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Impact of nanopillars on phonon dispersion and thermal
conductivity of silicon membranes

Roman Anufriev,*® Daisuke Ohori,?, Yunhui Wu,?, Ryoto Yanagisawa,?, Laurent Jalabert, ¢,

Seiji Samukawa,®/*4 and Masahiro Nomura®

The performance of silicon-based thermoelectric energy generators is limited by the high thermal
conductivity of silicon. Theoretical works have long proposed reducing the thermal conductivity by
resonant phonon modes in nanopillars placed on the surface of silicon films. However, these predic-
tions have never been confirmed due to the difficulty in the nanofabrication and measurements of
such nanoscale systems. In this work, we report on the fabrication and measurements of silicon films
with nanopillars as small as 12 nm in diameter. Our Brillouin light scattering spectroscopy experi-
ments revealed that nanopillars indeed host resonant phonon modes. Yet, our thermal measurements
using the micro time-domain thermoreflectance technique showed only a statistically insignificant dif-
ference between the thermal properties of silicon membranes with and without nanopillars. Results
of this work contrast with the predictions of a substantial reduction in the thermal conductivity due
to nanopillars and suggest refining the simulations to account for realistic experimental conditions.

Introduction

Thermoelectrics is a promising technology for green energy har-
vesting 2 Yet, despite the advantages of silicon as a green ther-
moelectric material, its high thermal conductivity hinders the per-
formance of silicon-based thermoelectric generators. Over the
past decade, various methods have been proposed to reduce the
thermal conductivity of silicon®® Among them, methods of sur-
face nano-structuring seem particularly promising as they offer to
reduce the thermal conductivity while preserving the high elec-
trical conductivity of the material®12, One of such methods sug-
gests fabrication of nanopillars on the surface of silicon films3.,
The nanopillars can change phonon dispersion of the under-
lying material via two distinct mechanisms: a Bragg interference
caused by periodicity of the pillars and local resonances inside the
pillars regardless of their periodicity?#15, Both of these mech-
anisms can cause flattening of the dispersion branches of un-
derlying material, which is associated with lower phonon group
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velocity and reduced thermal conductivitym. Moreover, the
nanopillars can cause additional incoherent phonon scattering,
which also reduces the thermal conductivity 1820,

However, the experimental attempts to demonstrate these ef-
fects remain inconclusive2l. On the one hand, measurements
of the phonon dispersion detected resonant pillar modes only
at frequencies around several gigahertz, which is negligi-
bly low as compared to the terahertz-wide spectrum of thermal
phonons. On the other hand, thermal measurements could not
conclusively link localization in pillars with the reduction in ther-
mal conductivity. Some experiments detected the reduced ther-
mal conductivity but attributed it to diffuse surface scattering of
phonons induced by the pillars2728, Recent experiments with
more promising nanopillars could not detect any reduction in the
thermal conductivity at all2%. Yet, these experimental attempts
could have been hindered by the large size of the pillars or their
limited height compared to their diameter and thickness of the
underlying membrane. Indeed, theoretical studies typically sim-
ulate nanopillars of a few nanometers in size and suggest that
taller nanopillars should make a stronger impact on the thermal

conductivity 2230,

In this work, we investigate the impact of local resonances in
nanopillars of 12 nm in diameter and 50 nm in height on the
phonon and thermal transport in 50-nm-thick silicon membranes.
Our acoustic and thermal experiments probe the impact of these
pillars on the phonon dispersion and thermal conductivity of sili-
con membranes. We discuss the implications of the experimental
results and suggest the directions of future research.
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Fabrication of nanopillars

The samples were fabricated on a silicon-on-insulator wafer with
a 100-nm-thick top silicon layer. First, a SiO, film of a few
nanometers was synthesized using neutral beam oxidation. Next,
ferritin molecules have been uniformly deposited by spin-coating
polyethylene-glycol-modified (10 000 molecular weight) ferritin
solution on the surface, as shown in Fig. [Th. After removing a
protein shell from the ferritin molecules by annealing, the oxide
between the cores has been removed using the H, radical treat-
ment. Then, half of the top silicon layer was etched using pure
chlorine neutral beam with the iron cores serving as a mask. On a
reference wafer, no ferritin molecules were deposited, and hence
a pristine 50-nm-thick silicon layer was formed. More details on
the fabrication process can be found in our previous reports>132,
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Fig. 1 Scanning electron microscopy images of the wafer (a) after the
ferritin mocules deposition and (b-d) after the etching. Distribution of
nanopillar (e) diameters and (b) pitch.

Figure [Ib-d shows the resulting nanopillars. The nanopillars
have a diameter of 12 nm (Fig. ), a height of 50 nm, and
are evenly distributed on the surface with a distance between
nanopillars of 40 + 10 nm (Fig. . Although these nanopil-
lars are still larger than atomic scale nanopillars studied in most
simulationsT3B0933 these dimensions are close to the design pro-
posed by Davis and Hussein™ and only about twice larger that
those studied by Honarvar et al.3.
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Phonon dispersion measurements

The nanopillars are expected to impact the thermal transport via
the phonon resonances that occur in the nanopillars and create
flat bands in the phonon dispersion. To detect if such reso-
nant states occur in our nanopillars, we measured the phonon
dispersion in our samples using the Brillouin-Mandelstam light-
scattering (BLS) spectroscopy@.

Figure[2h illustrates the BLS method, in which an incident laser
beam (A = 532 nm) is focused on the sample surface at an angle
0, which can be changed to probe a different wavevectors, related
to the angle as ¢ = 4xsin(0)/A. To obtain the phonon spectrum
at a given wavevector, a tandem Fabri-Perot interferometer anal-
yses the spectral shift of the inelastically scattered light from the
frequency of the incident laser. The interferometer enables mea-
surements of the spectrum with a fine resolution of less than 0.2
GHz.

First, to verify that our BLS setup is able to measure phonon
modes in the frequency range of interest and with a required res-
olution in wavevector, we measured the phonon dispersion of a
reference 200-nm-thick suspended silicon membrane. The mem-
brane serves as a calibration sample with a well-known phonon
dispersion often measured with the BLS technique2235. Fig-
ure[2p shows the measured phonon dispersion with three phonon
modes: two fundamental symmetric and antisymmetric modes
and one higher symmetric mode. The frequency of the modes
is consistent with the predictions of the finite element method
(FEM) simulations, performed using material parameters pro-
posed by Graczykowski et al.2,

Next, we measured samples with and without nanopillars on
the surface. The reference wafer without the nanopillars shows
only bulk modes of the buried oxide layer under the silicon layer
(Fig. [2k), albeit 2 GHz lower than predicted by FEM simulations.
For the wafer with the nanopillars (Fig.[2[d), simulations predicted
resonant modes around 5 GHz, 26 GHz and higher frequencies.
Our BLS spectroscopy experiment detected only the first mode
around 5 GHz. The flat shape of the 5 GHz mode implies zero
group velocity of phonons at this state, suggesting that this is the
mode likely localized inside the nanopillars. However, the modes
at higher frequencies remained invisible, which is consistent with
BLS measurements reported in the literature, where the localized
pillar modes are typically observed at frequencies not exceeding
several gigahertz.

Figure show eigenfrequencies in our silicon nanopillars pre-
dicted by FEM simulations. The spectrum consists of hundreds
of modes below 1 THz and only becomes denser at higher fre-
quencies. Theoretical works suggest that the thermal conductiv-
ity reduction is proportional to the density of localized modes in
the phonon spectrum™®9, and that even several modes can sub-
stantially reduce the thermal conductivity@. Our nanopillars and
their eigenmodes are close to those originally studied by Davis
and Hussein (80-nm-tall pillars of 20 nm in diameter on 50-nm-
thick membrane)™®3. Thus, we can expect up to the predicted 40%
reduction in the thermal conductivity™® if some of these resonant
modes are thermally excited and coupled to the modes of the un-
derlying membrane.
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Fig. 2 (a) Scheme of the BLS experiment. (b) Measured phonon dispersion of a reference 200-nm-thick silicon membrane. Measured phonon
dispersions of silicon-on-insulator wafers (c) without and (d) with nanopillars on the surface. Color maps show the experimental data obtained using
BLS spectroscopy and solid lines show the predictions of FEM simulations for (b) suspended silicon membrane, (c) SiO, layer, and (d) a single
nanopillar. (e) Eigenfregencies of silicon nanopillars obtained with FEM simulations.

Thermal conductivity measurements

Next, we investigated how the thermal properties are affected by
the presence of nanopillars and their resonant modes. To mea-
sure the thermal properties, we used the micro time-domain ther-
moreflectance (uTDTR) method. This experimental method has
previously been used to measure the impact of surface roughness
and amorphization on thermal conductivity of silicon nanostruc-
tures?2237 and thus is proven to be sensitive to the expected
change of 40%. In this photothermal method (Fig[3h), a gold pad
in the center of the structure is periodically heated by the pulses
of the pump laser (490 nm). The energy absorbed by the pad
from each pump pulse can be dissipated only through the three
membranes supporting the island with the pad. Thus, by study-
ing the gradual cooling of the pad, we can gain insight into the
thermal properties of the membranes. The gradual cooling of the
pad is observed using a continuous-wave probe laser (514 nm).
This gradual cooling with time ¢ can be well fitted by an exponen-
tial function exp(—z/7). The decay time constant 7 describes the
time of heat dissipation through the membranes connecting the
gold pad to the heat sink. The experiments were performed in a
closed-cycle helium cryostat, which enables measurements of the

thermal properties in a vacuum at different temperatures.

For these measurements, we deposited four gold pads on each
wafer and formed three one-micron-wide bridges around each
gold using electron-beam lithography and reactive ion etching.
Then, the structures were suspended by vapor etching of the
buried oxide layer. Unfortunately, the vapor etching process in-
evitably affects the nanopillars making them thinner and shorter
as the oxide layer is repeatedly etched away from the pillars. De-
spite our best efforts and various fabrication strategies, some de-
gree of pillar degradation appeared unavoidable when nanopil-
lars are exposed to acids or plasma. Figure|3p shows a resulting
structure for the uTDTR experiment. More details on the fabrica-
tion process and the measurement technique can be found in our
previous works2822)

First, we measured the thermal decay times 7 for four samples
on each wafer in the 4 — 300 K range. Figure [3c shows exam-
ples of measured decay curves and a Gaussian distribution of 100
decay times T measured on one sample. Averaged over four sam-
ples, Figure shows that the decay times of the membranes
with and without nanopillars are the same within the standard
deviation in these four measurements. Even at low temperatures,
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Fig. 3 (a) Scheme of the pTDTR experiment. (b) SEM images of a typical structure for the ptTDTR experiment. (c) Example of probe beam signal
with FEM model fit. Inset shows Gaussian statistical distribution of 100 measured decay times on one sample. (d) Thermal decay times through
silicon membranes with and without nanopillars and (inset) their ratio showing no statistically significant difference. (e) Thermal conductivity of silicon
membranes with and without nanopillars measured at different temperatures.

where the impact of low-frequencies resonant modes should be
more substantial, we observed no statistically significant differ-
ence in the decay time, as shown in the inset of Fig. . In other
words, heat dissipation rate has not been noticeably affected by
the presence of nanopillars.

Next, we converted the measured decay times into thermal con-
ductivity. The conversion was performed using FEM simulations
where the thermal conductivity of the membranes was used as
a free parameter, as described in our previous work39, The ob-
tained thermal conductivity also revealed no statistically signifi-
cant difference between the values for membranes with and with-
out nanopillars. Figure [3g shows that the thermal conductivity
of membranes with nanopillars is only a few percent lower than
that of a membranes without nanopillars in the entire range of
temperatures. Overall, the values are consistent with the theoret-
ical predictions by Malhotra and Maldovan? over the 50 — 300
K range. Likewise, the values are consistent with our previous
measurements on the 50-nm-thick membranes27/29,
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Summary and outlook

In this work, we fabricated nanopillars on the surface thin mem-
brane and investigated their impact on the phonon and thermal
properties of the membrane. First, we measured the phonon dis-
persion of the silicon surface covered with nanopillars and de-
tected the first resonant mode at 5 GHz with zero group velocity.
This result confirms the theoretical predictions that nanopillars
host localized phonon modes. Yet, such low-frequency modes
seem unlikely to affect the thermal properties at room temper-
atures as the phonon spectrum spans over the terahertz rage
and might only play a role at temperatures around a few kelvin.
Future experimental works should aim to probe the vibrational
modes in nanopillars at higher frequencies. Indeed, although
present and previous works struggled to detect modes above a
few gigahertz, it is plausible that more sensitive experiments
could observe vibrational frequencies at least in the tens of giga-
hertz range, as was demonstrated for larger nanowires1,

Next, we compared the thermal conductivity of silicon mem-
branes with and without nanopillars on the surface. These ex-
periments showed that the nanopillars reduced the thermal con-
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ductivity by only about five percent, which is within the uncer-
tainty range of our experiment. This result contrasts with the
various theoretical predictions of the thermal conductivity reduc-
tion spanning from 40%13:0 to two orders of magnitude depend-
ing on the size of nanopillars ®12. Specifically, pioneering simu-
lations by Davis and Hussein? predicted 40% reduction in the
thermal conductivity of the 50-nm-thick silicon membranes with
80-nm-tall pillars of 20 nm in diameter, which is very close to the
nanopillars in our samples. However, most theoretical works sim-
ulate structures of atomic scale whereas the experimental sam-
ples remain at nanoscale and seem unlikely to reach atomic scale
in foreseeable future. In this regard, future theoretical works
should clarify the magnitude of reduction in thermal conductivity
expected for the nanostructures of realistic size.

However, since the nanopillars have somewhat degraded af-
ter the preparation for the uTDTR experiments, the absence of
the nanopillar impact on the heat conduction might also be at-
tributed to the reduced size and quality of the nanopillars. Future
experimental efforts should try to preserve the nanopillar quality
during the fabrication process. Specifically, exposure to plasma
and acids, required for the fabrication of suspended structures,
tends to etch silicon nanopillars, especially if a native oxide was
allowed to form on their surface. Any applications of nanopillars
in microelectronic devices will require solving such fabrication is-
sues, for instance by forming the nanopillars as a last fabrication
step or creating a protective layer on the nanopillars.

Moreover, the density of our nanopillars on the surface is rather
low while their positions are aperiodic, which could also explain
their negligible coherent impact on thermal transport. Although
the impact of local resonances is not expected to depend on the
periodicityt442143 simulations usually place nanopillars as a pe-
riodic array with a high density of nanopillars31619530, pytyre
theoretical works should further clarify if the density and peri-
odicity of nanopillars are important factors in predicted thermal
conductivity reduction.
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