap—aau)
increases as the Debye temperature increases, while the
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interface conductance at the Au lead (G, gay) remains
constant. These observations contradict our experimental
measurements and suggest that overlap between the vibrational
states at each interface in the MD simulations is independently
realized.

Why do the interfaces in our MD simulations act
independently while those in the experiments appear not to?
Noting that MD simulations obey classical (i.e., Boltzmann)
statistics, all vibrational states are activated. From Figure 4a, we
see that many vibrational states in the molecule have
frequencies higher than the characteristic thermal frequency f.
= kpT/h (where ky is the Boltzmann constant and h is the
Planck constant), which is 6.2 THz at a temperature of 296 K.
While active in the MD simulations, these modes are frozen out
in the experiments. Furthermore, the maximum frequency for
the lightest lead (Pd, T = 275 K) lies below this cutoff such
that all the lead states are fully active for all the experimental
systems.

We hypothesize that the classical nature of the MD
simulations and inelastic scattering effects within the molecules
themselves lead to predictions different from the experimental
measurements. The atomic interactions in our MD simulations
are anharmonic, which allows inelastic processes to occur
within the molecules. Because all of the vibrational states are
active in the MD simulations, an anharmonic scattering event
within the SAM involving three vibrational states could
facilitate down-conversion of modes above the frequency cutoff
of the heavier lead. In particular, one mode above the cutoff can
scatter into two modes below the cutoff, creating additional
channels for vibrational coupling across the junction. Such
events cannot occur in the experiments because vibrational
modes with characteristic temperatures above 296 K are not
activated. Anharmonic events within the SAM would allow each
metal lead to interact with the SAM independently, as seen in
the MD results, therein opening pathways for thermal transport
across the junction that are not present in the experiments.

To test this hypothesis, the vibrational spectrum of the SAM
needs to be restricted to coincide with the activated spectrum
in the experiments. As the classical nature of MD forces all
available vibrational states to be activated, the states themselves
need to be changed. To lower the molecular frequencies, the
mass of the carbon and sulfur atoms are increased to 400 and
1000 times their actual values. The DOS for these modified
molecules are plotted in the top panels of Figure 4a (purple and
orange). The junction thermal conductance of the modified
configurations is plotted in Figure 4c (purple squares and
orange triangles) along with the original MD results and the
molecular footprint-scaled experimental data (Ggq)- The data
is normalized with respect to the junction thermal conductance
of the matched lead case (G, heq) Of each set. As the SAM
molecules get heavier and their frequency spectrum is reduced,
G/ G atched decreases with increasing Tp/Tp, in agreement with

our experimental trend.

We also derived a modified form of the diffuse mismatch
model (DMM) model used by Duda et al,>® wherein the
vibrational modes participating in thermal transport through
the junction are limited by the lead with the narrowest DOS
(Supporting Information S8). The prediction of G/Giched
using this model is plotted as a dashed line in Figure 4c and
agrees with our experimental and modified MD trends. These
findings support our hypothesis that elastic scattering
mechanisms dominate within the SAM junctions and at each
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metal-SAM interface in the experiments, therein explaining
why vibrational mismatch of the leads reduces G.

In summary, we experimentally probed how the selection of
leads affects the thermal conductance of metal-SAM—metal
junctions. We found the junction thermal conductance to
decrease as the vibrational mismatch increases. The discrepancy
between the experimental measurement of the Au—alkanedi-
thiol—Au junction thermal conductance and that predicted
from MD simulations was resolved by correcting for the true
contact area realized in the experiments using a contact
mechanics model for rough surfaces. We thus see that thermal
transport properties of SAM junctions can be manipulated by
adjusting lead material as well as end-group chemistry.
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