
Phonons in Slow Motion: Dispersion Relations in Ultrathin Si
Membranes
John Cuffe,†,‡ Emigdio Chav́ez,†,§ Andrey Shchepetov,∥ Pierre-Olivier Chapuis,†,■

El Houssaine El Boudouti,⊥,¶ Francesc Alzina,† Timothy Kehoe,† Jordi Gomis-Bresco,†

Damian Dudek,†,▲ Yan Pennec,⊥ Bahram Djafari-Rouhani,⊥ Mika Prunnila,∥ Jouni Ahopelto,∥

and Clivia M. Sotomayor Torres*,†,§,#

†Catalan Institute of Nanotechnology, Campus UAB, 08193 Bellaterra (Barcelona), Spain
‡Department of Physics, University College Cork, College Road, Cork, Ireland
§Department of Physics, Universitat Autonoma de Barcelona, 08193 Bellaterra (Barcelona), Spain
∥VTT Technical Research Centre of Finland, PO Box 1000, 02044 VTT, Espoo, Finland
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ABSTRACT: We report the changes in dispersion relations of
hypersonic acoustic phonons in free-standing silicon mem-
branes as thin as ∼8 nm. We observe a reduction of the phase
and group velocities of the fundamental flexural mode by more
than 1 order of magnitude compared to bulk values. The
modification of the dispersion relation in nanostructures has
important consequences for noise control in nano- and
microelectromechanical systems (MEMS/NEMS) as well as
opto-mechanical devices.
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Advances in nanotechnology have opened exciting
possibilities to control spectral distribution and prop-

agation of phonons including, for example, optomechanical
systems1,2 and phononic crystals.2−5 Recent experimental
results6−8 have suggested that slowing down phonons may
have beneficial effects to improve the efficiency of thermo-
electric materials, supporting earlier theoretical predictions.9−12

On the other hand, as channel widths scale well below 20 nm,
heat dissipation and phonon-limited electron mobility are
major obstacles toward increasing device performance.13 In all
these cases, understanding phonon confinement at the
nanoscale is essential.8,14

There are at least two approaches to change dispersion
relations. As with electrons, and later with photons and
phonons, structures exhibiting a periodic contrast in a relevant
property have led to tailoring dispersion relations and energy
bands, thus engineering quantum wells in semiconductors,15

ultrarefraction in photonic crystals,16 and phonon cavities
within phononic crystals.2,3,5 The other approach relies on
confinement, which also causes modifications of the dispersion
relations.17,18 These modifications affect phonon group
velocities and are predicted to impact strongly on thermal
conductivity10,19,20 and charge carrier mobility.18,20−22 A
reduction in the characteristic dimension has been shown to

limit the phonon mean free path14 with a corresponding
decrease in thermal conductivity. However, recent experimental
work6−8 suggested that the decrease in thermal conductivity of
silicon phononic crystals could not be explained by this mean
free path reduction alone, and further understanding of the
effects of the phonon dispersion relation in nanostructures is
required.
As mechanical eigenmodes of nanostructures, confined

phonons also play a key role in ultrasensitive mass sensors23,24

and molecular-scale biosensing.25,26 These investigations have
resulted in breakthroughs such as reaching the quantum ground
state of mechanical vibrations27 and mass sensing with
zeptogram resolution.23,24 In the extreme sub-10 nm regime,
questions have arisen concerning the limits of validity of the
continuum elasticity model and bulk elastic constants for
nanoscale objects.28−30 However, until now there has been a
lack of experimental measurements relating to phonon
propagation in the sub-50 nm regime probably due to the
challenging nature of the experiments with the desired
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resolution and the availability of samples with well-defined
parameters.31

The first direct studies of confined acoustic modes in
ultrathin free-standing silicon membranes were performed with
Raman spectroscopy,32,33 a form of inelastic light scattering
(ILS) spectroscopy. The increase in the mode frequencies and
frequency spacing between them with decreasing membrane
thickness was clearly observed. However, acoustic modes were
only investigated at normal incidence, precluding observations
of in-plane propagation and dispersion relations. While even
earlier in-plane investigations were performed on unsupported
20 nm metal (Au) films,34 our interest in silicon is based on its
well-known material properties, the unrivalled control of its
nanofabrication and its still unchallenged supremacy as the
material for micronano-electronic and MEMS devices.
Here, we use free-standing single-crystalline silicon mem-

branes as model systems to test fundamental aspects and
consequences of phonon confinement. Being unsupported, a
true, two-dimensional geometry is obtained and the analysis is
free from the effects of a substrate. The thickness values of the
ultrathin membranes investigated ranged from 7.8 ± 0.1 to 31.9
± 0.2 nm. Membranes with thickness values of up to 400 nm
were also investigated for comparison.
The dispersion relations of the confined phonons were

measured by angle-resolved Brillouin scattering spectroscopy,
another form of ILS spectroscopy proven to be a useful method
to characterize acoustic properties34,35 in a noncontact,
nondestructive manner. The measurements were performed
in backscattering configuration with the incident wave vector, k,
making an angle, θ, to the surface normal of the sample as
shown in Figure 1. Because of the in-plane momentum
conservation,36 incident light of free-space wavevector ki = 2π/λ
is inelastically scattered by phonons with a parallel wavevector
component q// given by

θ π
λ

θ= =q k2 sin
4

sini// (1)

The dispersion relation ω(q//) may thus be constructed by
measuring the spectral components of the inelastically scattered
light at well-defined angles.
In samples with a reduced scattering volume such as bulk

opaque materials and nanometer-thin membranes, the surface
ripple scattering mechanism is expected to be the dominant
contribution to the inelastic light scattering.36 At room
temperature and above, such that T ≫ ℏω/kB (kB is the
Boltzmann’s constant, and ℏ is the Plank’s constant), the
scattering intensity is related to the mean-squared amplitude of
the out-of-plane surface displacement, ⟨|Uz|

2⟩z=0
36
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Here, the relationship between I and ⟨|Uz|
2⟩z=0, depends on

the optical properties of the medium, the scattering geometry,
and the frequency and polarization of the incident light.36 The
quantity ⟨|Uz|

2(ω,q//)⟩z=0 is linked to the projected local density
of states (PLDOS) at the surface of the membrane, which we
calculate from the out-of-plane component of the Green’s
function tensor, Gzz, for a given spectral and wavevector range.
Further information on these calculation is available in the
review by El Boudouti et al.37

Figure 2a shows high-resolution spectra of the 30.7 nm thick
silicon membrane. The peaks in the spectra are identified as the

fundamental flexural (A0) modes of the membrane. Figure 2b
shows the calculated PLDOS of the out-of-plane component of
these modes. A single imaginary component of the frequency
was included in all the calculations to fit the width of the
spectral peaks due to finite phonon lifetime and instrumental
broadening. The calculated spectral features are seen to follow a
similar trend as the peaks in the observed spectra. This trend is
related to the transformation of the modes from mainly out-of-
plane polarization for small q// to a mixed polarization modes.
To illustrate the relative magnitude of the out-of-plane density
of states of this mode, a spectrum of the 30.7 nm membrane for
a larger free spectral range is shown in Figure 3a, where both
the fundamental flexural and dilatational modes are observed.

Figure 1. Membrane and scattering geometry. (a) The free-standing
membrane samples were fabricated from (001) SOI wafers as
explained in the Supporting Information. The measurements were
performed in backscattering configuration with a 10× Olympus
microscope objective used both to focus the incident light and collect
the inelastically scattered light. (b) Optical microscope image of the
7.8 nm Si membrane. The observed wrinkles are a result of residual
compressive strain from the buried oxide at the edges of the
membrane. It was verified that these do not affect the measurement of
the dispersion relation, as the scattering region is not significantly
strained and is smaller than the characteristic length of the wrinkles.
(c) Wavevector conservation rules, as explained in the text. The
direction of the scattering wavevector, q//, was kept in the [110]
crystalline direction.
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The intensity of the peak assigned to the fundamental flexural
(A0) mode is measured to be more than 2 orders of magnitude
more intense than that of the fundamental dilatational (S0)
mode. This observation is in agreement with the Green’s
function simulation (Figure 3b), which shows a predominantly
out-of-plane polarization for the flexural mode. This is also
consistent with the calculated quadratic and linear dispersion
relations of the flexural and dilatational modes, respectively.
To understand the in-plane propagation of these confined

acoustic modes, we compare the experimental data to
dispersion relations calculated with an anisotropic continuum
elasticity model, as described in the Supporting Information.
The dispersion of the fundamental flexural mode for the
ultrathin membranes of various thickness values is shown in
Figure 4. The calculated dispersions with no adjustable
parameters follow closely the experimental data. The most
striking features are the quadratic dispersion and the reduction
of phonon frequency of the flexural mode with decreasing
thickness of the membranes: ω = Adq//

2 where A is a
proportionality constant. These results are in agreement with
earlier theoretical predictions for similar ultrathin sys-
tems.21,38−40

In addition to the remarkable drop in phase and group
velocities due to the quadratic dispersion, the frequencies are
consistently found to be slightly lower than those predicted by
the anisotropic continuum elasticity model. While this could
suggest a reduction in the effective elastic constants due to
nanoscale size effects, the role of the membrane surface,

including roughness and the presence of a few atomic layers of
native oxide, remains to be clarified.30,41

The effect of membrane thickness on phonon propagation is
summarized in Figure 5, where the phase velocity, vph // = ω/
q//, is plotted as a function of the dimensionless wavevector
q//·d for membranes with thickness values ranging from 7.8 to
400 nm. The phase velocity of the fundamental flexural mode
decreases dramatically with q//·d, with a value of 300 ± 40 m
s−1 recorded for the 7.8 nm membrane (Figure 5b). This is
more than 15× smaller than the surface acoustic wave velocity
in the [110] direction for bulk silicon of 5085 m s−1. As this
regime corresponds to a quadratic dispersion relation, the

Figure 2. Spectra of the fundamental flexural (A0) mode of the 30.7
nm membrane as a function of the angle of incidence. (a) The ILS
spectra are shown for incident angles ranging from 30 to 80° with
respect to the sample normal as shown in Figure 1. The measurements
are performed with a resolution of ∼100 MHz. (b) Green’s function
calculations of the projected local density of states of the out-of-plane
component of the displacement, PLDOSz. The ILS scattering
efficiency is well described by this term due to the dominance of
the ripple scattering mechanism over the photoelastic scattering
mechanism as a result of the small scattering volume.37

Figure 3. Comparison of the fundamental flexural (A0) and
dilatational (S0) modes in the 30.7 nm thick membrane. (a) Inelastic
light scattering spectrum recorded at an incident angle of 70 degrees
(q// = 22 μm−1) with a resolution of ∼500 MHz. Note the intensity
log scale. The inset shows schematics of the displacements of the
fundamental flexural (A0) and dilatational (S0) modes. (b)
Corresponding Green’s function simulations showing the projected
local density of states for both the in-plane (green) and the out-of-
plane (red) components.

Figure 4. Dispersion of the fundamental flexural modes (A0). The
dispersion relations are found to have a quadratic form, resulting in a
larger density of states D(ω), and therefore a larger amount of energy
is stored in this mode compared to linear dispersion modes. The solid
lines are the calculations as described in the Supporting Information.
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reduction in phase velocity, vph// = Adq//, is commensurate with
the reduction in the group velocity, vg// = 2Adq//, down to 600
± 80 m s−1.
A further consequence of the quadratic dispersion associated

to the fundamental flexural mode is that the density of states
D(ω ∝ 1/d) increases with decreasing membrane thickness,
and thus more energy, ∫ ℏωD(ω)f BE(ω,T)dω, is stored in this
mode, where f BE is the Bose−Einstein distribution function,
and T the temperature. Therefore, the flexural mode could play
a significant role in thermal transport in ultrathin systems
especially at low temperatures.42,43 In the extreme case of
graphene, this flexural mode was recently predicted to
dominate the specific heat capacity and the lattice thermal
conductivity.44

In summary, the in-plane propagation of confined acoustic
modes in ultrathin silicon membranes has been investigated,
with measured thickness values down to 7.8 nm, which is in
agreement with a parameter-free elasticity model. The
fundamental flexural mode, which exhibits an out-of-plane
polarization and quadratic dispersion, was observed to have a
scattering intensity nearly 2 orders of magnitude larger than the
fundamental dilatational mode, which exhibits primarily an in-

plane polarization and linear dispersion. Our results also show a
strong reduction in the velocities of the fundamental flexural
mode in proportion to the reducing thickness. We anticipate
that this membrane mode could be useful for phononic
applications, such as phonon-storage, due to the strikingly low
phase and group velocities. The quantitative simulation of
intensities in the ILS spectra and the quantification of the
effects of modified dispersion on phonon lifetimes and thermal
transport, including both the effects of the group velocity and
the modified normal and Umklapp scattering processes, are
subjects of current investigation.
We emphasize the need to account for the modified

dispersion relation of nanostructures, in particular in the sub-
20 nm regime, as the density of states, effective specific heat
and thermal conductivity will possess different spectral
dependencies than for bulk materials. The phonons studied
here are also directly relevant for high-frequency nanoelectro-
mechanical systems and nano-optomechanical systems. This
work provides a platform for future works of phonon
engineering in nanoscale structures.
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