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Understanding nanoscale thermal transport is critical for nano-
engineered devices such as quantum sensors, thermoelectrics, and
nanoelectronics. However, despite overwhelming experimental ev-
idence for nondiffusive heat dissipation from nanoscale heat sources,
the underlying mechanisms are still not understood. In this work, we
show that for nanoscale heat source spacings that are below the
mean free path of the dominant phonons in a substrate, close packing
of the heat sources increases in-plane scattering and enhances cross-
plane thermal conduction. This leads to directional channeling of ther-
mal transport—a novel phenomenon. By using advanced atomic-level
simulations to accurately access the lattice temperature and the pho-
non scattering and transport properties, we finally explain the coun-
terintuitive experimental observations of enhanced cooling for close-
packed heat sources. This represents a distinct fundamental behavior
in materials science with far-reaching implications for electronics and
future quantum devices.

nanoscale thermal transport | phonon transport | molecular dynamics |
thermal channeling | nanoscale heat sources

The ability to fabricate devices in the deep nanoscale regime,
with characteristic dimensions below 10 nm, is driving innovation

in energy, nano, and quantum devices. At these scales, the emergence
of new behaviors due to the influence of interfaces and geometry
give rise to novel material properties that represent unprecedented
technological opportunities. The resulting emergent properties can
be harnessed for quantum technologies (1), ultralight and strong
materials (2), and high-efficiency thermoelectric materials (3–6).
However, for realizing the full promise of nanoscale functional
engineering better predictive models and characterization tech-
niques are critical. In particular, although efficient thermal man-
agement is essential for the smart design of nanodevices (7, 8), a
fundamental and predictive understanding of nanoscale thermal
transport is still elusive.
For nearly three decades, experimental and theoretical efforts

in nanoscale thermal transport (9–14) have revealed unexpected
behaviors, particularly in dielectric and semiconductor materials,
where phonons are the dominant heat carriers. These nanoscale
behaviors appear as deviations from Fourier’s law of heat dif-
fusion, which accurately describes thermal transport at the macro
scale. Heat diffusion relies on the fundamental assumption that a
local thermal equilibrium (temperature) is established through
sufficient phonon–phonon scattering events. When the charac-
teristic dimensions of a system approach the average phonon
mean free path (MFP), the notion of a local thermal equilibrium
is ill-defined, and as a result a diffusion model fails to accurately
predict the thermal transport rate (9). Since phonon MFPs rel-
evant to heat flow can range from tens of nanometers up to
several microns in materials such as silicon at room temperature
(15), the inability to accurately describe thermal transport pre-
cludes optimal thermal design and management of a broad range
of nanodevices.
Recent experiments have demonstrated that a nanoheater dis-

tribution with either size or period on the order of the dominant

phonon MFPs can lead to nondiffusive thermal transport, even
when patterned on a bulk substrate. Nanoheaters are normally
created by heated nanostructures or laser hot spots. When nano-
heater sizes are on the order of the phonon MFPs of the substrate,
phonons travel away from nanoheaters with fewer scattering events,
depositing their energy nonlocally—thus prohibiting diffusive heat
flow (10–13, 16–22). Observations of nondiffusive thermal transport
away from nanoheaters have been reported using different experi-
mental techniques for both one-dimensional-confined (nanolines)
(11, 13, 18, 21, 22) and two-dimensional-confined (nanocubes)
nanoheaters (19). As the size of the nanoheater decreases, non-
diffusive transport causes a monotonic reduction in the heat transport
efficiency compared with the bulk Fourier prediction (11, 13, 18,
19, 21, 22). In more recent work, however, we have shown that if
nanoheater size is held constant while nanoheater spacing is re-
duced (i.e., nanoheaters are nonisolated), thermal transport par-
tially recovers the diffusive transport efficiency (13, 22). However,
no consensus has emerged on the fundamental mechanisms un-
derlying this effect (18, 21).
Despite an increasing body of experimental evidence of nondiffusive

heat transfer at the nanoscale, current theoretical frameworks have
not been able to uncover the underlying physics. Experimental
measurements are often fit using phenomenological models based
on Fourier’s law of heat diffusion, which obscure the fundamental
transport phenomena. Moreover, the Boltzmann transport equation
with ab initio calculated parameters—which is viewed as a precise
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model of phonon dynamics (23–25)—is often prohibitive for com-
plex device-relevant sizes and geometries, due to the high compu-
tational cost. The need for tractable mesoscopic transport models,
which can be directly compared with experiments, has motivated
several alternative approaches that have been successful in captur-
ing some of the reported experimental results, including models
based on truncated Levy flights (26, 27), suppression functions (13,
28), relaxons (29), and phonon hydrodynamics (14, 30–34), to name
a few. However, these approaches have been unable to provide a
complete picture of the underlying nanoheating mechanisms.
In this work, we use nonequilibrium molecular dynamics (MD)

simulations (35–37) to reveal a comprehensive microscopic under-
standing of thermal dissipation away from nanoheaters in device-
relevant sizes and geometries. By accessing the temperature, the
phonon spectral dispersion, and the phonon thermal conduction
with incorporation of atomistically resolved behavior we finally
explain counterintuitive experimental observations of enhanced
cooling for close-packed nanoheaters (13, 22). With access to the
atomistic information, we show that for nanoheater spacings that are
below the MFP of the dominant phonons in the substrate, increased
in-plane scattering causes an enhanced cross-plane thermal conduc-
tion, leading to a directional channeling of thermal transport (Fig. 1).
This represents a fundamental behavior in materials physics with far-
reaching implications for electronics and future quantum devices.

Results
We simulate a periodic array of heated nanostructures that act as
nanoheaters, with period P and line width L placed on top of a

silicon film substrate with thickness D as shown in Fig. 1A (see
Methods for more details). By using film substrates with finite
thickness we constrain the average phonon MFP in the substrate to
be roughly equal to the film thickness (38, 39). This feature allows
us to fully explore different nondiffusive thermal transport scenarios
in our MD simulations by controlling the phonon MFPs indepen-
dently from nanoheater line width and period. It is important to
realize that the geometry considered in this work, which is relevant
to many technological applications, is not a trivial extension of the
isotropic nanoheater fully surrounded by a medium (9).
We calculate phonon thermal conduction (see Methods) for

several periodic nanoheater geometries on films with thicknesses
of D = 9.8, D = 29.3, and D = 48.9 nm, as shown in Fig. 1B. We
perform simulations in geometries with a fixed duty cycle of 50%,
where the period P between nanoheaters is set at twice the
nanoheater line width L. We vary the line width from a few
nanometers (L = 1.1 nm, P = 2.2 nm) to sizes larger than the film
thickness (L = 106.1 nm, P = 212.2 nm) that are comparable to
experimental geometries. As the nanoheater line width is reduced
toward the average substrate phonon MFPs (approximately equal
to film thicknessD) we observe a monotonic reduction of the phonon
thermal conduction for the 29.3- and 48.9-nm films compared with
the uniform film nanoheater case (dashed line in Fig. 1B), consistent
with experimental studies of isolated nanoheaters (13, 18, 19, 22).
For the 9.8-nm film the values are constant within error bars in
this region.
At smaller sizes, once the nanoheater period is smaller than the

phonon MFPs the phonon thermal conduction increases, reproducing

Fig. 1. (A) Steady-state MD geometry: periodic silicon nanoheaters of size L and period P on top of a silicon film of thickness D. The color map shows the
extracted atomistic temperature profile. (B) Cross-plane (downward) phonon thermal conduction plotted as a function of period for three film substrates with
thicknesses 9.8, 29.3, and 48.9 nm. The thermal conduction of the corresponding uniformly heated film is shown by dashed horizontal lines. The vertical lines
mark the periods that are equal to the thickness of each film. Guides to the eye highlight the trends in the three film substrates; as the nanoheater period
(and size) decreases, the cross-plane thermal conduction is reduced compared with the uniformly heated film. However, once the period reaches values on the
order of the film substrate thickness this trend reverses. These simulations thus capture the nondiffusive thermal transport behaviors reported experimentally
and demonstrate a clear relationship between cross-plane thermal conduction, substrate phonon MFPs, and nanoheater geometry. (C) Temperature profiles
of periodic nanoheaters with fixed 50% duty cycle for a 9.8-nm-thick film substrate. Atomistic temperature profiles extracted fromMD simulations (Top) show
clear differences compared with diffusive model temperature profiles computed using finite-element analysis simulations (Bottom). As the nanoheater size is
reduced, the MD simulations show significantly reduced temperatures adjacent to the nanoheaters compared with the diffusive model. These “light bulb”-
shaped temperature profiles include negative temperature gradients in the cross-plane direction.
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experimental observations of close-packed nanoheaters (13, 22). In
extreme nanoscale geometries (P ≈ 2 to 10 nm depending on the
thickness) that have not been experimentally accessible to date, we
find a complete return to, or even an apparent exceedance of, the
uniform film thermal conduction. We note that the minimum in the
thermal conduction trend occurs at a different period P correlating
with the film thickness D. Moreover, the magnitude of the deviation
from the reference uniform nanoheater increases with increasing
film thickness, as also shown in a normalized format in SI Appendix,
section 1.3. These behaviors are consistent with the expected vari-
ation of each system’s phonon MFP spectrum, which has been
observed to broaden with increasing thickness (38, 39).
The MD simulations give us direct access to the atomistic

temperature field in the nanoheaters and films. To compute two-
dimensional atomistic temperature profiles, we average the tem-
perature of the atoms in the dimension parallel to the nanoheaters
(out-of-plane). In Fig. 1C, Top we present a selection of atomistic
temperature profiles in the 9.8-nm-thick film substrate underneath
several nanoheater geometries. For comparison, we show in
Fig. 1C, Bottom the diffusive temperature profiles calculated from
finite-element analysis simulations under identical conditions as
MD using Fourier’s law of heat diffusion (SI Appendix, section 1.
4). The atomistic and diffusive temperature profiles clearly follow
different trends as nanoheater geometry is varied. While the MD
and diffusive profiles are similar for large line widths (relative to
the phonon MFPs), as the nanoheater geometry is reduced the
temperature profiles calculated by MD follow a “light-bulb” shape
not observed in the diffusive prediction. This case, shown in the
middle two columns, exhibits negative temperature gradients in
the cross-plane direction and reduced temperatures compared with
the diffusion model results on the surface next to the nanoheaters,
as reported in recent experiments (14). Finally, as the nanoheater
geometry approaches the extreme nanoscale (left column) the at-
omistic temperature profile is uniform-like and shows minimal heat
deposited in the volume of the film substrate. This behavior for few-
nanometer source sizes appears different from both the “light-bulb”
shape of intermediate sizes and the diffusive profile. The richness
of the atomistic temperature profiles shown in Fig. 1C further
confirms that using a diffusive model, even with conduction values
different from bulk, is insufficient to predict experimental mea-
surements of thermal transport at the nanoscale, as suggested by
recent work (14, 27, 40).
Thus far, we have investigated geometries with a fixed duty cycle

of 50%, where the period between nanoheaters is set at twice the
nanoheater line width. We now compare these results with fixed
period geometries, where the period is set to 69.5 nm and only the
nanoheater line width is reduced (increasingly isolating the
nanoheaters). We term this system the “isolated nanoheater ge-
ometry” even though the nanoheaters are periodic, because the
interactions of neighboring nanoheaters are reduced. For this com-
parison, as a case study, we examine nanoheaters on a 29.3-nm-thick
film substrate. The resulting cross-plane thermal conduction values,
normalized with respect to a uniform nanoheater, versus line width
normalized with respect to the average MFP in the film, are shown
in Fig. 2A.
We investigate the difference between these isolated calcula-

tions at fixed period and the close-packed simulations at fixed
duty cycle and compare these findings with experimental obser-
vations. In the simulations, when the period of the nanoheater
distribution is kept constant and the line width is reduced (shown
by the blue curve in Fig. 2A) we observe a monotonic decrease of
the phonon thermal conduction. For these isolated nanoheater
calculations we do not observe the turnaround in thermal con-
duction trend at small line widths (characteristic of the fixed duty
cycle case shown as orange curve in Fig. 2A). This monotonic
behavior in the thermal conduction for nanoheater geometries
with fixed period is consistent with many experimental observa-
tions (13, 18, 19, 22), and several theoretical frameworks have

addressed these deviations from Fourier’s law of heat diffusion
(18, 19, 31, 33, 41). Moreover, we compare extreme ultraviolet
(EUV) scatterometry data, obtained using a high-harmonic laser
source with wavelength between l and 40 nm, on bulk silicon (13,
22) with our MD thermal conduction trends. In Fig. 2B we plot the
inverse of the experimental effective thermal boundary resistivity,
normalized with respect to the limiting large-heater resistivity
value, and compare it qualitatively with our thermal conduction
results. The splitting in the thermal conduction trend between the
fixed duty cycle and the isolated nanoheater cases observed in the
atomistic computations is in good agreement with the EUV scat-
terometry data. We note that the EUV scatterometry experiments
have line widths, periods, and phonon MFPs that are much larger
than in the MD simulations. Nevertheless, once the nanoheater
line width is normalized with respect to each system’s average
phonon MFP the normalized values of thermal conduction and
inverse thermal resistivity depend similarly on nanoheater line
width. The differences in magnitude between the EUV scatter-
ometry data and MD simulation results are due to the longer
MFPs and wider spectrum of the phonons in bulk silicon compared
with the silicon film. Additionally, the difference in duty cycle be-
tween the EUV scatterometry data (25%) and the MD simulations
(50%) does not significantly impact the observed trends. To inves-
tigate the fundamental mechanisms that create these nondiffusive
transport behaviors we proceed to further analyze the atomistic
information provided by MD in wavevector space using spectral
energy density (SED) as detailed in Methods.
We observe stark differences between the SED of close-packed

and isolated nanoheaters. As shown in Fig. 2C, for nanoheater line
widths below the average phonon MFP the in-plane phonon life-
times are shorter for close-packed nanoheaters (fixed duty cycle)
compared with isolated ones (fixed period). Therefore, in-plane
phonon lifetimes decrease with decreasing nanoheater period
while the line width is kept constant. Moreover, isolated nano-
heaters with 8.8-nm line width and 69.5-nm period have larger in-
plane phonon lifetimes, and MFPs, than wide nanoheaters that
approach the uniform nanoheater limit, as shown in SI Appendix,
section 2.4. From this evidence, we conclude that the presence of
neighboring nanoheaters increases the scattering of in-plane
phonons, while minimally affecting cross-plane scattering. We
note that the alteration to lifetimes is not the only change in SED
observed between close-packed and isolated sources. We observe
an additional dispersion curve with a lower group velocity than the
bulk silicon transverse acoustic (TA) branch for both nanoheater
geometries, shown in Fig. 2C. The appearance of this surface
mode arises from more compliant surface atoms with lower coordi-
nation than bulk atoms (42). However, as the free surface (spacing)
between the nanoheaters is reduced, a near-surface stiffening effect
causes the group velocity of the surface mode to increase and
approach the bulk TA branch. This effect is mainly limited to
geometries with continuous free surface length of less than 8.8 nm
(SI Appendix, section 2.5.2). The changes in the phonon lifetimes
and group velocities between the close-packed and isolated cases
result in different in-plane phonon MFPs, directly correlating with
the cross-plane thermal conduction trends.

Discussion
The results described in the previous sections directly show the
impact of nanoheater distribution geometry on the temperature
(shown in Fig. 1C), the thermal conduction (shown in Figs. 1B and
2A), and the in-plane phonon lifetimes (shown in Fig. 2C) in the
substrate. To interpret these results, we first consider the case of
an isolated nanoheater. When the nanoheater line width is much
larger than the average phonon MFP (approximately equal to film
thickness D = 29.3 nm), phonon–phonon scattering near the
nanoheater establishes local thermal gradients, and the thermal
transport is successfully described by a bulk diffusive model.
However, for a line width much smaller than the average phonon
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MFP, sharp thermal gradients are produced near the nanoheater’s
edges as a significant portion of heat-carrying phonons travel
ballistically and reduce the density of phonon–phonon scattering
near the nanoheater. This behavior is often referred to as “quasibal-
listic” transport in the literature (11) and can no longer be described
by a bulk diffusive model. Our simulations of the small-line-width
nanoheater with fixed period (blue in Fig. 2A) approximates this
isolated case. As shown in SI Appendix, section 2.4, we observe that
the in-plane phonon lifetimes increase as line width is decreased for
an isolated nanoheater. This alteration of the phonon MFPs pro-
vides direct evidence of the underlying mechanism behind the ex-
perimentally observed decrease in cross-plane thermal conduction
as isolated nanoheaters shrink in size below the bulk average pho-
non MFP [≈300 nm (15)] as shown in Fig. 2B.
For close-packed nanoheaters, such as the small-line-width

nanoheaters with 50% duty cycle (orange in Fig. 2A), neighboring
nanoheaters scatter in-plane phonons, reducing their MFP com-
pared with the isolated nanoheater case. With each scattering event
involving in-plane phonons that would otherwise travel longer, heat
has a chance to travel in a direction other than the in-plane direc-
tion, effectively channeling the transport into the cross-plane direc-
tion. We refer to this impact of in-plane phonons on cross-plane
thermal conduction—which is controlled by nanoheater spacing—as
“directional thermal channeling (DTC).” This mechanism is
schematically depicted in Fig. 3 and mathematically illustrated in
SI Appendix, section 4. Therefore, for isolated nanoheaters, the in-
plane lifetimes are large, and the cross-plane conduction is small.
However, for close-packed nanoheaters, the in-plane lifetimes are
small, and the cross-plane conduction is larger. The observed evidence
of an in-plane/cross-plane anisotropy in the scattering environment,
shown in SI Appendix, section 2.3, is consistent with this description.
To check for coherent phonon effects in our analysis we perform

additional SED calculations for a third system: isolated nanoheaters

surrounded by close-packed unheated nanostructures (nano-
structured geometry) as detailed in SI Appendix, section 2.5.1. For
this system, a fraction of the nanostructures are unheated, unlike
the isolated and close-packed geometries where all the nano-
structures are heated. From the SED calculations of the nano-
structured geometry we observe signatures of Bragg scattering and
local resonance only at subwavelength line widths (<10 nm) (5, 6,
37, 43). However, once heat is applied to all nanostructures in this
third geometry, the close-packed nanoheaters system is recovered
and the coherent phonon dispersion effects are deconstructed (SI
Appendix, section 2.5.1). Therefore, these coherent phonon effects
are not present in the nanoheater geometries presented in Fig. 2.
The results of these test cases indicate that Bragg scattering and
local resonance effects alone cannot explain our results and that
localized heating plays a significant role. Further investigation of

Fig. 2. Phonon thermal transport channeling by periodic nanoheaters. (A) Normalized cross-plane thermal conduction in a 29.3-nm-thick silicon film for
periodic nanoheaters with fixed duty cycle (orange) and fixed period (blue). The thermal conduction is normalized with respect to the uniformly heated case.
(B) The inverse of effective thermal boundary resistivity in bulk silicon as measured by ultrafast EUV scatterometry experiments (13, 22), normalized to the
value of a large (diffusive) nanoheater. The line width of the nanoheaters in A and B is normalized to the average phonon MFP in the substrate to account for
the differences between the bulk [average phonon MFP ≈ 300 nm (15)] and thin-film silicon MFPs [average phonon MFP is approximately equal to film
thickness 29.3 nm (38, 39)]. The qualitative agreement between EUV scatterometry data and the MD simulations is striking. (C) In-plane phonon spectral
dispersion computed for two geometries with the same line width (8.8 nm) but different period (17.4 nm in orange and 69.5 nm in blue). We extract the
lifetimes and MFPs of in-plane phonons by analyzing the phonon spectral dispersion at a particular wavevector. The fit values show that in-plane phonons
travel further when nanoheaters are farther apart (blue) than when closer together (orange), as MFP is approximately equal to period. This is direct evidence
that increased scattering of in-plane phonons by nearby nanoheaters channels thermal transport to the cross-plane direction, increasing the conduction of
the system.

Fig. 3. Microscopic mechanism underlying directional thermal channeling.
For close-packed nanoheaters (Right), cross-plane thermal conduction is in-
creased due to increased in-plane phonon scattering compared with isolated
nanoheaters (Left).

4 of 6 | PNAS Honarvar et al.
https://doi.org/10.1073/pnas.2109056118 Directional thermal channeling: A phenomenon triggered by tight packing of heat sources

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
30

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109056118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109056118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109056118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109056118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109056118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109056118/-/DCSupplemental
https://doi.org/10.1073/pnas.2109056118


www.manaraa.com

the deconstruction of these Bragg scattering and local resonance
effects is left to future work.
We further confirm that scattering is the primary mechanism

affecting the cross-plane conduction by demonstrating that surface
stiffening, which is a linear elastodynamic effect rather than a
scattering effect, plays a minimal role in the cross-plane thermal
conduction. While surface stiffening appears for the close-packed
(orange) geometry in Fig. 2C, it is expected to be negligible in an
experimental geometry, where the length of the continuous free
surface is normally larger (i.e., the lower group velocity branch is
always present). In SI Appendix, section 3 we verify that surface
stiffening is not playing a key role in the thermal conduction trends.
We recalculate the thermal conduction values by excluding the
surface bin, where the stiffening effect predominantly occurs.
The results are similar to those presented for all bins in Fig. 2A.
Therefore, near-surface stiffening in the top layer dispersion mini-
mally affects the cross-plane conduction.
Finally, our simulations predict that the smallest nanoheater line

widths (1.1 to 4.4 nm) will have a cross-plane conduction higher
than the uniform nanoheater. At these extremely small sizes, where
nanoheaters are 8 to 64 atoms, we suspect that a new transport
mechanism may be occurring between the nanoheaters and sink.
Further evidence lies in our calculated temperature profiles for the
smallest nanoheaters, which show minimal heat deposition in the
volume of the film itself (see Fig. 1C and more details in SI Ap-
pendix, section 1.6). Since this exceedance of the uniform nano-
heater conduction mainly occurs at sub-10-nm line widths—and it is
most pronounced for the 9.8-nm-thick film—we hypothesize that
this behavior is related to the wavelength spectrum of the phonons,
which ranges in bulk silicon from 1 to 10 nm, with the majority of
wavelengths falling below 5 nm (15). At these extremely small scales
it is possible that the wavelength distribution of the heat-carrying
phonons exiting the nanoheaters is altered. We expect this is a
distinct effect from that recently proposed by Chiloyan et al. to
occur at larger scales, where higher-than-diffusive conduction can
be obtained due to nonthermal phonon populations (44). Further
work, both theoretical and experimental, is needed to explore this
predicted behavior for sub-10-nm dimensions.
In conclusion, we performed steady-state MD simulations on

silicon samples featuring close-packed nanoheaters. We considered
device-relevant geometries and used a film substrate to restrict the
average phonon MFP and permit a tractable simulation size. These
simulations allowed us to access the atomistic information required
for directly calculating the temperature field and the phonon dis-
persion and lifetimes that are difficult to measure experimentally.
The simulations reproduce the well-documented experimental be-
havior that nanoscale heat sources cool faster when closely packed
than when widely spaced. This is the case for systems where the
total amount of thermal energy applied is the same or even when
the thermal energy applied to a closely packed system is higher, as is
the case when nanoheaters of the same size are packed closer to-
gether. We find that when the line width of a nanoheater is below
the MFP of the dominant phonons in the substrate, both the in-
plane phonon scattering and cross-plane thermal conduction are
enhanced by reducing the spacing between nanoheaters. This in-
dicates a directional channeling and dissipation of thermal trans-
port. These results uncover a mechanistic understanding of phonon
transport in silicon and similar materials in the presence of nano-
heaters created by heated nanostructures or laser hot spots and

finally explain previously reported experimental measurements.
Moreover, these findings provide a foundation for developing
predictive MD-based models to provide information unattainable
by experimental measurements and phenomenological mesoscopic
models, which is critically important for the design of optimized
nanodevices.

Methods
MD Simulations. Our simulation geometry consists of periodic heated nano-
structures with height H on top of a silicon film substrate with thickness D.
Under the film substrate we apply a uniform heat sink with the same height as
the nanoheaters H to preserve the steady-state condition. At the bottom of
the heat sink we have fixed four layers of atoms to maintain the system’s
stability. Similar to the experimental geometry used in refs. 13 and 22, the
nanoheaters and the top surface atoms are free to move. SI Appendix, section
1.1 contains more details on the simulation setup.

Thermal Conduction. To characterize the phonon transport in each geometry
we extract the temperature gradient and heat flux, as detailed in SI Appendix,
section 1. From this information, we calculate phonon thermal conduction in
the cross-plane direction (downward in Fig. 1A) over a linear temperature re-
gion of the steady-state profile (SI Appendix, section 1.1). We use the term
“thermal conduction” mainly because of the finite dimension of the mem-
branes along the cross-plane direction, unlike “thermal conductivity” that is
predicted along an infinite dimension such as in a bulk material or in-plane
dimensions of a membrane. For reference, we compute the thermal conduction
of a system with a uniformly heated film on top of the substrate. The thermal
conduction values of the uniformly heated films upon extrapolation to the bulk
limit are consistent with the literature (SI Appendix, section 1.2) (36).

SED. In our MD simulations we access atomistic information in reciprocal
space––primarily phonon anharmonic dispersions––using the SED (37, 43, 45)
as described in SI Appendix, section 2.1. The SED technique processes the
system’s atomic velocities by a temporal Fourier transform to obtain an SED
magnitude at a specific wavevector. By performing the SED calculation for a
set of wavevector points, we extract the phonon anharmonic dispersion,
along with phonon properties such as the frequency and lifetime. Using the
SED approach, we investigate phonon properties in two limiting directions
of transport: cross-plane and in-plane as explained in SI Appendix, section 2.3.
We find that the cross-plane phonon properties for a given film substrate are
unchanged by the nanoheater line width and period, as shown in SI Appendix,
section 2.3. However, the in-plane phonon properties show strong dependence
on the nanoheater geometry. This behavior is indicative of an anisotropy in the
scattering environment due to periodic nanoheaters. To investigate the in-plane
dependence of the phonon properties further, we divide the substrate into six
vertically stacked bins and perform SED calculations for each bin. We find that
the phonon properties, and in particular the phonon lifetimes, are most
geometry-dependent in the bin closest to the surface, with significantly fewer
changes in other bins. Therefore, we focus our calculations on the upper one-
sixth of the film substrate. SED dispersions for the other bins can be found
in SI Appendix, section 2.2.

Data Availability. Some study data are available upon request.
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