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We present experimental and theoretical investigations on the roles of the limiting dimensions,
such as the smallest dimension, surface roughness, and density of holes in the reduction of thermal
conductivity of one-dimensional phononic nanostructures at temperatures of 4 and 295 K. We dis-
cover that the thermal conductivity does not strongly depend on the period of the phononic crystal
nanostructures whereas the surface roughness and the smallest dimension of the structure—the
neck—play the most important roles in thermal conductivity reduction. Surface roughness is a very
important structural parameter in nanostructures with a characteristic length less than 100 nm in
silicon. The importance of the roughness increases as the neck size decreases, and the thermal
conductivity of the structure can differ by a factor of four, reaching the thermal conductivity of a
small nanowire. The experimental data are analyzed using the Callaway—Holland model of
Boltzmann equation and Monte Carlo simulation providing deeper insight into the thermal phonon
transport in phononic nanostructures. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4979080]

Nanoscale heat transport attracts considerable attention
owing to its characteristic physics, which differ completely
from those of bulk materials,"* and has practical importance
for enhancing the efficiency of thermoelectric devices by
reducing the thermal conductivity.** The heat conduction in
nanostructures is significantly hindered by enhanced surface
phonon scattering, which results in a very low thermal con-
ductivity. Although silicon has poor thermoelectric perfor-
mance owing to its high thermal conductivity, in the past
decade, a dramatic reduction in thermal conductivity was
demonstrated in silicon nanostructures,s_9 making silicon a
good thermoelectric material candidate.'”

Recently, it was reported that nano-patterning of thin
films with two-dimensional (2D) periodic arrays of holes,
known as phononic crystals (PnCs), reduced the thermal con-
ductivity because of strongly enhanced surface scattering.'' ™'
Nevertheless, the efficiency of the surface scattering can be
further enhanced by the increase in the surface area per unit
volume and increase in the surface roughness. Such condi-
tions can be met in one-dimensional (1D) PnCs, which may
further decrease the thermal conductivity.

In this study, we experimentally investigated the heat
transport in 1D PnCs using the microscale time-domain
thermoreflectance (u-TDTR) technique. We showed that the
thermal conductivity was significantly decreased compared
with that of unpatterned nanowires with identical dimensions.
The experimentally obtained thermal conductivities were com-
pared with the values calculated using the Callaway—Holland
model to clarify the thermal phonon transport in the structures.
Moreover, we discovered that the surface roughness
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increasingly affected the thermal conductivity as the character-
istic length decreased. We studied the phonon mean free path
(MFP) in 1D PnC nanostructures via the Monte Carlo method
to demonstrate this.

We fabricated 1D PnCs on a commercial silicon-on-insu-
lator wafer with a 145-nm-thick single crystalline silicon (100)
top layer. First, 4 x 4 yum?, 125-nm-thick aluminum pads were
deposited by electron-beam evaporation using an electron-
beam lithography mask. Next, 1D arrays of holes were
installed in the silicon top layer using a second electron-beam
lithography mask and inductively coupled plasma reactive-ion
etching (RIE) with SF¢/O, gases. Simultaneously, several
strips were etched along the hole arrays to create 300-nm-wide
and 10-um-long nanowires on the two opposite sides of the
aluminum pads. Finally, to suspend the structures, the buried
SiO, layer was removed using vapor hydrofluoric acid. A sin-
gle wafer contained several different samples, with periods of
300 and 600 nm and hole diameters in the range of 80—180 nm
for each period, fabricated simultaneously under the same con-
ditions, ensuring identical surface roughness for all of them.
By changing the etching conditions of the RIE, we fabricated
two sets of samples with high (rough) and low (smooth)
surface roughness. Figure 1 shows typical scanning electron
microscopy (SEM) images of our samples. The central silicon
island with the aluminum pad was connected to the heat sink
by ten PnC nanowires. Figures 1(b) and 1(c) show detailed
images of 1D PnCs with periods of 300 and 600 nm, respec-
tively. The roughness of the sidewalls was estimated to
be 2.5nm for the smooth samples and >10nm for the rough
samples by high-resolution SEM.

The samples were placed in a He-flow optical cryostat
with a controllable temperature to perform measurements at

Published by AIP Publishing.
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FIG. 1. SEM images of the samples. (a) Top view of a sample. (b) and
(c) Close-up views of PnCs with periods of 300 and 600nm; a is the
period of the hole array; n is the neck size; and the width of all PnCs is
fixed at 300nm. (d) and (e) Sidewall roughness of smooth and rough
PnCs, respectively.

4 and 295 K. The thermal contact between the sample and
the cryostat was ensured by a thin layer of silicon grease so
that the heat sink of the PnCs remained at the regulated tem-
perature. The cryostat was under vacuum so that heat was
dissipated only by conduction through the PnCs.

The in-plane thermal conductivity of the samples was
determined using a custom-made p-TDTR setup. The experi-
mental setup consisted of two lasers—a probe laser and a
pump laser—that were both focused on the central aluminum
pad. The pump pulsed laser (1 =642 nm) served as a heating
pulse, with a duration and repetition rate of 500 ns and 1 kHz,
respectively. The probe continuous-wave laser (4= 785nm)
detected changes in the reflectivity of the aluminum pad,
which were caused by variations in the temperature of the sil-
icon underneath. After the heating pulse was applied, the heat
diffusion through the PnCs resulted in an exponential
decrease in the aluminum reflectivity. The thermal conductiv-
ity of the sample was derived from this measured decay
curve, via comparison with a finite-element model in which
the thermal conductivity of the PnC region was the free
parameter. Further details regarding the experimental tech-
nique are presented in previous publications.'*'*2°

Figure 2 shows the ratio of the PnC thermal conductivity
to that of the unpatterned nanowires—rpnc/Kunpatterned—as
functions of both hole diameter and limiting dimension
(neck size for PnCs and diameter for nanowires) for different
periods, measured at 295 and 4 K. At both temperatures, we
observed a reduction of the thermal conductivity with
increasing hole size, which is consistent with previous exper-
imental data.'? In Figure 2, the filled circles show the ther-
mal conductivity of the smooth samples, and the empty
circles show that of the rough samples. The surface rough-
ness played a significant role in the reduction of the thermal
conductivity: the difference increased with the neck size
and became as large as a factor of five at n=60nm at 4K.
Remarkably, the thermal conductivity was mostly independent
of the period, in spite of the large difference in the porosity
(25.8% and 14.8% for a =300 nm with 172-nm-diameter holes
and ¢=600nm with 184-nm-diameter holes, respectively).

Appl. Phys. Lett. 110, 133108 (2017)
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FIG. 2. Measured thermal conductivity of 1D PnCs and nanowires (NWs)
as functions of the hole diameter and the limiting dimension (neck size for
PnCs and diameter for nanowires) at (a) 295K and (b) 4K for ¢ =300 nm
(black circles) and 600 nm (red squares). The left axis shows the thermal
conductivity reduction compared with the unpatterned nanowire, and the
right axis shows the absolute values of the thermal conductivity. The
nanowire data of measured thermal conductivity reported by Li et al.
(filled blue triangles) and Hochbaum et al. (empty blue triangles) are also
plotted as a function of the limiting dimension.®*? The solid lines show
the predictions of relative thermal conductivity by the Callaway—Holland
model.

For both periods, at 295K, the thermal conductivity reduc-
tion for the unpatterned nanowire exceeded 35% for the
smooth samples with the largest holes. For the rough sam-
ples, the reduction exceeded 80% for both periods. This
increased reduction is attributed to the strong phonon scat-
tering on the nanowire surfaces and hole surfaces, which
increased with the diameter. At 4K, the reduction in the
thermal conductivity reached 90% in the rough samples
with the largest holes. Although the total number of holes
was smaller in samples with longer periods, the impact of
the period on the thermal conductivity was generally small
and disappeared in samples with large hole diameters. This
trend can be explained by the reduction in the neck size;
the MFP of phonons is limited by the narrowest part of the
sample,*! and thus, the surface phonon scattering rate is
increased by the presence of holes.

We compare the experimentally obtained thermal con-
ductivities with values obtained by simulation using the
Callaway—Holland model to understand the thermal conduc-
tion in the 1D PnCs. The thermal conductivity based on this
model is given by*>**
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. exp [hwj(‘l)}
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CH= 3 j
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X vi(q)*1j(q, T)q*dq, (1)

where 7 is the reduced Planck’s constant; kg is the
Boltzmann constant; T is the temperature; w(q) and v(q) are
the angular frequency and the group velocity, respectively,
at the wave vector ¢, taken from the bulk phonon dispersion
relation; modifications of phonon dispersion due to downsiz-
ing and periodicity are not taken into account, as their impact
at considered temperatures is relatively weak.>>° The scat-
tering time t is determined by three different scattering
mechanisms—Umklapp, impurity, and boundary scatter-
ing—combined via Mattheissen’s rule

RIS o
T TU T B
where the scattering time is defined as ty = ATw?exp(—0/T)
for Umklapp scattering, 1; = Bw* for impurity scattering, and
g = C/v for diffusive boundary scattering. We use
A=140x10"", B=132x10"", and 0= 152K, as
reported by Hopkins et al., for the thermal conductivity of the
bulk.?’” The parameter C is the limiting dimension of the struc-
ture, which we set equal to the neck size, as the neck size is
known to be approximately the limit for the MFP in PnCs.*%2!
For comparison, in Fig. 2, we also plot literature data on
silicon nanowires with diameters as the limiting dimension.
The comparison shows that the model has the same trend as
the experimental results for smooth 3-um-long nanowires
measured by Li er al.,”* whose length is long enough to con-
firm the non-ballistic tramsport;28 however, the theoretical
curve was slightly below the actual values for the smooth
PnCs. This difference can be explained by the fact that the
Callaway—Holland model does not consider specular phonon
scattering, causing some phonons to have an MFP longer
than the neck size. However, rough PnCs, as well as the
rough 2-um-long nanowires measured by Hochbaum et al.,’
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have a lower thermal conductivity than that predicted by the
model. This can be explained by the strong backscattering
induced by the rough surfaces. For this reason, as the neck
size of the rough samples was reduced, the thermal conduc-
tivity decreased towards the value measured for rough nano-
wires® with a corresponding diameter. Interestingly, as the
hole diameter increased, the rough sidewalls appeared to
play an increasingly important role in reducing the thermal
conductivity.

To gain further insight into the physical phenomena
occurring in the 1D PnCs, we performed 2D Monte Carlo
simulations of the 4 K measurements. Phonon propagation in
nanostructures at low temperatures can be described by the
semi-ballistic transport regime, where boundary scattering is
the main heat-diffusion phenomenon.” The fabrication
imperfections create a surface roughness of a few nano-
meters, which, according to Soffer’s theory,30 leads to dif-
fuse scattering for most scattering events in the main range
of the phonon spectrum. Consequently, after each collision,
the phonon is resampled in a random direction. The distance
between two diffusions defines one MFP /;. All such MFPs
are sorted into ranges [l; — 0//2;1; 4+ 6//2], with 6/ = 2nm.
The MFP distribution is then computed by counting the num-
ber of MFPs in each range. To ensure good statistics, we
simulate the trajectories of millions of phonons, where each
phonon undergoes a few thousand collisions in the PnC.
Because the number of collisions changes with the period
and hole diameter, we normalized the MFP distribution by
the total number of collisions (N = i) to compare the dif-
ferent geometries.

Figures 3(a) and 3(b) show the normalized MFP distri-
bution for periods of 300 and 600 nm, respectively, for hole
diameters d of 80, 140, and 200 nm. Each curve has two
main peaks: the first peak corresponds to the neck and the
second peak corresponds to the nanowire width. As the hole
diameter increased, the amplitudes of the neck peak and the
nanowire peak increased and decreased, respectively, indi-
cating that the neck size had an increasing influence on the
MFP distribution. For the period of 300nm, the relative
importance of the neck compared to the nanowire peak

FIG. 3. Phonon MFP spectra in 1D
PnCs with periods of (a) 300 and (b)
600nm, calculated using the Monte
Carlo method. (c) and (d) Normalized
heat-flux map for 1D PnC with periods
of 300 and 600 nm in the steady state,
showing the higher concentration of
energy in the necks.
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increases up to a factor of four for the largest hole diameter
of 200 nm, and even for the smallest hole diameter of 80 nm,
the neck peak is as important as the nanowire peak; thus,
phonons are mainly scattered at the sidewall around the neck
and the neck size contributed significantly to the thermal
conductivity. For the period of 600 nm, only hole diameters
greater than 140nm yielded a neck peak higher than the
nanowire peak. Nevertheless, the neck peak was significantly
wider and had a longer tail than the nanowire peak; accord-
ingly, the neck size was the main limitation of the MFP and
thus the thermal conductivity.

To complete the information provided by the MFP spec-
tra, Figures 3(c) and 3(d) display the normalized heat flux
maps in 1D PnCs with periods of 300 and 600 nm, respec-
tively, calculated by Monte Carlo simulations around the first
three or two holes closest to the heat source. The energy was
clearly concentrated at the necks of the structures owing to
the large number of hole-edge interactions. In other words,
phonon localization appeared at the neck, especially for low-
frequency phonons, which have long MFPs and contribute to
a large part of thermal conductivity, leading to strong reduc-
tion of thermal conductivity. Similar localizations are reported
in nanoscale PnCs, where the thermal conductivity of PnC
dramatically decreased from the bulk.*!*? Furthermore,
phonons escaping the first neck were particularly oriented par-
allel to the y-axis and thus rarely went between the first and
second holes. This effect was cumulative with the succession
of holes; after a few holes, the heat propagated almost only
through the passage left by the neck, which strongly reduced
the impact of the periodicity of the holes. As shown in Figure
2, the heat conduction of the 1D PnC became comparable to
that of a thin nanowire whose diameter corresponds to the
neck size of the PnCs.

At room temperature, bulk phonon MFPs range from
nanometer to millimeters, but in nanostructures, the MFPs
are limited by the characteristic size of the structure.”*?' At
the temperature of 4 K, bulk phonon MFPs become substan-
tially longer®® because of reduced Umklapp scattering
processes but remain approximately limited by the neck in
the nanostructure. A larger part of the MFP distribution is
thus blocked at 4K, resulting in a larger reduction in the
thermal conductivity.

In conclusion, we studied the impact of the nano-
patterning and surface roughness on the thermal conductivity
of 1D PnCs. In the smooth PnCs, the geometry—neck size—
reduced the thermal conductivity by as much as 40% at room
temperature and 50% at 4 K compared with an unpatterned
nanowire. To better understand this result, the role of the
limiting dimensions in PnCs was studied by Monte Carlo
simulations. The simulations showed that the influence of
the neck on phonon MFP increases and even dominates as
the neck size is reduced below 100 nm. In this case, the ther-
mal energy becomes localized in the narrow neck regions;
thus, the surface roughness naturally becomes more impor-
tant. This finding seems to be in agreement with our experi-
mental data on rough PnC samples, in which the impact of
the roughness increased as the neck was reduced. Thus, the
surface roughness is an important structural parameter nano-
structure with limiting dimensions of less than 100 nm.

Appl. Phys. Lett. 110, 133108 (2017)

Thus, on one hand, reduction of thermal conductivity by
nano-patterning is limited by the minimum realistic neck
size that can be fabricated by conventional top-down
approach; on the other hand, surface roughness efficiently
reduces thermal conductivity only in relatively small or
narrow structures. However, our results show that surface
roughness and nano-patterning combined together can
reduce thermal conductivity of nanostructures much more
efficiently than each of these mechanisms individually. This
hybrid approach allows the thermal conductivity of our sam-
ples to match that of fragile as-grown nanowires or ultra-thin
films, without a need to sacrifice the rigidity of the structure,
and thus can significantly improve the performance and reli-
ability of silicon thermoelectric devices.

This work was supported by the Project for Developing
Innovation Systems of the MEXT, Japan, Kakenhi
(15H05869 and 15K13270), PRESTO JST (JPMJPR15R4)
and the Postdoctoral Fellowship of the Japan Society for the
Promotion of Science.
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