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Thermal conduction in complex periodic nanostructures remains a key area of open questions and

research, and a particularly provocative and challenging detail is the impact of nanoscale material

volumes that do not lie along the optimal line of sight for conduction. Here, we experimentally study

thermal transport in silicon nanoladders, which feature two orthogonal heat conduction paths: unob-

structed line-of-sight channels in the axial direction and interconnecting bridges between them. The

nanoladders feature an array of rectangular holes in a 10 µm long straight beam with a 970 nm wide and

75 nm thick cross-section. We vary the pitch of these holes from 200 nm to 1100 nm to modulate the

contribution of bridges to the net transport of heat in the axial direction. The effective thermal conduc-

tivity, corresponding to reduced heat flux, decreases from ∼45 W m−1 K−1 to ∼31 W m−1 K−1 with decreas-

ing pitch. By solving the Boltzmann transport equation using phonon mean free paths taken from ab initio

calculations, we model thermal transport in the nanoladders, and experimental results show excellent

agreement with the predictions to within ∼11%. A combination of experiments and calculations shows

that with decreasing pitch, thermal transport in nanoladders approaches the counterpart in a straight

beam equivalent to the line-of-sight channels, indicating that the bridges constitute a thermally dead

volume. This study suggests that ballistic effects are dictated by the line-of-sight channels, providing key

insights into thermal conduction in nanostructured metamaterials.

Introduction

Nanostructured materials have shown great promise in tuning
key material characteristics, including optical,1,2 mechani-
cal,3,4 and thermoelectric5,6 properties. For example, ladder
structures, a pair of wires connected to each other using

orthogonal beams, have demonstrated significantly improved
mechanical strength over that of a wire.7,8 Nanostructures are
often geometrically complex, requiring multiple characteristic
lengths, e.g. dimensions for the orthogonal beams and wires
in the ladders. In these complex structures, thermal transport
is significantly suppressed due to boundary scattering when
the length scales are comparable to mean free paths (MFPs) of
energy carriers.9,10 Despite much previous work on phonon-
boundary scattering,11,12 the impact of competing geometric
length scales on phonon conduction still remains unclear.

For the present study, it is useful to view nanostructured
materials in two groups: spatially continuous materials and
porous media with discontinuity in mass. The continuous
materials have constant cross-sections normal to the direction
of the dominant temperature gradient, for example thin
films,13,14 nanowires,15 and nanobeams.16,17 Their thermal
conductivities are reduced due to increased boundary scatter-
ing, and a theoretical model for phonon transport has been
established using the ratio of a characteristic length and
phonon MFPs.14,16–21 In porous media, e.g. phononic crystals –
thin films with nanoscopic holes in a periodic manner, nano-
scale features increase phonon-boundary scattering as well as
modify conduction paths.5,22–24 The modification in the
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thermal paths causes inhomogeneous volumetric contri-
butions to net heat flux, and the suppression in thermal con-
ductivity is convolved with the inhomogeneity and the ballistic
effects. Such spatial variations frequently occur at length
scales comparable to the dominant phonon MFPs, leading to
varying “local” definitions of thermal conductivity within
different regions of the nanostructure.5,23,25–27 This increases
the complexity of their experimental characterization. While it
is generally accepted that the smallest feature size dictates the
transport properties,28–30 understanding the details of the
inhomogeneity is essential to identify and quantify other
reduction mechanisms. Past studies on phononic crystal
beams and films show that experimental results deviate from
theoretical predictions,5,23,25,26,31,32 leaving unanswered ques-
tions regarding conduction physics, such as the impacts of
wave-like phonon behavior23,25,31 and roughness.28,33–35 Such
debates are partly attributed to incomplete understanding of
the spatially varying ballistic effects since it is difficult to
decouple the effects of other mechanisms from that of bound-
ary scattering. A key challenge for further investigation on con-
duction physics via nanostructures is to quantify the impact of
inhomogeneous volumetric contribution on phonon-boundary
scattering. Despite the importance of this topic, relevant
systematic study is still absent.

Here, we present an experimental study of phonon trans-
port in silicon nanoladders, which contain arrays of rectangu-

lar holes on the nanobeams creating spatially inhomogeneous
contribution of heat-carrying ballistic phonons to net flux. As
shown in Fig. 1(a–f ), the nanoladders comprise two major
thermal conduction paths: necks along the free line-of-sight
(LOS) channels and bridges that connect the parallel LOS
paths orthogonally. We modulate the spacing between the
holes to control the relative contribution of the bridges to the
net thermal transport along the axial direction. We find that
the thermal conductivity of the nanoladders is reduced with
decreasing pitch of the holes, approaching the counterpart of
an equivalent straight beam with the LOS channels. By calcu-
lating Boltzmann transport equation (BTE) with the bulk MFPs
from ab initio calculations, we predict the thermal conductivity
of nanoladders, showing agreement with the experimental
results to within ∼11%.

Experimental

Silicon nanoladders are monolithically patterned between two
suspended membranes using electron-beam lithography. An
array of rectangular-shaped holes is introduced into a baseline
reference sample, which is a 10 µm long silicon ribbon with
thickness t ∼ 75 nm and width wBeam ∼ 970 nm. The rectangu-
lar holes have width wHole ∼ 830 nm and length lHole ∼
130 nm. The spacing between holes, lBridge, is modulated.

Fig. 1 (a–f ) Scanning electron microscopy (SEM) images of (a) a reference beam, lBridge = (b) 970 nm, (c) 470 nm, (d) 270 nm, (e) 170 nm, and (f )
70 nm. (g) A schematic for the nanoladders, showing key geometric features and dimensions. (b’–f’) Quasi-ballistic heat flux maps that are obtained
by solving three-dimensional BTE, and the maps correspond to the sample (b–f ), respectively. The heat flux maps are normalized per sample. The
scale bar in (a) is shared through (a–f ) and (b’–f’).
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Specifically, we fabricate five different samples with lBridge of
∼70 nm, ∼170 nm, ∼270 nm, ∼470 nm and ∼970 nm, as
shown in Fig. 1(a–f ). We note that the surface roughness of the
nanoladders is controlled to be the same across all the
samples, as all features are patterned on the same wafer.
Quasi-ballistic phonon flux maps show increasing contri-
bution of the bridges to the net flux with increasing pitch as
shown in Fig. 1(b′–f′) corresponding to the samples shown in
Fig. 1(b–f ), respectively. The flux maps are obtained by calcu-
lating Boltzmann transport equation (BTE), and the details of
this calculation are discussed below. The samples are fabri-
cated on a silicon-on-insulator (SOI) wafer, and its device layer
is doped with boron to a concentration of ∼1015 cm−3. Given
the low dopant concentration (corresponding to a resistivity of
14–22 Ω cm), its impact on thermal transport is negligible.36

The details of the sample fabrication are thoroughly described
elsewhere.12,16

We use an electro-thermal characterization technique,
which was originally developed for thermal measurements of
nanomaterials, such as nanotubes and nanowires.37,38 Briefly,
heat is generated using Joule heating on one of the mem-
branes, part of which is conducted through the nanobeam as
depicted in Fig. 2. Temperatures at both membranes are
measured using resistive thermometry, and a temperature
difference is controlled to be smaller than ∼8 K. By measuring
heat generation and temperatures at the hot and cold ends, we
extract thermal conductance of the nanoladders, which is con-
verted to thermal conductivity by solving the diffusive heat
equation in COMSOL. All of the measurements are performed
under vacuum to eliminate convection loss from both the
platforms and nanobeam. The heat loss through radiation is
negligible compared to other conduction channels.38 The
thermal boundary resistances between the heater/thermo-
meters and the membranes are orders of magnitude smaller
than the thermal resistance of the nanobeam test-section, and
thus the interfacial resistances are neglected.39 The experi-

mental uncertainty is mainly attributed to the inaccuracy in
the sample dimensions, which is inherent in the nanofabrica-
tion and scanning electron microscopy (SEM) measurements.
The total measurement error in the thermal conductivity for
all samples is estimated to be less than ∼7% (see ESI†).

Results and discussion

We extract the effective thermal conductivity of the nanolad-
ders, assuming uniform transport properties throughout the
samples. With decreasing spacing lBridge, the effective thermal
conductivity of nanoladders monotonically decreases from
∼45 W m−1 K−1 to ∼31 W m−1 K−1, as shown in Fig. 3. The
thermal conductivity is bounded by two limiting cases: (1)
when lBridge approaches infinity, a reference beam with wBeam

∼ 970 nm, and (2) when lBridge approaches zero, a straight
beam with cross-section of wBeam ∼ 70 nm. For both cases, the
thickness is fixed at t ∼ 75 nm. The base reference of lBridge → ∞,
a straight beam with a cross-section of wBeam ∼ 970 nm and
t ∼ 75 nm, is measured to be ∼51 W m−1 K−1, which agrees
with literature and model predictions to within ∼2% and 3%,
respectively.16 The conduction through necks is limited by
their cross-section, which is ∼70 nm wide and ∼75 nm thick.
The thermal conductivity of a straight beam equivalent to the
necks is found to be ∼33 W m−1 K−1 from literature.16 We note
that the straight beam in the literature has a width wBeam ∼
65 nm and thickness t ∼ 78 nm, although the differences in
dimensions have a negligible impact on the conductivity (see
ESI†). The model prediction for the beam with wBeam ∼ 70 nm
and t ∼ 75 nm is ∼35 W m−1 K−1, which agrees with the litera-

Fig. 2 Image of the measurement structure, where a silicon nanoladder
is connected between two suspended membranes. The resistive heater
and thermometers are shown in false-color.

Fig. 3 Thermal conductivity of the nanoladders as a function of
spacing lBridge. Two limiting cases are also shown: straight beams with
wBeam ∼ 70 nm and ∼970 nm, each corresponding to lBridge approaching
to zero and infinity, respectively. The thickness t is fixed to be ∼75 nm.
The thermal conductivity value for a straight beam with wBeam ∼ 70 nm
is obtained from ref. 16, where the cross-section is ∼65 nm wide and
∼78 nm thick. The blue solid line is the BTE model prediction obtained
using eqn (1). Insets show corresponding schematics with varying
spacing lBridge.
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ture to within ∼6%. We note that the ladder with lBridge =
70 nm approaches the limiting case with lBridge → 0 within
experimental uncertainty. The variation in the conductivity
between the two limiting cases indicates that bridges reduce
phonon-boundary scattering sites with increasing hole
spacing.

The actual heat flux is measured to be smaller than the
model prediction in the diffusive transport regime while the
contribution of the bridges to diffusive heat flux decreases
with decreasing spacing (see ESI†). To understand the ballistic
effects of the periodic holes, we model thermal transport in
the nanoladders by solving the steady-state phonon BTE under
the relaxation time approximation.40 While the computational
details are thoroughly documented elsewhere,41 we briefly
describe the simulations here. The computations use a unit-
cell consisting of a beam of width wBeam = 970 nm, thickness
t = 75 nm, and length lUnitcell = 3p, where pitch p = lBridge + lHole.
Periodic boundary conditions are applied on the boundaries
in the direction of the temperature gradient with a tempera-
ture difference of ΔT = 1 K. For the other boundaries, we
assume diffuse boundary scattering at room temperature.42

The BTE is solved in space by the finite-volume method while
the angular space is discretized by means of the discrete ordi-
nate method. The BTE solver uses the phonon MFP spectra as
its only input,41 which is computed by ab initio calculations
from literature.10 For the phonons with isotropic distribution
functions, we employ a modified diffusive equation, which
enables accurate simulations and seamless integration with
the BTE, with a reasonable spatial discretization.41

The effective conductivity for the nanoladders is calculated
using a combination of bulk phonon MFPs, and the suppres-
sion function as given by9

k ¼
ð1
0
SΛ Λð Þf Λð Þd Λð Þ ð1Þ

where f is the differential phonon MFP distribution for bulk
silicon, SΛ is the phonon suppression function, and Λ is an
integration variable for phonon MFP in bulk silicon. The sup-
pression function SΛ describes the suppression of heat flux
carried by phonons with MFP Λ, and is obtained by solving the
BTE in a given geometry.41,43 The reduction in thermal con-
ductivity corresponds to the reduced heat flux. The thermal
conductivity is predicted for varying values of the spacing
lBridge, and the prediction agrees with experimental results to
within ∼11% as shown in Fig. 3. This agreement indicates that
phonon suppression mechanisms are captured by the BTE cal-
culation although the discrepancy between the measurements
and the simulations for the ladders is larger than experimental
uncertainties. We note that the model in this work does not
include any fitting parameters while conventional methods
include several fitting parameters. The model prediction also
validates the use of diffuse scattering boundary conditions at
room temperature.42 We also compare the direct calculations
of BTE with a model using a ray-tracing method, which simu-

lates phonon particles to estimate the reduced phonon MFPs
in a given geometry (see ESI†).

By solving the BTE, we obtain heat flux maps as shown in
Fig. 2(b′–f′), which correspond to the samples in Fig. 2(b–f ).
The maps show that heat flux is highly concentrated near the
necks, and the heat spreading within the bridges decreases
with decreasing bridge widths (see ESI† for heat flux maps in
the diffusive regime). For the beam with lBridge = 70 nm, a
minimal contribution of the bridges is observed. This obser-
vation is in agreement with previous research on two-dimen-
sional phononic crystals, and films with microscopic holes,
which showed a strong dependence of thermal conductivity
only on their smallest dimension.5,26 While heat spreading is
limited only in the vicinity of the gap between necks in the
case of lBridge = 70 nm, the sample with lBridge = 970 nm shows
a significant amount of heat transfer within the bridges. Due
to the decreasing contribution of the bridges to heat flux, the
effective thermal conductivity of the nanoladders decreases by
∼24% with decreasing spacing lBridge despite identical neck
dimensions. This suppression in transport properties indicates
that phonons are increasingly scattered from boundaries in
bridges with decreasing spacing.

To understand the specific impact of the spacing between
holes on the MFP spectrum, we calculate the thermal conduc-
tivity accumulation, which is given by44

F Λbulkð Þ ¼
ðΛbulk

0
SΛ Λ′ð Þf Λ′ð ÞdΛ′ ð2Þ

The accumulation function is plotted as a function of bulk
MFPs Λbulk as shown in Fig. 4. We compare the accumulation
functions for nanoladders with lBridge from 70 nm to 970 nm,
and the two limiting cases: straight beams with wBeam = 970 nm

Fig. 4 Accumulation of thermal conductivity as a function of bulk
silicon mean free paths (MFPs) Λbulk. The black and red dashed lines indi-
cate two limiting cases, lBrdige → ∞ and 0, which are equivalent to
straight beams with wBeam = 970 nm and 70 nm, respectively. The black
solid arrows indicate the cases where Λbulk is equal to t/3, t, and 5t,
respectively, where t refers to beam thickness. Insets show schematics
depicting possible phonon scattering from boundaries.
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(corresponding to lBridge → ∞) and wBeam = 70 nm (corres-
ponding to lBridge → 0). We define a bandwidth of MFPs that
cover the transition from a regime of predominantly internal
scattering to one of prevailing boundary scattering.12 The band-
width is set from a third of the characteristic length, t/3, to five
times that, 5t, where t is a thickness of the beam, representing a
length scale for predominant boundary scattering.16 The
accumulation is changed minimally for phonons with MFPs
smaller than t/3, indicating diffusive phonon transport. For
phonons with bulk MFPs in between t/3 and 5t, the accumu-
lations are mainly separated depending on lBridge, due to the
impact of scattering from boundaries in bridges. The accumu-
lations for phonons with ΛBulk > 5t increase nearly in parallel
for all samples despite appreciable contribution to the conduc-
tivity. The parallel increases show that these phonons are
independent of scattering from boundaries in bridges, which
suggests that substantial heat-carrying phonons travel through
the LOS with minimal boundary scattering from sidewalls.12,16

It is also noteworthy that the accumulation function for the
ladder with lBridge = 970 nm is closely overlapped with that for
a straight beam with wBeam = 970 nm, equivalent to lBridge →
∞. This agreement indicates that ballistic effects due to
bridges become increasingly negligible with increasing lBridge.
In a straight beam with wBeam = 70 nm, phonons with ΛBulk > t
are suppressed more strongly than the case of the ladder with
lBridge = 70 nm. This indicates that phonons scatter more
aggressively in a straight beam due to the completely enclosed
boundaries along the LOS channel while open boundaries
through bridges reduce scattering sites. Possible phonon scat-
tering along the LOS channel is depicted in inset of Fig. 4. The
comparison between the ladder with lBridge = 70 nm and the
straight beam with wBeam = 70 nm suggests that the inter-
section between the LOS and bridges decreases scattering.
This finding supports an increased possibility of other
reduction mechanisms on nanomesh structures with periodic
nanoscopic holes.23,25,27,31,32,45

Conclusions

In this work, we present experimental data for the thermal
conductivity of ∼75 nm thick silicon nanoladders with system-
atically controlled spacing between holes. The geometry serves
to effectively isolate the volume between the slits, such that it
contributes modestly to heat conduction. We solve the BTE
based on MFP distributions for bulk silicon from ab initio cal-
culations. A combination of experiments and calculations
shows that thermal conductivity is bounded between a refer-
ence beam without any holes and a straight ribbon with equi-
valent LOS paths. The thermal conductivity accumulations also
suggest that the intersection between necks and bridges
increases boundary scattering from bridges, approaching that
of the unobstructed LOS. This study has implications for the
design of metamaterials through nanostructuring, such as in
nanophotonics, nano-electromechanical systems, and micro-
electronics, where thermal transport plays an important role.
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