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Abstract
Despite extensive research on quasi-ballistic phonon transport, anomalous phonon transport is still observed in
numerous nanostructures. Herein, we investigate the transport characteristics of two sets of samples: straight beams
and nanoladders comprising two straight beams orthogonally connected with bridges. A combination of experiments
and analysis with a Boltzmann transport model suggests that the boundary scattering within the bridges considerably
dictates the distribution of phonon mean free paths, despite its negligible contribution to the net heat flux. Statistical
analysis of those boundary scatterings shows that phonons with large axial angles are filtered into bridges, creating
dead spaces in the line-of-sight channels. Such redistribution induces Lévy walk conduction along the line-of-sight
channels, causing the remaining phonons within the bridges to exhibit Brownian motion. Phonon conduction in the
nanoladders is suppressed below that of the straight beams with equivalent cross-sectional areas due to trapped
phonons within the bridges. Our work reveals the origin of unusual thermal conductivity suppression at the nanoscale,
suggesting a method to modulate phonon conduction via systematic nanostructuring.

Introduction
Understanding the nanoscale phonon conduction

mechanism is essential in a wide range of semiconductor
applications, such as nanoelectronics1,2, optoelec-
tronics3,4, and energy conversion devices5,6. In the context
of phonon conduction, nanostructures can be broadly
categorized based on the uniformity of the cross-sectional
area along the predominant direction of heat flow. Typical
examples of structures with uniform cross-sectional areas
include thin films7–10, nanobeams11, and smooth nano-
wires12–15, which have line-of-sight (LOS) channels for
heat flow. These nanostructures show a significant
reduction in thermal conductivity compared to their bulk

counterparts due to increased boundary scattering. Such
suppressed thermal transport in nanostructures with
uniform cross-sections has substantially contributed to
establishing a microscopic phonon conduction model16,17.
However, numerous nanostructures show anomalous heat
conduction with increasing complexity, calling into
question the suppression mechanisms of phonon
transport18,19.
It is generally accepted that the LOS channel is a pri-

mary heat conduction path, and its cross-section dictates
the thermal conductivity of nanostructures. With the
increased complexity of nanostructures that have a non-
LOS channel volume, phonon conduction is observed to
deviate from that of the LOS channel20–24. A key feature
associated with such suppression in conduction is that
phonon flux is disturbed due to the interactions of pho-
nons with geometrical perturbations. The length scale of
this perturbation ranges from angstroms to hundreds of
nanometers, which is on the order of the phonon mean
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free path (MFP). Various reduction mechanisms have
been suggested to explain the suppressed thermal con-
ductivity of these complex nanostructures, with a focus on
the interplay between phonons and nanostructures. For
example, previous reports on nanowires with cross-
sectional areas disordered in the range of a few nan-
ometers25,26 as well as on phononic films20,27,28 with
periodic nanoscale holes suggest that this suppression can
be associated with the wave-like effects of phonons,
atomic defects, and backscattering21,29. On the other
hand, in fishbone structures, i.e., a nanobeam with
orthogonally protruded pillars, or in corrugated nano-
wires with a series of periodically folded structures along
the sidewall, the reduction in thermal conductivity is
attributed to the Sharvin resistance in the ballistic
regime24 and Lévy walk transport characteristics22,30. In
addition, it has been further shown that in bare nano-
ladder structures31, a nanobeam with nanobridges and a
single row of pores and bridges constitute a thermally
dead volume23. The abovementioned reduction mechan-
isms are still under debate, calling for further studies on
the origin of the phonon reduction mechanism in com-
plex nanostructures beyond the conventional phonon
transport mechanism that follows Brownian motion.
Herein, we investigate the evolution of thermal trans-

port characteristics along LOS channels in nanoladders
with a periodically varying cross-sectional areas at room
temperature. Specifically, we prepare two sets of samples
with ~78 nm thick single crystal silicon: (1) a set of
nanobeams with varying cross-sectional areas and (2) a set
of two identical nanobeams connected with a series of
orthogonally placed bridges resembling ladders. With
respect to the predominant heat direction, the thermal
transport in nanoladders consists of two regimes, line-of-
sight (LOS) channels and bridges, which are connected
orthogonally, while the thermal transport in nanobeams
consists of a single LOS channel regime. A nanoladder is

considered as a series of repeating unit cells, as illustrated
in Fig. 1a. Phonons contributing to the net transfer across
the unit cell can be categorized into two groups: those
traveling directly across the unit cell and those fully
thermalized within the bridges. To quantify the relative
contribution of each component to the thermal conduc-
tion, we deliberately designed our samples by modulating
the cross-section ratios of LOS channels to bridges, ran-
ging from ~1 to 5.29. Using a combination of the Boltz-
mann transport equation and the Monte Carlo approach,
we model the phonon transport in our samples and find
that the mean free path is determined by the relative
volume ratio of LOS channels to bridges, corresponding
to geometrical inhomogeneity. We further analyze a sta-
tistical distribution of phonon free paths, i.e., the traveling
distance between scattering events, to investigate their
transport characteristics as well as their impact on
resultant mean free paths.

Experimental procedures
Device fabrication
We fabricate silicon nanostructures using silicon-on-

insulator (SOI) wafers (Soitec Inc.) comprising an
~340 nm thick silicon layer and a 1 µm thick buried oxide
layer (BOX). We employ thermal oxidation and con-
secutive oxide removal through a wet etching process to
decrease the thickness of the silicon layer to ~78 nm. As
an electrical passivation layer, an ~25 nm thick Al2O3

layer is deposited using atomic layer deposition (ALD). To
pattern both nanobeam and nanoladder structures, a
window of 10 μm× 20 μm is patterned between mem-
branes by photolithography and etched using wet pro-
cesses. Using electron beam lithography, the
nanostructures are patterned, and a dry etching process
follows. A serpentine Pt heater is patterned onto the
insulation layer of each membrane by using a combina-
tion of electron beam lithography. A lift-off process is

Fig. 1 Sample geometry. a An illustration of two characteristic phonon paths in nanoladders: the predominant phonon transport along the line-of-
sight (LOS) channels (shaded blue region) and phonons captured within the bridge (shaded red region). b–e Scanning electron microscopy (SEM)
images of straight beams with w= b 970 nm, c 270 nm, d 170 nm, and e 70 nm. f–i SEM images of nanoladders with wLOS= f 370 nm, g 270 nm,
h 170 nm, and i 70 nm.
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applied after the deposition of Cr and Pt layers of ~5 and
~40 nm thicknesses using electron beam metal evapora-
tion. To suspend the structure, the BOX layer under the
surrounding area of the membranes and legs is etched
using RIE and consecutive gaseous hydrogen fluoride
(HF) etching. For the conversion of thermal conductance
into thermal conductivity and the uncertainty analysis,
dimension measurement with scanning electron micro-
scopy (SEM) is conducted after the fabrication process.

Sample design and electrothermal characterization
As shown in Fig. 1b–i, we carefully prepare the two

following sets of samples: (1) straight beams and (2)
nanoladders (consisting of two straight beams placed in
parallel and connected orthogonally using bridges). For
the straight beam samples, we vary the aspect ratios of the
cross-sections from ~0.9 to ~13.9 by modulating the
width wLOS from ~70 nm to ~970 nm while keeping the
thickness t at ~78 nm. Similarly, for the nanoladder
samples, we vary the widths of the two straight beams
from ~70 nm to ~370 nm, and ~70 nm by ~78 nm-sized
bridges are placed between these beams with a periodicity
of 200 nm. Here, the bridge width lbridge is ~70 nm.
Accordingly, the volume ratio of LOS channels to bridges
ranges from ~0.48 to ~9.2 in our nanoladders, and both
sets of samples have identical LOS channels. The length of
both sets of samples is 10 μm, which is long enough to
ensure diffusive phonon transport along the LOS
channels.
The thermal conductivity of our samples is character-

ized using an electrothermal characterization method
with two suspended membranes, and this method has
been applied for measuring the thermal conductivities of
numerous nanomaterials. The detailed methodology is
well documented elsewhere14,32,33. We note that both the
samples and membranes are monolithically fabricated
using both electron-beam lithography and

photolithography (see Supporting Information for fabri-
cation details). Heat is generated via Joule heating using
serpentine metal structures, which imposes a finite tem-
perature difference across the sample, and the associated
temperatures on both sides are measured using resistive
thermometry. Given the heat generation and associated
temperature differences, the thermal conductivity of the
samples can then be calculated by numerically solving a
heat equation. We note that the heat equation captures
the geometrical contribution in the diffusive transport
regime.
We assume uniform thermal conductivities across the

nanostructured samples (see Supporting Information for
uncertainty analysis). The experiment is performed in
vacuum to minimize convective heat loss.

Results and discussion
Experimental results
Figure 2a shows that as the cross-sectional area of an

LOS channel is decreased, the thermal conductivity
decreases from ~50 to ~30Wm−1 K−1 and from ~45 to
~33Wm−1 K−1 for straight beams and nanoladders,
respectively. Note that for straight beams, we find that as
the aspect ratio is increased, the thermal conductivity
approaches the thin-film limit, verifying the validity of our
measurements34. The monotonic decrease in the thermal
conductivity of both sets of samples indicates that the
cross-sectional area of the LOS channel is the pre-
dominant factor that dictates the overall thermal con-
ductivity in our samples, as discussed in previous
studies35–37. However, we find a crossover of the thermal
conductivity between the two sets despite the identical
cross-sections of the LOS channels. The thermal con-
ductivity of the nanoladder samples is smaller than that of
the straight beam samples when wLOS > lbridge, whereas
the relative magnitude is reversed when wLOS < lbridge.
While the crossover is found nearly within experimental

Fig. 2 Thermal conductivity and boundary scattering. a Thermal conductivity of nanoladders (solid red circles) and straight beams (solid blue
squares) as a function of the line-of-sight channel width wLOS. The solid lines are the model prediction based on Boltzmann transport equation.
b Mean free paths for boundary scattering in nanoladders (red solid line) and straight beams (blue solid line) versus wLOS.
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uncertainty, it is worth investigating the crossover using a
Boltzmann transport model.

Boltzmann transport model
To better understand the differences in phonon con-

duction between straight beams and nanoladders, we
model the thermal conductivity based on the Boltzmann
transport equation as38,39

k ¼ 1
6π2

X
i

Z
CV ;iðqÞviðqÞ2τi qð Þdq ð1Þ

where i is the phonon mode, q is the phonon wavevector,
CV is the volumetric heat capacity, v is the group velocity,
and τ is the relaxation time. Born-vo n Karman sine type
dispersion relation is used. The phonon mean free path Λ is
defined as Λ= v × τ and can be derived using Matthiessen’s
rule as τ ¼ ðτ�1

U þ τ�1
I þ τ�1

B Þ�1, where τU is the Umklapp
scattering rate defined as τ�1

U ¼ Aw2Texpð� B
TÞ and τI is the

impurity scattering rate defined as τ�1
I ¼ Dw4. The

boundary scattering rate τB is estimated by simulating
phonon particles using Monte Carlo schemes. We consider
the effects of internal phonon-phonon scattering and
impurity scattering, and to determine the parameters A, B
and D, we fit Eq. (1) to the experimental data of straight
beams. For the best fit, A, B and D are given as 1.21 ×
10−19 sK−1, 151 K and 2.54 × 10−45 s3, respectively (see
Supporting Information for detailed Boltzmann transport
model). We apply the fitted value for internal scattering to
predict the thermal conductivity of the nanoladders, and the
fit shows agreement with our experimental data within
~2%. This agreement ensures that the model captures the
characteristics of phonon transport in our samples, as seen
in Fig. 2a. More importantly, the model prediction clearly

shows the crossover of the thermal conductivity between
nanoladders and straight beams as a function of LOS width.
We further investigate the dependence of the phonon

mean free path on boundary scattering, which dictates the
thermal conductivity at the given length scale of our
samples. We plot the boundary scattering mean free path
ΛBoundary in Fig. 2b, which shows a clear crossover beha-
vior between the nanoladders and straight beams, similar
to the observed thermal conductivity. On the one hand,
when wLOS > lBridge, the ΛBoundary in nanoladders is smal-
ler than that in straight beams as shorter MFPs are
introduced from the bridges. On the other hand, when
wLOS < lBridge, the ΛBoundary in the nanoladders asympto-
tically saturates at a constant value as wLOS is decreased,
while it decreases monotonically in their straight beam
counterparts. The asymptotic limit of the nanoladders is
mainly dictated by the geometrical dimension of the
bridge, which introduces a constant scattering cross-
section. This indicates that the ΛBoundary in nanoladders is
nearly determined by the volumetric contribution of the
LOS channels and bridges in the heterogeneous struc-
tures. Particularly at wLOS ≪ lBridge, ΛBoundary is pre-
dominantly dictated by the critical dimension of the
bridge, not that of the LOS channel, which is a primary
heat flow channel. As such, the critical dimension of the
bridge serves as a source of free paths, while the con-
tribution to the net heat flux from bridges is negligible.

Statistical analysis of phonon free paths
We next statistically analyze the boundary scattering

free path distributions of both the nanoladder and straight
beam sample sets. We consider only boundary scattering,
as it is the predominant scattering mechanism at the given

Fig. 3 Statistical analysis of boundary scattered phonons. a Probability density function (PDF) of phonon free path in nanoladders. The red and
blue colors correspond to the phonon free path in bridge and in LOS channel, respectively (wLOS= 20 nm, thickness t= 78 nm, and bridge length
lBridge= 70 nm). Note that the PDF peaks whenever free path coincides with the dimension of the characteristic features present in nanoladders. Each
peak can be described in term of the characteristic length LC and shape parameter α, which determines the decay profile of free paths. b α versus the
ratio of lBridge to wLOS in nanoladders. The dark solid gray color indicates the infinitely thick limit where thickness-dependent diffuse boundary
scattering becomes negligible. For α > 2, phonon transport is diffusive (red shaded region), but as α crosses 2, phonons display Lévy walk transport
characteristics (blue shaded region).
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dimensions. As seen in Fig. 3a, the free path distribution is
expressed in terms of the probability density function
(PDF), which shows peaks at the characteristic dimen-
sions of the nanoladder and the straight beam: wLOS and
thickness t. Note that we choose wLOS= 20 nm to
emphasize the role of the LOS channel in the free path
distributions, as the peaks for the LOS channel and the
bridge are close to each other when wLOS= 70 nm. We
observe that the PDF of the free paths for the nanoladder
samples is dramatically suppressed near 20 nm compared
to that for the straight beam samples. In contrast, the PDF
is enhanced at ~70 nm (=lBridge) compared to that for the
straight beam samples. Such changes in the PDF are
mainly due to the phonons being trapped in the bridges,
which occurs mostly for phonons traveling at relatively
large axial angles with respect to the predominant direc-
tion of heat flow along the LOS channels22. We note that
a nonzero probability is found below 20 nm, corre-
sponding to potential phonon travel paths at a corner.
To further obtain quantitative information on the

transport characteristics, we interpret the PDFs using the
Pareto distribution expressed as40

f ðXÞ ¼ αLαC
Xαþ1

; ð2Þ
where LC=min(wLOS,lbridge,t) is the length scale of the
smallest characteristic dimension present in the nanos-
tructure, X is the free path, and α is the shape parameter
that reflects the phonon transport mechanism: ballistic
transport for α= 1, Lévy walk for 1 < α < 2, and Brownian
motion for α= 2. We note that the Pareto distribution has
been studied in Bose–Einstein processes, such as thermal
transport in SiGe and InGaAs alloys41–43 as well as in
silicon nanowires at low temperatures22. Using the Pareto
distribution framework, we fit the simulated PDFs of the
free paths in the nanoladder samples and extract the
shape parameter α as a function of the ratio of the
predominant critical dimensions, wLOS to lBridge. We find
that for wLOS > lBridge, α is larger than 2, and α is smaller
than 2 when wLOS < lBridge, as seen in Fig. 3b. Note that
this analysis focuses on the PDF near the smallest
characteristic dimension present in the nanostructure to
avoid interplay with other larger characteristic dimen-
sions. We can therefore deduce that the phonon transport
in the bridge region is dominated by Brownian motion
(α= 2), while the LOS channel region displays Lévy walk
characteristics (α < 2). We note that heat conduction
typically follows Brownian motion. For example, in the
case of infinitely thick samples, the bridge region shows
perfect Brownian motion, as indicated by α= 2. Further-
more, we find that straight beams also show Brownian
motion (α= 2) as opposed to the Lévy walk characteristics
shown by the LOS channels in nanoladders. These
observations suggest that the characteristics of phonon

transport are converted from Brownian motion to Lévy
flight along the LOS channel in our nanoladders by
bridging the parallel channels.
We estimate the contribution of the Lévy walk character

to the phonon mean free path E(X) using a Pareto dis-
tribution as

EðXÞ ¼
Z 1

Lc

X
αLαc
Xαþ1

dX ¼ α

α� 1
Lcðα> 1Þ ð3Þ

where X is the free path, α is the shape parameter, and Lc
is the characteristic length for the boundary scattering.
We note that α= 2 corresponds to the Brownian motion
regime, while 1 < α < 2 corresponds to the Lévy walk
regime. As shown in Fig. 4, the degree of boundary
scattering contribution to the mean free path depends on
the phonon transport characteristics, i.e., α. This suggests
that phonons displaying Lévy walk characteristics are
likely to have a longer mean free path than those
displaying Brownian motion characteristics.
We further visualize the phonon paths along the LOS

channels in both nanoladders and straight beams by
simulating 3 × 104 phonons in a 3D computational space,
which are projected onto a two-dimensional plane, as seen
in the inset of Fig. 4. It is noteworthy that the collective set
of phonon trajectories renders dead space at the entrance
of the bridges. As such, phonons propagating along the
LOS channel are likely to form an artificially corrugated
structure, with those propagating at narrow axial angles
following Lévy walk characteristics22,44. Given the statis-
tical analysis above, we suggest that phonons propagating
with broad axial angles are dominantly trapped within the
bridges in our nanoladder and are dictated by the
boundary scattering therein. As wLOS is decreased, more
phonons with large-angle scattering are likely to be

Fig. 4 Mean free path normalized to the critical dimension LC as a
function of the shape parameter α. The region shaded in red color
indicates the Lévy walk regime (α < 2) while Brownian motion is found
at α= 2. The inset shows simulated phonon trajectory in both Lévy
walk (left) and Brownian motion (right) regimes. We note that the
inset for Lévy walk corresponds to α= 1.73.
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trapped in the bridges. The remaining phonons with
narrow axial angles contribute to the decrease in the
shape parameter as well as the increase in the mean free
path in the LOS channel. However, the overall thermal
conductivity of the nanoladder is suppressed as the
majority of phonons are trapped in Brownian motion-
dominated bridges; this suppression becomes further
pronounced as the critical dimension of the bridge is
comparable to or smaller than that of the LOS channel.
Finally, we extend our discussion on the impact of

geometrical heterogeneity on phonon transport in the
context of previous studies on other nanostructures, such
as nanomeshes20,21 and fishbone nanowires24,45, as shown
in the inset of Fig. 5. These structures can be decomposed
into the LOS channel and the other channel, which is
orthogonally aligned with respect to the LOS channel, and
the corresponding critical dimensions are set to w// and
l⊥, respectively. Figure 5 shows the thermal conductivity
of the abovementioned nanostructures normalized to that
of the LOS channel as a function of the volumetric ratios
of the nanostructures to that of the LOS channel. For the
nanomeshes, the critical dimensions are the same l⊥ =
w//, and the thermal conductivity decreases with
increasing volumetric density of the non-LOS channel.
For the fishbone nanowires with l⊥ > w//, the thermal
conductivity decreases with increasing volume ratio,
VTotal to VLOS, despite the increasing volumetric con-
tribution of the non-LOS channel. In both cases, as the
critical dimension of the non-LOS channel is larger than
that of the LOS channel, the volumetric change fails to
induce the suppression with increasing volume ratio of
the non-LOS channel. Given these structures, phonon

conduction through the LOS channel is also likely to
show Lévy-walk characteristics, increasing the mean free
paths along the channel. The abovementioned factors fail
to explain the reduction. As such, the further suppression
with increasing volume of the non-LOS channel is due to
the increasingly trapped phonons with the non-LOS
channel, which are forced to follow Brownian motion
within the regime.

Conclusions
In summary, we investigate the phonon transport

mechanisms in silicon nanoladders and nanobeams. We
observe a crossover in the thermal conductivity between
the nanoladders and straight beams as a function of the
volumetric ratio of bridges to LOS channels. A model
prediction based on Boltzmann transport suggests that
the non-LOS channel is a major contributing source of
phonon boundary scattering despite its negligible con-
tribution to the net heat flux. Furthermore, a statistical
analysis of the distributions of free paths suggests that the
bridges convert the transport characteristics of the LOS
channel. We quantitatively identify this conversion using
a Pareto-distribution framework as phonons traversing
along the LOS channel follow the Lévy walk process,
while those trapped in bridges show diffusive behavior. As
a result, phonons in the LOS channels of the nanoladders
have a relatively long mean free path as bridges capture
large-angle phonons with respect to the axial direction.
Finally, we extend our observation to other nanos-
tructures with orthogonal geometric obstructions, such as
nanomeshes and fishbone nanowires. This work answers a
long-lasting question regarding the interplay between
phonons and nanostructures, contributing to a compre-
hensive model for complex nanostructures.

Acknowledgements
We thank Dr. Mehdi Asheghi for the useful discussion. This research is
supported by the National Research Foundation of Korea (NRF) funded by the
MSIT (2020R1A4A3079200) and NRF (2021R1C1C1008693). Part of this research
conducted at Seoul National University is supported by Samsung Electronics.

Author details
1Department of chemistry, Seoul National University, Seoul, South Korea.
2Department of Mechanical Engineering, School of Engineering, The University
of Tokyo, Tokyo, Japan. 3Division of Mechanical Systems Engineering,
Sookmyung Women’s University, Seoul, South Korea. 4Department of
Mechanical Engineering, Columbia University, New York, USA. 5Department of
Applied Physics, College of Engineering, Sookmyung Women’s University,
Seoul, South Korea

Author contributions
W.P. conceived the idea and performed experiments. T.K. and W.P. fabricated
the samples. Y.K. and Y.K. analyzed the experimental data and built the
microscopic model. J.L. and W. P. supervised this study. B.S.Y.K. and C.K.
provided discussion for the statistical model. All authors contributed to writing
and editing the article.

Fig. 5 A collective experimental data for thermal conductivity in
various nanostructures with non-uniform cross-section along the
primary heat flux direction. Thermal conductivity in each
nanostructure is normalized to that in the corresponding line-of-sight
channel. Data points located in green shaded area are the values
having w// < l⊥, in gray area are the values having w//= l⊥. Solid red
dots, data point of this work satisfies w// ≥ l⊥, gray diamond are data
points with various periodicity.

Kim et al. NPG Asia Materials (2022) 14:33 Page 6 of 7



Conflict of interest
The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work
reported in this paper.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41427-022-00375-7.

Received: 23 November 2021 Revised: 18 February 2022 Accepted: 25
February 2022.
Published online: 15 April 2022

References
1. Moore, A. L. & Shi, L. Emerging challenges and materials for thermal man-

agement of electronics. Mater. Today 17, 163–174 (2014).
2. Pop, E. Energy dissipation and transport in nanoscale devices. Nano Res. 3,

147–169 (2010).
3. Cheng, H. H., Huang, D.-S. & Lin, M.-T. Heat dissipation design and analysis of

high power LED array using the finite element method. Microelectron. Reliab.
52, 905–911 (2012).

4. Luo, X., Hu, R., Liu, S. & Wang, K. Heat and fluid flow in high-power LED
packaging and applications. Prog. Energy Combust. Sci. 56, 1–32
(2016).

5. Browne, M., Norton, B. & McCormack, S. Phase change materials for
photovoltaic thermal management. Renew. Sustain. Energy Rev. 47,
762–782 (2015).

6. Zebarjadi, M. Heat management in thermoelectric power generators. Sci. Rep.
6, 1–6 (2016).

7. Liu, W. & Asheghi, M. Phonon–boundary scattering in ultrathin single-crystal
silicon layers. Appl. Phys. Lett. 84, 3819–3821 (2004).

8. Liu, W. & Asheghi, M. Thermal conduction in ultrathin pure and doped single-
crystal silicon layers at high temperatures. J. Appl. Phys. 98, 123523-123523-
123526 (2005).

9. Ju, Y. & Goodson, K. Phonon scattering in silicon films with thickness of order
100 nm. Appl. Phys. Lett. 74, 3005–3007 (1999).

10. Johnson, J. A. et al. Direct measurement of room-temperature nondiffusive
thermal transport over micron distances in a silicon membrane. Phys. Rev. Lett.
110, 025901 (2013).

11. Park, W. et al. Phonon conduction in silicon nanobeams. Appl. Phys. Lett. 110,
213102 (2017).

12. Mingo, N. Calculation of Si nanowire thermal conductivity using complete
phonon dispersion relations. Phys. Rev. B 68, 113308 (2003).

13. Mingo, N., Yang, L., Li, D. & Majumdar, A. Predicting the thermal conductivity of
Si and Ge nanowires. Nano Lett. 3, 1713–1716 (2003).

14. Li, D. et al. Thermal conductivity of individual silicon nanowires. Appl. Phys. Lett.
83, 2934–2936 (2003).

15. Chen, R. et al. Thermal conductance of thin silicon nanowires. Phys. Rev. Lett.
101, 105501 (2008).

16. Yang, F. & Dames, C. Mean free path spectra as a tool to understand
thermal conductivity in bulk and nanostructures. Phys. Rev. B 87,
35437–35443 (2013).

17. Hu, Y., Zeng, L., Minnich, A. J., Dresselhaus, M. S. & Chen, G. Spectral mapping
of thermal conductivity through nanoscale ballistic transport. Nat. Nano-
technol. 10, 701–706 (2015).

18. Liu, S., Xu, X., Xie, R., Zhang, G. & Li, B. Anomalous heat conduction and
anomalous diffusion in low dimensional nanoscale systems. Eur. Phys. J. B 85,
1–20 (2012).

19. Dhar, A., Saito, K. & Derrida, B. Exact solution of a Lévy walk model for
anomalous heat transport. Phys. Rev. E 87, 010103 (2013).

20. Yu, J.-K., Mitrovic, S., Tham, D., Varghese, J. & Heath, J. R. Reduction of thermal
conductivity in phononic nanomesh structures. Nat. Nanotechnol. 5, 718–721
(2010).

21. Lee, J. et al. Investigation of phonon coherence and backscattering using
silicon nanomeshes. Nat. Commun. 8, 14054 (2017).

22. Anufriev, R., Gluchko, S., Volz, S. & Nomura, M. Quasi-ballistic heat conduction
due to Lévy phonon flights in silicon nanowires. ACS Nano 12, 11928–11935
(2018).

23. Park, W. et al. Impact of thermally dead volume on phonon conduction along
silicon nanoladders. Nanoscale 10, 11117–11122 (2018).

24. Yang, L., Zhao, Y., Zhang, Q., Yang, J. & Li, D. Thermal transport through
fishbone silicon nanoribbons: unraveling the role of Sharvin resistance.
Nanoscale 11, 8196–8203 (2019).

25. Lim, J., Hippalgaonkar, K., Andrews, S. C., Majumdar, A. & Yang, P. Quantifying
surface roughness effects on phonon transport in silicon nanowires. Nano Lett.
12, 2475–2482 (2012).

26. Lee, J. et al. Thermal transport in silicon nanowires at high temperature up to
700 K. Nano Lett. 16, 4133–4140 (2016).

27. Song, D. & Chen, G. Thermal conductivity of periodic microporous silicon films.
Appl. Phys. Lett. 84, 687–689 (2004).

28. Nakagawa, J., Kage, Y., Hori, T., Shiomi, J. & Nomura, M. Crystal structure
dependent thermal conductivity in two-dimensional phononic crystal
nanostructures. Appl. Phys. Lett. 107, 023104 (2015).

29. Alaie, S., et al. Thermal transport in phononic crystals and the observation of
coherent phonon scattering at room temperature. Nat. Commun. 6, 7228
(2015).

30. Anufriev, R. & Nomura, M. Ray phononics: thermal guides, emitters, filters, and
shields powered by ballistic phonon transport. Mater. Today Phys. 15, 100272
(2020).

31. Yanagisawa, R., Maire, J., Ramiere, A., Anufriev, R. & Nomura, M. Impact of
limiting dimension on thermal conductivity of one-dimensional silicon pho-
nonic crystals. Appl. Phys. Lett. 110, 133108 (2017).

32. Kim, P., Shi, L., Majumdar, A. & McEuen, P. L. Thermal transport measurements
of individual multiwalled nanotubes. Phys. Rev. Lett. 87, 215502 (2001).

33. Hippalgaonkar, K. et al. Fabrication of microdevices with integrated nanowires
for investigating low-dimensional phonon transport. Nano Lett. 10, 4341–4348
(2010).

34. Asheghi, M., Touzelbaev, M., Goodson, K., Leung, Y. & Wong, S. Temperature-
dependent thermal conductivity of single-crystal silicon layers in SOI sub-
strates. J. Heat. Transf. 120, 30–36 (1998).

35. Tang, J. et al. Holey silicon as an efficient thermoelectric material. Nano Lett.
10, 4279–4283 (2010).

36. Anufriev, R., Maire, J. & Nomura, M. Reduction of thermal conductivity by
surface scattering of phonons in periodic silicon nanostructures. Phys. Rev. B
93, 045411 (2016).

37. Anufriev, R., Ramiere, A., Maire, J. & Nomura, M. Heat guiding and focusing
using ballistic phonon transport in phononic nanostructures. Nat. Commun. 8,
1–8 (2017).

38. Callaway, J. Model for lattice thermal conductivity at low temperatures. Phys.
Rev. 113, 1046 (1959).

39. Holland, M. G. Analysis of lattice thermal conductivity. Phys. Rev. 132, 2461
(1963).

40. Hosking, J. R. & Wallis, J. R. Parameter and quantile estimation for the gen-
eralized Pareto distribution. Technometrics 29, 339–349 (1987).

41. Vermeersch, B., Carrete, J., Mingo, N. & Shakouri, A. Superdiffusive heat con-
duction in semiconductor alloys. I. Theoretical foundations. Phys. Rev. B 91,
085202 (2015).

42. Vermeersch, B., Mohammed, A. M., Pernot, G., Koh, Y. R. & Shakouri, A.
Superdiffusive heat conduction in semiconductor alloys. II. Truncated Lévy
formalism for experimental analysis. Phys. Rev. B 91, 085203 (2015).

43. Upadhyaya, M. & Aksamija, Z. Nondiffusive lattice thermal transport in Si-Ge
alloy nanowires. Phys. Rev. B 94, 174303 (2016).

44. Park, W. et al. Phonon conduction in silicon nanobeam labyrinths. Sci. Rep. 7,
6233 (2017).

45. Maire, J. et al. Thermal conductivity reduction in silicon fishbone nanowires.
Sci. Rep. 8, 1–8 (2018).

Kim et al. NPG Asia Materials (2022) 14:33 Page 7 of 7

https://doi.org/10.1038/s41427-022-00375-7

	Suppressed phonon conduction by geometrically induced evolution of transport characteristics from Brownian motion into L&#x000E9;vy flight
	Introduction
	Experimental procedures
	Device fabrication
	Sample design and electrothermal characterization

	Results and discussion
	Experimental results
	Boltzmann transport model
	Statistical analysis of phonon free paths

	Conclusions
	Acknowledgements
	Acknowledgements




