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Chapter

Ultrasonic and Spectroscopic
Techniques for the Measurement
of the Elastic Properties of
Nanoscale Materials
Marco G. Beghi

Abstract

Materials at the nanoscale often have properties which differ from those they
have in the bulk form. These properties significantly depend on the production
process, and their measurement is not trivial. The elastic properties characterize the
ability of materials to deform in a reversible way; they are of interest by themselves,
and as indicators of the type of nanostructure. As for larger scale samples, the
measurement of the elastic properties is more straightforward, and generally more
precise, when it is performed by a deformation process which involves exclusively
reversible strains. Vibrational and ultrasonic processes fulfill this requirement. Sev-
eral measurement techniques have been developed, based on these processes. Some
of them are suitable for an extension towards nanometric scales. Until truly supra-
molecular scales are reached, the elastic continuum paradigm remains appropriate
for the description and the analysis of ultrasonic regimes. Some techniques are
based on the oscillations of purpose-built testing structures, mechanically actuated.
Other techniques are based on optical excitation and/or detection of ultrasonic
waves, and operate either in the time domain or in the frequency domain. A
comparative overview is given of these various techniques.

Keywords: elasticity, vibrations, ultrasonics, surface waves, resonators, thin layers,
nanorods

1. Introduction

Solid materials exist when the atoms find a configuration in which their poten-
tial energy has at least a local minimum, around which a stability region exists.
Irrespective of the high number of degrees of freedom, and with rare exceptions, in
the neighborhood of any minimum a more or less narrow interval exists, in which
the potential energy is well represented by quadratic terms, higher order terms
becoming negligible. A quadratic potential energy means an elastic restoring force,
meaning that, when considering free motion around a stable equilibrium configu-
ration, vibrational excitations are expected, which have a time periodicity. Period-
icity can be represented by a frequency, or an angular frequency ω, which is
obviously determined by the properties of the physical system, namely in terms of
stiffness and inertia. This general consideration applies from the atomic scale up to
the full macroscopic scale, at which continuum models are appropriate.
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When looking at the atomic motions, stiffness and inertia are given by the
interatomic forces and the atomic masses. A distinction can be proposed among
vibrational excitations, based on the phase difference between the motions of dif-
ferent atoms. Excitations exist in which when considering atoms at progressively
decreasing distances, down to first neighbors, the phase difference between their
displacements does not tend to zero. Examples are the vibrations of molecules, or
the optical phonons in a crystalline structure. In this case the average displacement
evaluated over a group of neighboring atoms does not have a relevant meaning,
since the displacement of single atoms can be significantly different from the
average one, and since the average can be null (as in the case of isolated molecules)
or close to zero even in presence of atomic motions of significant amplitude. Exci-
tations instead exist in which the phase difference between displacements of atoms
located at smaller and smaller distances, down to nearest neighbors spacing, are
smaller and smaller. Examples are the acoustic phonons in a crystalline structure. In
this case the average displacement evaluated over a group of neighboring atoms
becomes fully representative of the displacement of single atoms, and is the natural
bridge towards a description of the continuum type, with a displacement vector
field u r, tð Þ ¼ u x1, x2,ð x3, tÞ which is a continuous function of the position vector
r ¼ x1, x2,ð x3Þ and of time t. Excitations of this type are called acoustic excitations.

The description by the continuous vector field of displacement, and conse-
quently by the tensor fields of strain and stress, is appropriate at scales which go
from the supramolecular one, of the order of the nanometer or slightly more, at
which the above-mentioned average begins to be meaningful, up to the fully mac-
roscopic one. In the elastic continuum model [1–3] the potential energy is a qua-
dratic function of strains, the coefficients of the expansion being the elements of the
tensor of the elastic constants Cijmn

� �

, conveniently represented in compact Voigt
notation as Ckl½ �. The stiffness being represented by these tensor elements, or by
some functions of them which are specific elasticity moduli, and the inertia being
represented by the mass density ρ, the equations of motion of the continuous
medium are the elastodynamic equations. In the limit of an infinite homogeneous
medium, which is symmetric to any translation in position and in time, the funda-
mental excitations are conveniently taken as waves, which, besides being periodic
in time, are periodic in space, as described by a wavelength λ or a wave vector k,
with kj j ¼ 2π=λ. These fundamental solutions are characterized by dispersion
relations ω kð Þ, which are determined by the stiffness and the inertia properties
[1–3].

It has been recognized, since long ago, that the measurement of the vibrational
excitations gives access to these properties [4]. In particular, if the inertial proper-
ties (atomic masses or mass densities) are known, the stiffness properties can be
measured. In both the atomic and the continuum case, they represent the curvature
of the potential energy in the neighborhood of its minimum, and therefore they
contain information, respectively, about the interatomic bonding and about the
stiffness of solids, in its usual meaning. A whole wealth of experimental techniques
has therefore been developed, which exploit vibrational excitations to measure
material properties [4]. A general advantage of all the measurement techniques
based on vibrational excitations is that they can exploit displacements of small
amplitude, confined in the neighborhood of the equilibrium position, in which the
representation of the potential energy by only the quadratic terms is an excellent
approximation. In other words, higher order terms of the potential do not interfere,
and, in the case of continua, non-elastic deformation mechanisms, other than the
simple, reversible, stretching of interatomic bonds, are not activated.

Vibrational excitations of non-acoustic type, which cannot be described by a
continuous field of displacements, are not treated by mechanics, but rather by solid
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state physics, which measures them by techniques like Raman spectroscopy, to
obtain various information at atomic level, including that concerning the
interatomic forces. They are not considered here.

Vibrational excitations of the acoustic type, instead, have the same properties
from the supramolecular, or nanometric, scale, up to the kilometric scale and above.
Accordingly, techniques based on acoustic excitations are exploited to measure the
stiffness properties of objects of various sizes, up to dams, and are exploited for
geological investigations. These methods measure the dynamic, or adiabatic, elastic
moduli; these moduli do not coincide with the isothermal moduli which are mea-
sured in monotonic tests (if strain rate is not too high), but in elastic solids the
difference between adiabatic and isothermal moduli seldom exceeds 1% [2].

At the other extreme of the size scale, some techniques can be pushed to mea-
sure microscopic objects, down to carbon nanotubes. Nanomechanics precisely
addresses the behavior of microscopic objects; in this chapter we consider mea-
surement techniques based on vibrational excitations of the acoustic type, which are
pushed to measure small objects, towards the size at which the same concept of
‘acoustic excitations’ begins to lose significance, as well as that of the strain field.
Techniques based on vibrational excitations, and in particular optical techniques,
which avoid mechanical contact, are particularly prone to be applied to small
objects, for which the contact with actuators or sensors becomes critical. In many
cases, the mechanical properties of materials at this scale are of interest for the
design and production of microsystems which operate dynamically; in these cases,
the dynamic, adiabatic, moduli, are precisely those of interest.

The next section summarizes some basic concepts about free acoustic excitations
in finite objects. The following two sections give an overview of several measure-
ment techniques, which are grouped in two categories. First, those that exploit the
oscillations of purpose-built testing structures, which are mechanically actuated,
often by piezoelectric means. Secondly, the techniques which measure the proper-
ties of ultrasonic waves, that are typically excited and/or detected by optical means.
These techniques can be further subdivided among those which operate in the time
domain and those which operate in the frequency domain.

2. Acoustic excitations in confined media

Displacements and strains in the elastic continuum model in the absence of body
forces, obey the elastodynamic equations; for homogeneous media they are [1–3]

ρ
∂
2ui
∂t2

¼
X

j,m, n

Cijmn
∂
2um

∂x j∂xn
, i ¼ 1, 2, 3:: (1)

The invariance to any translation in time is the root of the harmonic time
dependence of the fundamental solutions, characterized by the circular frequency
ω, which allows to transform the equations into the Helmholtz equations. The
invariance to any translation in position, in practically infinite media, is the root of
the harmonic space dependence of the fundamental solutions, which are traveling
monochromatic harmonic waves, characterized by the wave vector k. The disper-
sion relations ω kð Þ are determined by the properties of the medium. The displace-
ment vector u having three independent components, the dispersion relation has
three branches, which can be classified according to the relative orientations of the
vectors u and k, i.e. according to their polarization: in an isotropic medium, one
longitudinal and two transversal modes [1–3].
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The elastic continuum model has no intrinsic length scales; as mentioned above it
loses significance at the nanometric scale, while in an infinite medium, which also
from the geometrical point of view has no intrinsic length scale, it does not have an
upper limit of size. The wavelengths span in a continuous way this whole infinite
interval, and the corresponding angular frequencies go, in continuity, from null
frequencies for λ ! ∞, i.e. k ! 0, up a not sharply defined upper limit,
corresponding to the shortest meaningful wavelengths. The absence of intrinsic
length scales implies that all these wavelengths behave in exactly the same way, and
the dispersion relations are simply linear: ω ¼ v kj j, the velocities being independent
from kj j, i.e. these modes are non dispersive. In the general anisotropic medium the
velocities depend on the direction of k, while in the isotropic case they do not, and the
velocities vl and vt of the longitudinal and transversal modes are respectively [1–3]

vt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

C44=ρ
p

and vl ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

C11=ρ
p

, (2)

thermodynamic stability requiring that vt < vl.
Rupture of the unconditional translational symmetry by some kind of boundary

condition, which introduces some kind of confinement, induces the appearance of
further acoustic modes, namely standing waves. The consequences of confinement
can be appreciated also without abandoning the relative simplicity of the isotropic
model. They are already present, in a paradigmatic way, in the case which is probably
the simplest rupture of the infinite translational symmetry: the plane external surface
of a semi-infinite medium. The invariance to any translation in time is not altered,
and correspondingly the acoustic modes remain periodic in time, associated to a
circular frequency ω. In the same way, the invariance of the medium to any transla-
tion in the plane of the surface is not modified, and correspondingly the acoustic
modes remain periodic, and traveling, in this plane. This periodicity is conveniently
represented by a wave vector k∥ parallel to the surface, which identifies a direction
and a repetition period. Considering media which possess in-plane isotropy, the
direction of k∥ becomes irrelevant and, in order to simplify the notation, we introduce

here the symbol λ∥ � 2π= k∥
�

�

�

�, which seems inappropriate because wavelength is not a

vectorial quantity, but must be understood as a compact form of: “the period along
the direction of k∥ of an acoustic excitation whose wave vector component is k∥”.

In the direction perpendicular to the planar external surface (the direction of
depth), two types of space dependence are instead found. A set of modes takes
advantage of the (semi) infiniteness of the medium, and maintains a space period-
icity, conveniently represented by a wave vector k⊥ perpendicular to the surface.
These modes are thus characterized by a full three dimensional wave vector k ¼
k∥ þ k⊥, and are completely analogous to those of an infinite medium: they are the
bulk waves, which are reflected at the surface. There is no upper limit to their
wavelengths, and no lower limit to their frequencies. The only novelties are intro-
duced upon reflection: firstly, in the direction perpendicular to the surface the
interference between the incident and the reflected waves generates a standing
wave pattern. Secondly, the mere superposition of an incident longitudinal wave
and its reflected counterpart would not satisfy the stress free boundary conditions.
Therefore, upon reflection, an incident longitudinal wave is partially reflected into a
longitudinal wave, having the same k∥ and a reversed component k⊥, and partially
converted into a transversal wave, having the same frequency and the same k∥, but
a different value of k⊥, because it has a different velocity [1, 3]. The dual conversion
occurs for an incident transversal wave.

However, in the presence of this boundary, the elastodynamic equations admit
another set of solutions, which are not periodic in the direction perpendicular to the
external surface. They are the surface acoustic waves (SAWs), of which the
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Rayleigh wave, the only one existing at the free surface of a semi-infinite homoge-
neous medium, is the prototype. The Rayleigh wave has a displacement field which
decays exponentially with depth, with a decay length which is uniquely determined
by the elastodynamic equations, and turns out to be very close to λ∥; it is thus
confined in the neighborhood of the external surface [1, 3, 5]. The Rayleigh wave
also has another character typical of the modes induced by confinement: they do not
have a specific polarization. The displacement vector u of the Rayleigh wave has a
direction which changes with depth; it always is in the plane identified by k∥ and by
the normal to the surface, which is called the sagittal plane, but the two components
vary with depth in different ways. The Rayleigh wave has its own velocity vR, lower
than that of any bulk wave: vR < vt < vl [1, 3, 5]. Acoustic modes having similar
properties can also appear at the surface separating two media in perfect adhesion.

In the semi-infinite case the medium still has no intrinsic length scale. Both
periods, λ∥ and 2π= k⊥j j, can go in continuity from infinity to the smallest meaning-
ful values, and correspondingly the frequencies go from zero to a very high upper
limit. Accordingly, the bulk waves and the Rayleigh wave are non-dispersive, also

the velocity vR being independent from k∥
�

�

�

�; the dispersion relation ω ¼ vR k∥
�

�

�

� is

linear. However, for any value of k∥, the value of λ∥, which determines the decay
length, somehow sets a length scale. It can approximately be said that the value of vR
is mainly determined by the properties of the medium up to a depth λ∥=2; in other
words, the Rayleigh wave is a probe which senses the properties of the medium up
to that depth [6]. The component k⊥ exploring the whole interval from zero to the

maximum meaningful value, we have kj j ¼ k∥ þ k⊥
�

�

�

�≥ k∥
�

�

�

�, and λ cannot be below

λ∥. For that value of k∥ we have bulk modes, whose frequencies go with continuity

from vt k∥
�

�

�

� till very high values, and, below this lower limit, the Rayleigh wave at an

isolated frequency vR k∥
�

�

�

� .

Instead, in media that are finite in at least one dimension, with a size D, the size
of the object which supports the excitations sets a reference length scale. The
relevance of confinement is determined by the ratio of the wavelength λ to the size
D. On the high side, acoustic excitations having a ratio λ=D significantly larger than
one are not supported: the size D sets an upper limit for wavelength. On the lower
side, the excitations having a ratio λ=D≪ 1, down to the lower limit at which the
continuum model loses significance, are affected in a negligible way by the finite-
ness of the medium. For these excitations, the medium is still almost invariant for
translations of several wavelengths, and the modes are indistinguishable from trav-
eling periodic waves. However, strictly speaking, they become standing waves, and
the difference becomes evident for the excitations whose ratio λ=D is not far from
unity. For these excitations, the medium is definitely not invariant for translations
of few wavelengths: the modes cannot have a well-developed periodicity, and are
strongly affected by confinement.

Objects having a high aspect ratio, like thin layers or beams, or nanorods, are often
of interest: in one or two dimensions their size is D, in the remaining direction(s) it is
D0, with D≪D0. The consequences of confinement within D are evident for excita-
tions having λ � D, well before the finiteness of D0 becomes perceptible. These
excitations can be analyzed as if in the other direction(s) the mediumwas still infinite:
the excitations are still periodic in this (these) direction(s), characterized by a wave
vector k∥. The effects of the finiteness of D0 become evident only when λ∥ � D0.

Again, the Rayleigh waves paradigmatically indicate the consequences of a finite
size.We can consider a slab, whose thickness is the characteristic size D, and which
can be considered infinite in the other directions. Bulk waves with λ=D≪ 1 are
affected in a negligible way by the finiteness of the medium, as well as the SAWs
having λ∥ ≪D. At such wavelengths, the Rayleigh waves are confined in the
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neighborhood of the two surfaces, and do not interact with each other, while the
bulk waves have a component k⊥ which is now discretized (the period 2π= k⊥j jmust
be an integer sub-multiple of D) but with a narrow spacing. Instead, when λ

increases and approaches D, on one side this discretization becomes relevant, and,
on the other side, the tails of the displacement fields of the Rayleigh waves at the
two surfaces superpose. The two SAWs then merge into modes which are typical of
the slab, with displacement fields which extend throughout the thickness, their
depth dependence being not periodic. Among them, the bending modes of the slab
[7, 8], reminiscent of the bending modes of a membrane, which are different from
the transversal bulk modes, which are shear modes, not bending modes. The dis-

persion relation ω ¼ ω k∥
�

�

�

�

� �

has discrete branches which correspond to these

modes. They are nonlinear, i.e. dispersive, meaning that their velocities depend on

the period λ∥, more precisely on the ratio λ∥=D, i.e. on the product D k∥
�

�

�

�; they

asymptotically tend to the linear dispersion relations of the infinite medium when

the product D k∥
�

�

�

� becomes large.

In the case of a film supported by a substrate, which can be generalized to
stratified media, the layer thickness sets the characteristic size D. Bulk waves in any
layer, with λ=D≪ 1, and the Rayleigh wave at the surface of the outermost layer with
λ∥ ≪D, are indistinguishable from those in a semi-infinite medium of the same
material. Instead, waves with λ, or λ∥, comparable to, or larger thanD (if the substrate
is semi-infinite λ can go to infinity) have a displacement field which extends over
various layers, and have properties which depend on the properties of the various
layers. In particular, the Rayleigh wave becomes a generalized Rayleigh wave, whose
depth dependence is affected by the transition from the film to the substrate. When
λ∥ ≫D the decay length is also much larger than the film thickness, and the displace-
ment field of the generalized Rayleigh wave is mostly in the substrate. In this limiting
case the generalized Rayleigh wave approaches the Rayleigh wave of the bare sub-
strate, only slightly modified by the presence of the supported layer. Depending on
the properties of the layers, namely on their acoustic velocities, other SAWs can be
supported. For instance, an acoustically slow layer can act as a waveguide, confining
some other modes, like the Sezawa modes. These modes are reminiscent of the modes
of a slab, but instead of having stress free boundary conditions they have, on the
substrate side, continuity boundary conditions, and tails of the displacement field
which extend into the adjacent layers. Obviously also these modes are dispersive,

their velocities depending on the product D k∥
�

�

�

�, or, in the case of several layers, on

the products with the various thicknesses. The dispersion relations for the various
branches can be numerically computed, as functions of these products and of the
elastic constants and mass densities of all the layers [9, 10].

A wide slab, of thickness D, can be cut into a stripe of width comparable to D:
confinement thus occurs in two directions. More generally, it is the case of a slender
cylinder, of circular or non-circular cross section, of lateral size D, which can still be
treated as infinite in the third direction. The parallel wave vector k∥ remains fully
meaningful, although, having exclusively the axial direction, its vectorial character
becomes redundant. New modes appear, namely the torsional ones, beside the
bending or flexural ones, and the dilatational ones. In the case of circular cylinders
they obey the Pochammer-Cree Equations [11, 12], in which, as it often happens in
cylindrically symmetric cases, Bessel functions play a crucial role. More general
cases can be analyzed by the so-called xyz algorithm [13, 14], which has been
applied to rectangular [15], circular [16] and hexagonal [17] cases, and also to more
complex cases like superlattices [18].

The dispersion relation ω ¼ ω k∥
�

�

�

�

� �

has a significant number of branches, which

asymptotically tend to the linear dispersion relations of the infinite medium when
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the product D k∥
�

�

�

� becomes large. For smaller values of D k∥
�

�

�

�, instead, these

branches remain separate, and nonlinear. In particular, several branches have a

non-null frequency for k∥
�

�

�

� ¼ 0; they correspond to modes, like e.g. the radial

breathing modes, which can have a non-traveling character [12]. Furthermore, for

small values of D k∥
�

�

�

�, the dispersion relations of most of these modes have a slope

much smaller than the velocities vt or vl, meaning a low group velocity, and in some
cases even a negative slope [19].

Finally, for objects whose aspect ratio is not far from unity, and therefore in
which confinement is along all the three directions to a size of the same order D, the
general considerations apply. Namely, all the excitations have the character of
discrete standing waves. For ratios λ=D≪ 1 the discretization has a narrow spacing,
the modes are almost indistinguishable from those of an infinite medium, and can
still be characterized by a wavevector k, or k∥. Instead, for ratios λ=D not far from
unity the modes, in general, do not have a regular periodicity, and any wavevector
loses its meaning. The modes have clearly separate frequencies, are strongly
affected by confinement, and strongly depend on the shape of the object. Note
that for objects which become nanometric the regime in which λ=D≪ 1 does
not exist, because it would mean wavelengths at which the continuum model
breaks down.

Two main geometries are of interest, both for fundamental studies and for
technological applications. Firstly, the planar geometry of thin films, in which
confinement is in only one direction, the critical size D is the thickness, the wider
size D0 being the lateral extension of the layer. The typical examples are the
supported films and the resonators, either in the form of a clamped membrane or of
a cantilever, or a bridge. Secondly, the linear geometry of beams and of nanorods, in
which confinement is in two directions, the critical size D is the diameter, the wider
size D0 being the length. The two characteristic lengths, D and D0, identify two
length ranges; acoustic excitations can be probed at the two length scales, which
obviously correspond to two frequency ranges.

Ultrasonic waves of wavelength comparable to D are not affected by the finite-
ness of D0, or by the precise shape of the object supporting them: they see the other
dimensions as infinite. The properties of the waves depend on the material proper-
ties, and the value of D determines the existence of the discrete modes, which can
be observed. In some cases the properties of the waves are also affected by the value
of D, as it happens for supported films when the ratio λ=D is close to unity: in this
case the displacement field of the wave appreciably penetrates into the substrate,
and is affected by its properties.

Instead, for acoustic excitations at the scale of D0, the effective stiffness for the
vibrational modes depends on the material properties, but also, crucially, on the
value of D. The properties of the waves thus depend on the material properties and
on the value of D, while the value of D0 determines the existence of the discrete
modes, which can be observed. In fact the fundamental, and higher order, oscilla-
tions of a cantilever can be seen as standing flexural waves, of wavelength compa-
rable to of D0, and of effective stiffness dependent on D.

The two ranges of wavelength identify two classes of measurements. A first class
exploits purpose-built testing structures, which determine the value of D0; they are
probed at effective wavelengths of this order. Typically, their oscillations are
mechanically actuated by piezoelectric means. The next section is devoted to them.
A second class exploits ultrasonic waves at wavelengths comparable to D. Their
excitation is achieved by short laser pulses, or simply by thermal motion. Their
detection typically requires optical means, and can be performed either in the time
domain or in the frequency domain.
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3. Measurement techniques based on testing structures

As repeatedly underlined, the elastic continuum model is meaningful down to
almost the molecular scale. Techniques based on acoustic excitations are therefore,
in principle, applicable to objects down to the nanometric scale. Their effective
application depends on the availability of appropriate transducers to excite and to
detect the relevant acoustic excitations. In the case of macroscopic objects, the
typical techniques are based on piezoelectric transducers, which can be exploited
for both excitation and detection. Specific devices are available, and specific instru-
ments, like acoustic microscopes. An alternative, for what concerns detection, is
offered by laser Doppler vibrometry. It has the advantages of the optical techniques:
light is a massless probe, contactless, which does not load the measured object, is
free from own resonances, has a bandwidth that is essentially determined by elec-
tronics (the light sensor and the amplification). Furthermore, it can measure small
objects, and can measure surfaces which are difficultly accessible, or on which the
application of a detector is not possible, e.g. because of their temperature.

In the case of small objects, down to micrometric or sub-micrometric scale, the
exploitation of a separate measurement device in mechanical contact becomes
impossible. Mechanical actuation by piezoelectric means is still possible either in the
case of resonators, by an external actuator which shakes the whole assembly
containing the resonant structure, or by inclusion, by nanofabrication techniques,
of a piezoelectric (nano)layer as an integral part of the structure being tested.
MEMS/NEMS of this type can also be actuated by electrostatic means. In some
cases, the test system can have a structure analogous to that of a complete device,
and comprehend, beside the possibility of excitation by piezoelectric or electrostatic
means, the ability of measurement, e.g. by capacitive detection or by an interdigi-
tated transducer (IDT). Except for these cases, optical detection is mandatory. Laser
Doppler vibrometry is the measurement technique of choice, if the measured sys-
tem has a flat surface of sufficient size. Otherwise, interferometric techniques have
been exploited.

A specific case is that of resonators: a significant effort is under way to produce
high quality resonators, mainly because of their great potential for applications in
sensing, signal processing, and quantum physics. The properties of a resonator can
be measured in a static way, by measuring the deflection of a cantilever, or a
membrane, or by measuring its resonant frequency. When a resonator is reduced to
a small size, typically in the shape of a cantilever, a bridge, or a clamped membrane,
its surface to volume ratio increases. Therefore phenomena, which otherwise are
minor or negligible, and are not accounted for by q. (1), become non negligible;
namely anelastic effects, possibly connected to internal friction phenomena, and
surface phenomena, like surface tension or environmental effects [20, 21]. In par-
ticular, interaction with the environment, typically by adsorption of molecules,
including water, made available by relative humidity, is the physico-chemical basis
for the development of sensors. The development of high performance sensors
based on nanoresonators [22, 23] is not considered here. We merely note that
research in this direction has led to doubly clamped resonators of thickness down to
22 nm and aspect ratio up to 5000; the measurement of their deflection requires an
interferometric technique, and their motion due to Brownian thermomechanical
techniques becomes detectable [24].

However, resonant structures can built specifically to the purpose of a precise
measurement of the properties of the materials which constitute them. In order to
measure the properties of tetrahedral amorphous carbon (also known as diamond-
like carbon), Czaplewski et al. built, by standard techniques for the production of
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MEMS, several resonators, with critical dimension down to 75 nm [25]. Excitation
was in some cases electrostatic, and in other cases by shaking by an external
piezoelectric actuator. Detection was, depending on the in-plane or out-of-plane
deflection, by a laser deflection technique similar to that used by AFMs, or by an
interferometric technique. Their results allowed them to analyze dissipation and to
discuss various possible mechanisms. Exploiting flexural and torsional oscillators,
and the same interferometric measurement technique, they also determined the
elastic moduli as function of temperature [26]. In order to measure the properties of
an assembly of only carbon nanotubes (called ‘forest of nanotubes’), self-sustained
only by their entwining and internal interactions, Hassan et al. built by this material
cantilevers, of 1 mm length, which were electrostatically excited, and whose motion
was detected by laser Doppler vibrometry [27].

The advantages of miniaturization led to explore also the sizes at which the
elastic continuum approach is no longer adequate, and a Molecular Dynamics
approach is more appropriate [28]. Interestingly, for membranes which become
nanometric but have significantly larger lateral extension, the continuum approach
remains useful, both for the theoretical analysis and the measurement technique.
Membranes of nanocrystalline diamond and of piezoelectric aluminum nitride, and
bilayer membranes, with thicknesses down to 220 nm and diameters up to 1 mm,
have been investigated by Knoebber et al. [29] by both a static and a vibrational
technique. The static technique, of more macroscopic character, was the bulge test,
in which the deflection of the circular clamped membrane under gas pressure is
measured; the implementation was optical, the deflection being optically measured
by white light interferometry. The vibrational technique involved excitation by an
external piezoelectric stack, and detection by laser Doppler vibrometry. The analy-
sis shows that the results from the dynamical technique are less sensitive to the
geometrical inaccuracies of the tested membrane. Similarly, the properties of bila-
yers obtained by growing nanocrystalline diamond on aluminum nitride thin films,
of about 200 + 200 nm thickness, were measured producing microresonators, either
cantilevers or bridges, of length up to 50 μm, piezoelectrically actuated and mea-
sured by laser Doppler vibrometry [30]. Similar nanocrystalline diamond/alumi-
num nitride membranes, of thicknesses of the order of hundreds of nanometers,
were still characterized by the bulge test on circular clamped membranes, of radii
up to 1 mm [31].

Also in the analysis of a typical 2-D material, MoS2, resonators have been built in
the form of clamped membranes, of radii of 2 and 3 μm, ranging from a single layer,
i.e. a truly atomic thickness, up to over 90 layers. The membranes were obtained
over pre-patterned circular holes in a Si substrate, and acted as ‘drums’. Their
motion was measured exploiting the vibrating drum membrane and the bottom of
circular hole as the two mirrors of an interferometer. The continuum mechanics
approach turned out to be useful in the interpretation of the experimental results,
which showed the transition from the membrane regime, in which the restoring
force in the oscillation is supplied by the membrane tension, to the plate regime, in
which the restoring force is supplied by the bending stiffness of the plate [32].

A whole class of devices exploits the intergiditated transducers (IDTs) to launch
and resonantly detect surface acoustic waves. A piezoelectric layer is a crucial
component of these devices. When the lithographic techniques to produce IDTs is
available, devices have been produced specifically for the aim of measuring the
properties of the material which constitute them. Measurements have been
performed on various forms of artificial diamond (nanocrystalline diamond,
nitrogenated diamond-like carbon), of particular interest for devices exploiting
surface waves and IDTs because of their high acoustic velocity [33–35].
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4. Measurement techniques based on ultrasonic waves

Various measurement techniques based on vibrations and acoustic waves rely on
impulsive mechanical excitation of vibrational modes or of waves. Mechanical
excitation by an impact has been analyzed in detail [36, 37], and standards have
been issued concerning it [38]. When extending these techniques towards
nanomechanics, and in particular to thin films, wave excitation by laser pulses is
their natural evolution. Absorption of a laser pulse, of duration τ, induces, by
thermal expansion, a sudden expansion: a strain pulse, which propagates away at
the speed vl of longitudinal sound. The mechanism of phonon generation has been
analyzed in detail [39]. The geometry of this pulse depends on the absorption length
ζ of the optical pulse, on the distance vlτ traveled by the strain pulse during the laser
pulse, and on the lateral size of the region on which the laser beam is focused.
Metals have the shortest absorption lengths, of some nanometers, and have longi-
tudinal sound velocities of few km/s, i.e. few μm/ns. With optical pulses of the
order of the ns, heating and thermal expansion occur until the pulse has traveled a
distance of few μm.

In the case of a thin supported film, of thickness D of some micrometers, or even
less, a ns laser pulse launches a strain pulse which is originated in the whole
thickness of the film. Such a strain pulse travels parallel to the surface, and, if the
film has a sufficient lateral extension, can be detected at a distance of millimeters,
measuring the transit time. This is the regime of the so-called laser ultrasonics, in
which the laser is focused by a cylindrical lens. A line source is therefore present in
the film, which launches two SAWs traveling in opposite directions, on a surface
whose lateral size D0 is large. The ratio λ∥=D can be smaller than one, implying that
the displacement field is essentially confined within the film, or larger, meaning
that the displacement fields of the SAWs penetrate significantly into the substrate.
In the latter case a typical objective of the measurement is the detection of the
(small) modification of the Rayleigh wave of the bare substrate.

With optical pulses of less than the picosecond, instead, heating and thermal
expansion occur only until the strain pulse has traveled a distance of the order of the
nm, i.e. less than the absorption length. The pulse displacement during excitation is
thus negligible, and heating, and thermal expansion, occur only in a thin surface
skin, of depth ζ, i.e.few nm. This is the regime of the so-called picosecond ultra-
sonics, in which the laser is focused by a spherical lens to a spot whose width is of
several micrometers, i.e. orders of magnitude wider that the depth within which
thermal expansion occurs. In the case of a film of thickness D, a plane wave is
therefore launched: a strain pulse, of lateral extension of several μm, which extends
over a depth of ζ, has leading wavelength of this same order, and travels in the
direction perpendicular to the surface. Except for truly nanometric films, in this
case λ=D≪ 1, and the finiteness of D becomes relevant thanks to the reflection of
the pulse when it reaches the opposite surface. If the film is supported the reflection
is only partial, part of the pulse being transmitted; the echo however returns to the
surface, where it can be detected, and where it is again reflected back. The transit
time, of the order of the ns, or less, is measured by a pump-and-probe technique, in
which a short, weaker, ‘probe’ pulse follows the ‘pump’ pulse with a variable delay,
and detects the time evolution of the transient induced by the pump pulse, scanning
the delay until the exhaustion of the transient itself.

The technique has also been exploited for nanostructures which do not have a
planar surface extending over the several micrometers of the focused spot;
nanorods are an example. In this case the geometry of the strain pulse is not the
simple planar one outlined above, and is rather dictated by the specific geometry of

10

Nanomechanics



the illuminated object(s). The detected signal contains however relevant informa-
tion, whose interpretation typically requires the modeling of the specific dynamic
structure of the investigated objects.

In both the above techniques a transient is induced by a pulse which is short, i.e.
strongly localized in time, and also strongly localized in space, resulting in a broad-
band and localized pulse, whose transit is easily detected. In a different technique a
similar short pulse is exploited, which produces a transient, but illuminates a wider
segment of the surface with a periodic pattern, and has therefore a narrow band.
Periodicity is obtained splitting the pump laser pulse in two beams, and
recombining them at the surface of the sample, forming an interference pattern.
The same impulsive thermal expansion thus occurs with a periodic space modula-
tion. The periodicity, which here is called λ∥ and which in the literature dealing with
this technique is more often called Λ, is selected by the interference geometry, as
well as its direction: the wavevector k∥ is selected by the illumination geometry. The
technique is applicable to samples having a planar surface whose lateral size D0 is
much larger than the periodicity λ∥.

The time evolution of the reflectivity (or, possibly, of the transmittance) is
measured in one point, either by a continuous measurement by a fast detector, or,
more frequently, by the pump-and-probe technique. The measured signal typically
has a slowly declining component, corresponding to the total energy deposited by
the pulse, which eventually diffuses towards the adjacent parts of the sample, and a
periodic component. The periodic component is due to the SAWs which are
launched in the directions of k∥ and �k∥, and which form a standing wave,
eventually damped, both because the two SAWs travel away, and because of
intrinsic damping mechanisms, like the thermoelastic one. By the spectral analysis
of the observed signal one point of the dispersion relation ω ¼ ω k∥

� �

is obtained,
hence the name of ‘transient grating spectroscopy’. The full dispersion relation is
obtained scanning the wavevector k∥, by adjusting the geometry of the interfering

beams; at least in principle, a wide interval of k∥
�

�

�

� is accessible. In the case of a film

of thickness D, the interval from λ∥=D≪ 1 to λ∥=D≫ 1 can sometimes be scanned. It
must however be noted that this is a case in which the characteristic length D is
dictated, more than by the geometry of the sample, by the geometry of the excita-
tion, i.e. by the periodicity λ∥ determined by the experimental set-up. In fact, as
noted above, SAWs of wavevector k∥ are sensitive to the properties of the medium
only up to depth of approximately λ∥=2.

In all the above techniques a ‘pump’ laser pulse induces a transient, whose time
evolution is measured, with a time resolution down to the picosecond scale. The
transient grating technique deserves the ‘spectroscopy’ name because it relies on the
successive spectral analysis of the measured time signal. Instead, the vibrational
spectroscopies investigate the steady state excitation of vibrational modes, due to
thermal motion. They exploit continuous, not pulsed, lasers, and detect the compo-
nent of the scattered light which has undergone a frequency shift, because it was
inelastically scattered by the excitations present in the sample. Obviously, inelastic
scattering involves some energy exchange between the optical and the acoustic fields,
but, due to the smallness of the scattering cross section, this is minor, in comparison
to the thermal energy. Only in special cases, namely highly confined nanostructures,
the exchange can become significant. The most widespread vibrational spectros-
copies, namely Raman spectroscopy and infrared spectroscopy, are not considered
here because they measure vibrational excitations of non acoustic type.

Instead, Brillouin scattering is precisely the inelastic light scattering by the
vibrational excitations of the acoustic type, and Brillouin spectroscopy measures it.
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In a manner analogous to that of Raman spectroscopy, the sample is illuminated by
a laser beam, and the scattered light is collected; the spectral analysis singles out the
minor fraction which has undergone inelastic scattering by the excitations in the
sample. The scattering geometry selects an exchanged wavevector k, or k∥ in the
case of SAWs. Therefore, also in this technique, in the case of SAWs the experi-
mental technique selects a periodicity λ∥ which essentially dictates the length scale
D, and the depth over which the properties of the medium are interrogated. A
Brillouin spectrum supplies a point of the dispersion relation ω ¼ ω kð Þ for each of
the branches which give a measurable peak. With visible light, and typical proper-
ties of solid materials, the observed frequencies, i.e. the frequency shifts of light,
range from few GHz to tens of GHz, i.e. a wavenumber in the range of the cm�1, to
be compared with the typical frequency shifts observed in Raman spectroscopy, in
the range of hundreds of cm�1. Accordingly, the diffraction gratings, which are the
common spectrum analysers in Raman spectroscopy, do not have a sufficient reso-
lution, and other techniques must be employed. The tandem multipass Fabry-Perot
interferometer has become the standard apparatus in Brillouin spectroscopy [40].
The small observed frequencies (1 cm�1 means 30 GHz or 1.4°K) make the Stokes
and anti-Stokes parts of the spectra symmetric, to a difference from what happens
in Raman spectroscopy.

The dispersion relations ω ¼ ω kð Þ of the traveling waves, whenever a
wavevector k can meaningfully be identified, and the frequencies of the standing
waves, can be theoretically predicted, from the simplest ones of Eqs.(2) to the more
complex ones which can only be numerically computed. They are all functions of
the properties of the medium (or the media involved). Therefore, whenever and
however they are measured, they provide access to the properties, which can be
found fitting the computed dispersion relations, or the frequencies, to the measured
ones. Obviously the amount of obtainable information depends on the amount, and
the quality, of the experimental evidence, and on the simpler or more sophisticated
way of treating it. The obtainable information ranges from a semi-quantitative
comparison for a single parameter, to a complete elastic characterization of a layer.

4.1 Laser ultrasonics

The laser ultrasonics technique exploits SAWs, mainly the Rayleigh wave, pos-
sibly modified by the presence of a supported film, to measure the properties of
samples having a planar surface of sufficient lateral extension. The focus often is the
measurement of the properties of the supported film. Waves are launched by a laser
pulse, typically of nanosecond duration; visible or near UV light is typically used,
often from a N2 laser at 337 nm. As mentioned above, the laser is focused by a
cylindrical lens on the surface of the sample, resulting in a sudden expansion of a
line-shaped region, which launches a broadband surface wave, which propagates
perpendicularly to the focusing line, with a limited divergence. The surface wave is
detected by the displacement it induces perpendicularly to the surface, after a
propagation path, typically of millimeters.

Detection can be done by optical interferometry [41, 42], or, in a simpler way,
by piezoelectric sensing: either a piezoelectric polymer foil pressed on the sample by
a blade [43–47], or a piezoceramic stripe [48]. A ready-to-use commercial
apparatus is also available.

Yang et al. implemented both the optical and the piezoelectric detection. They
performed a systematic comparison exploiting a 320 nm SiO2 thermal oxide layer
over the pristine Si substrate. The optical detection obtains lower intensity signal
but also a lower background noise, and wider bandwidth: in their implementation
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the bandwidth of the piezoelectric detection is limited to about 120 MHz, mainly by
the piezoelectric foil exploited for transduction, while the optical detection shows
substantial signal components up to almost 300 MHz [49]. The same authors then
integrated the two techniques in a single apparatus.

The recorded displacement can be frequency analyzed, yielding the dispersion
relation vR ωð Þ for a frequency interval that can extend over a full frequency decade
(e.g. 20 to 200 MHz). As mentioned above, fitting the computed dispersion relation
to the measured one allows to derive the film properties. In the case of supported
films the width of the measured frequency interval can allow to appreciate the non
linearity of the velocity dependence of the frequency. If this is the case, the fit of the
computed dispersion relation to the measured one allows to derive both the Young
modulus and the film thickness [44, 45]. If the measurement extends over a more
limited frequency interval, or if the material properties and the thickness are such
that the non linearity is mainly in a frequency interval external to the measured one,
an independent measurement of thickness is needed. Since the waves are detected
after a propagation of the order of millimeters, the obtained properties are repre-
sentative of an average of the properties over this distance.

The technique has been extensively adopted to characterize diamond-like car-
bon films. It has been pushed to the measurement of films having thickness down to
5 nm, deposited on a Si substrate [41]. The stretch of the observed propagation path
to 20 mm allowed to measure variation of the Rayleigh wave velocity below 0.25 m/
s, over a velocity of about 5000 m/s for the bare Si substrate. The small variation
due to the nanometric film is thus detected. Ultra nanocrystalline diamond films of
micrometric thickness were more easily characterized [47]. Also the commercially
available apparatus proved to be able to measure the properties of alumina films
produced by the atomic layer deposition (ALD) technique, of thickness down to
about ten nanometers [50].

4.2 Picosecond ultrasonics

Since femtosecond laser pulses became available, the so-called ‘picosecond
ultrasonics technique’ exploits them; nevertheless, it is still called ‘picosecond
ultrasonics’ from the picosecond, or sub-picoseconds, pulses which were available
at the time in which it was first demonstrated, by the seminal work of Thomsen
et al. [51, 52] and by Wright [53, 54]. It is a technique which belongs to the wide
family of the optical pump-and-probe scheme, whose performances, namely reso-
lution, crucially depend on the short duration of pulses.. As previously outlined, two
length scales contribute to determine the shape of the ultrasonic field generated by
the pump pulse: the absorption length ζ of the optical pulse, i.e. the depth within
which the pulse energy is deposited, and the displacement vlτ of the strain field in
the time interval within which the energy is deposited.

Lasers in the near infrared are typically adopted, to avoid possible spurious
effects, which were attributed to electronic interband transitions [55], which might
be induced at shorter wavelengths. Typical metals properties correspond to absorp-
tion lengths of nanometers; aluminum is among the metals which have the shortest
absorption lengths, and well absorbs at 810 nm wavelength [56]. With the typical
acoustic velocities and the typical thermal diffusivities of metals, with pulse lengths
below the picosecond the fraction of the pulse energy which is not reflected is
deposited before both the strain pulse and the temperature rise leave the absorption
length. Therefore, the (over)simplified picture can be given, according to which at
the end of the pump pulse no significant motion has occurred yet, and a significant
temperature rise and dilatational strain are present within an outer skin whose
thickness is of the order of the absorption length ζ. The laser being focused on a spot
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whose width is of several, up to few tens, micrometers, if the outer surface of the
sample is planar the strain and the temperature fields are essentially uniform across
the spot, and a plane wave is launched in direction perpendicular to the surface. The
pulse is localized within a depth interval of the order of 2ζ; it crosses the layer, is
reflected (only partially if the film is not free standing), and returns to the surface,
where it is detected. Further round trips can also be detectable.

Detection is performed by the probe pulse, much weaker than the pump pulse,
which follows it with a variable delay, controlled by a delay line. As it is typical for
pump-and-probe techniques, several details of the experimental procedure are
tuned to single out the reflection of the probe beam, like different polarizations of
the pump and probe beams, or frequency doubling of the probe beam, and to detect
small variations of the reflectivity, like differential or interferometric detection
[56]. The reflectivity is modified by the strain pulse, via the elasto-optic effect: the
strain modulates the optical properties of the film, both the real part and the
imaginary part of the refractive index. The measured reflectivity has a slowly
varying background, due to the diffusion of the heat deposited by the laser pulse
towards the depth of the sample. Superposed to this background, short modulations
of the reflectivity denote the arrival of the echoes at the outer surface.

The arrival of the echo(es) at the surface is thus detected, the delay providing a
measure of the velocity of the longitudinal acoustic wave, for propagation in the
direction normal to the surface. Some details of the detected pulse can, at least in
principle, supply further information about the film and the mismatch of properties
between the film and the substrate [56]. Among them, the so-called Brillouin
oscillations, which are due to the interference between the fraction of the probe
pulse reflected at the outer surface, and the fraction which is reflected by the
traveling strain pulse. In fact, the strain pulse, which extends over a depth interval
of the order of 2ζ, is a localized modulation of the refractive index, which can reflect
a fraction of the probe beam [57]. The measurement of the velocity obviously
depends on the knowledge of the film thickness, often obtained by X-ray reflectiv-
ity; the uncertainty about thickness is one of the leading terms in the uncertainty to
be associated to the final results.

Another factor affecting the precision of results is the resolution by which the
arrival times of the pulses are detected. The modulation of the reflectivity has a
finite width, which is determined by the space width of the strain pulse. In turn, this
space width is determined by the absorption length ζ. Aluminum has one of the
shortest absorption lengths, at least for the 800 nm wavelength, other metals, like
copper, have longer absorption lengths. In order to limit the absorption length, and
thus increase the resolution of the measurement, the deposition of a thin aluminum
layer (tens of nanometers) on the sample is a common practice [58]. If this interac-
tion layer is adopted, its presence cannot be neglected in the analysis of results: the
additional layer contributes to the vibrational behavior of the structure being
investigated. However, operation also in semiconductors, in which the absorption
length is significantly longer, has been demonstrated [59].

In several cases, for film thicknesses below �100 nm, resolution of single echos
turns out to be difficult, or impossible [60–62]. However, by a detailed analysis of
the reflectivity signal, and taking into account features like the Brillouin oscillations,
it has been possible to measure Pt and Fe films of thickness down to 5 nm, deposited
on Si or on borosilicate glass substrates [60], and a buried TaN layer of thickness of
20 nm [58]. Layers down to very few nanometers, stacked in a periodic Mo/Si
superlattice, were also investigated, exploring different periodicities within a same
total thickness. The superposition of two different signals was found. One signal
corresponds at the multilayer which act as a single homogeneous effective layer. The
other signal corresponds to the multilayer which acts as a Bragg reflector, and
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confines, in the neighborhood of the outer surface, a mode, which has been called
‘localized surface mode’. This mode is sensitive to fine details of the superlattice
structure, namely on the outermost layer being the one with the higher or the lower
acoustic impedance (in this case Si), and on the presence of the native, nanometric,
oxide layer on the Si surface. These details are consistent with the X-ray reflectivity
measurements, and allowed to correctly predict the acoustic behavior [63].

The picoseconds ultrasonics technique applied to laterally homogeneous speci-
mens measures the elastic constants involved in the propagation of plane waves
traveling perpendicular to the surface: only the out-of-plane elastic characterization
of the film is achieved. To overcome this limitation, non homogeneous interaction
layers interaction layers have been exploited, namely cut by lithographic techniques
to obtain periodic structures [64–66]. It was thus possible to excite vibrational
modes of different types [64]: modes of single specific structures, either nanopillars
[64, 65] or nanowires [66], collective modes of these nanostructures, coupled via
their substrate, and modes of the substrate layer, traveling not only in the direction
perpendicular to the surface. The deposition of a metallic grating on a transparent
sample allowed to diffract the pump pulse in different orders, obtaining what has
been called time-domain Brillouin scattering, and measuring a whole range of
acoustic frequencies in a single optical configuration [67].

The acousto-optic (or photoelastic) couplingmechanismwas elucidated long ago for
bulk samples and for supported films. In the case of free standing films, ormembranes, it
is increasingly understood that the geometricmodulation of the external surfaces by the
acousticmodes has a significant role. The denomination of ‘moving interface effect’ has
been proposed [68], which can be seen as a generalization of the ripple effect, which
active at the surface of a semi-infinitemedium, either homogeneous or layered.

Detailed analyses have been performed for free standing membranes [8], exper-
imentally confirmed with non-constrained, single crystal, Si nanomembranes
(thickness 260 nm), for nanoscale structures like cavities and waveguides [68], and
for integrated photonic waveguides in on-chip systems [69].

With a sub-wavelength confinement, surface effects play a significant role, and
the confinement induced modifications must be taken into account for both the
electromagnetic and the acoustic fields. The interaction between these fields turns
out to be orders of magnitude more intense than in bulky samples. In volumetric
samples the laser beam is only a probe that senses the thermally excited vibrational
states, while in strongly confined media the ‘stimulated Brillouin scattering’ is
achievable, in which the electromagnetic beam excites some acoustic mode, and
then interacts with it. The strong energy exchange between the trapped light and
the acoustic modes, for which the name ‘Brillouin optomechanics’ has been pro-
posed [70], is exploited in a whole new breed of chip based devices, which include
lasers, amplifiers, filters, delay lines and isolators [70, 71]. Here, we do not address
this rapidly growing ‘optomechanics’ field, since we are here focused on the mea-
surement techniques, rather than the device development.

The picosecond ultrasonics technique has proven to be useful also in the mea-
surements of nanorods. In the case of nanorods, the effects of confinement manifest
themselves to a high degree. The dispersion relations of both photons and phonons
are modified in the nanowires, enhancing interactions and generating peculiar
phenomena like stimulated Brillouin scattering, induced transparency, ‘slow light’
and ‘fast light’ [72]. The concept of parallel wavevector k∥ remains meaningful, but
can only have the fixed direction of the nanorod, meaning that scattering can only
be forward, with of k∥ ¼ 0, i.e. probing resonant phononic modes, or backward,
with of k∥ ¼ 2q

∥
(q

∥
being the component of the optical wavevector), probing

traveling phonons. Since, furthermore, the focusing spot is wider than the nanorod,
illumination is homogeneous across the nanorod.
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Some experiments have been on single suspended nanowires. Copper nanorods
(diameter 200 nm, length up 5 μm) suspended across a lithographically obtained
trench have been teste by standard techniques for picosecond ultrasonics (100 fs
pulses, at the wavelength of 800 nm) [73]. The breathing modes at k∥ ¼ 0 have
been detected.

However, most experiments have been performed on ‘forests’ of nanowires,
either grown on particle seeds, regularly or irregularly positioned, or obtained by
etching techniques. In the case of regular positions they form a photonic crystal, in
which electromagnetic modes specific of single nanowires, and therefore sensitive
to the nanowire diameter, can be detected, but also, depending on the period, also
collective electromagnetic modes, sensitive to the photonic crystal period, can be
observed. Nanorods with a diameter of the order of 100 nm, heights of several
hundred nanometers, and periods ranging from few hundred nanometers to few
micrometers have been produced and investigated.

One of the first observation of the vibrational modes of nanorods was obtained
by the standard set up for cw Brillouin spectroscopy. Scattering was observed from
monocrystalline GaN nanowires, of wurtzite structure, several micrometers long,
spontaneously nucleated at the irregular surface of a GaN matrix layer over a Si
substrate. Measurements were compared to a finite elements simulation; the analy-
sis had to take into account the dispersion of the diameters, with an average value of
190 nm and a variance of 40 nm. Several branches of the dispersion relation could
however be identified [74].

Successive investigations were performed by the picosecond ultrasonics tech-
nique, with focused beam spots of tens of micrometers, illuminating a high number
of nanorods. GaAs nanorods were fabricated by a standard etching process from a
pristine GaAs substrate, covered by a thin gold layer, such that each nanorod had at
its tip a gold disk, which acted as transducer, absorbing the pump pulse and
launching the acoustic pulse along the nanorod [75].

A square lattice was produced, with nanorods 720 nm long, exploring intervals
of diameter (130–270 nm) and of period (300–350 nm). Square lattices of InP
nanowires, grown over gold seed particles in regular pattern, with 180 nm diameter
and period of 400 nm, were measured by a pump and probe technique. Measure-
ments were compared to a detailed computation of the complicated dispersion
relation [76]. This measurement allowed to validate the whole technique, which was
then applied to GaAs nanorods, grown over gold seeds in an irregular pattern.
Nanorods with the normal zincblende structure, as well as with the wurtzite struc-
ture, which in the bulk form is metastable, and was not previously measured, have
been investigated; Diameters respectively of 100 nm and 70 nm, with lengths above
1.5 μm. The elastic constants were derived with a resolution sufficient to appreciate
the difference between the two structures [77]. Hexagonal lattices of hexagonal
GaAs pillars were also produced, of diameters between 103 and 135 nm, exploring
lengths up to several micrometers, and pitches from 700 nm to 3 μm [78]. Also this
measurement was accompanied by a detailed modeling, allowing to detect up to 10
branches.

The picosecond ultrasonics technique can also investigate nanoobjects, whose
aspect ratio is not too far from unity, and in which confinement occurs at its
maximum degree. The same concept of parallel wavevector k∥ loses its significance,
only standing waves exist, whose configuration strongly dependes on the geometry
of the object. An extensive and detailed review of work in this area was given [79],
and a more recent one focused on the measurement techniques [80]. Recent works
include the analysis of compound nanoparticles [81], analyses concerning the
exploitation of nanoplates as antennas in the conversion from the laser pulse to the
acoustic pulse [82], and work in the direction of the imaging of acoustic modes [83].
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4.3 Transient grating spectroscopy

The Transient grating spectroscopy (TGS) technique, which is also called Impulse
Stimulated Thermal Scattering (ISTS) or Impulsive Stimulated Scattering (ISS) is an
evolution of the Laser ultrasonics technique. As its ‘parent’ technique, it is appropri-
ate for samples having an external planar surface of sufficient width, and is perfectly
suited for the measurement of films. In the conventional laser ultrasonics technique
the excitation is impulsive in time, and localized in space (the laser pulse is typically
focused into a line by a cylindrical lens), resulting in a broadband pulse which is
launched, and detected at some distance. The transit time is thus measured. The
possibility of excitation over a more extended region, with a periodic pattern,
resulting in a narrowband pulse, was considered in order to increase the efficiency in
the generation of the strain pulse. A periodic pattern, of periodicity λ∥, can be
obtained either by two beams which interfere at the surface of the sample [84] or by a
hyperbolic diffraction grating [85]. The strain field generated by the pulse is the
superposition of a broad, non-oscillating feature, due to the overall heating, whose
decay is governed by heat diffusion, and an oscillating feature [74, 86, 87]. The
oscillating signal is due to the SAWs which are launched in opposite directions, and
which form a standing wave, of periodicity λ∥, which is eventually damped.

The ‘pump’ pulse can range from the ns to the ps; wavelengths around 500 nm
are typically adopted, but both longer (1064 nm) or shorter wavelengths have been
adopted. The strain transient is measured by a probe laser, either a cw laser, or a
pulsed laser, in a pump-and-probe scheme. The temperature relaxation is observed
by the modulation of the reflectivity of the surface. The surface corrugation due to
SAWs can be detected by either the deflection of the strongly focused probe laser
[87], or superposing the reflected probe beam with a reference beam, in a
heterodyne amplification scheme.

A boxcar configuration has become the standard one for this technique: a volu-
metric diffraction grating, a ‘phase mask’ splits the pump pulse into diffraction
orders, the +1 and � 1 orders are isolated and overlapped at the sample surface,
using a 4f imaging system. In this configuration the heterodyne detection is
adopted, with the pump and the probe beams which share the same optics, achiev-
ing a good phase stability [88–92]. While in principle the explored periodicities λ∥
can vary over a very interval, practical limitations limit this interval. Firstly, the
focusing spots of the lasers, which cannot be too small to avoid power densities that
would damage the sample, also cannot be too wide, to avoid low power densities
which would lead to too weak signals. Since the focusing spot must contain at least a
certain number of interference fringes, to well define the periodicity, this set an
upper limit to the accessible periodicities λ∥. Lower limits are set by the velocity of
the detection electronics, typically avalanche photodiodes: (shorter wavelengths
mean higher frequencies) and by an intrinsic limitation: the amplitude of the sur-
face displacement, therefore its detectability, scales as the periodicity λ∥. The prac-
tical lower limit of λ∥ is 2–3 μm for metals, and 5–8 μm for ceramics [6].

The experimental techniques are undergoing further developments. Among
them, further refinements of the heterodyne detection [93, 94] and a technique
which allows a continuous tuning of the periodicity λ∥ [95]. Among recent devel-
opments, the coherent space and time control of the relative phases of the interfer-
ence patterns generated by successive laser pulses, which enables the control the
periodic surface deformation induced by the pump pulses, which is also monitored
by time-resolved X-ray reflectivity [96], and the exploitation of femtosecond pulses
of extreme ultraviolet light (12.7 nm) to obtain surface periodicities λ∥ of 280 nm
[97]. Furthermore, the possibility of performing large area 2D maps, also dealing
with surface roughness [98].
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Among recent applications of the technique, the characterization of nanocrys-
talline diamond coatings [99], and the exploitation of the optical character of the
technique to perform measurements at different temperatures [100], and in situ
measurements [101]. As previously mentioned, the possibility of tuning the peri-
odicity λ∥ allows to choose the depth which is probed. This is particularly useful in
ion irradiation experiments: the ion implantation depth is of the order of microme-
ters, meaning that the irradiation modified skin is of that order; the periodicity λ∥
can be tuned in order to investigate precisely the depth affected by irradiation
[6, 102–104].

4.4 Brillouin spectroscopy

Brillouin spectroscopy investigates the inelastic scattering of light by vibrational
excitations of the acoustic type [105, 106]. It is therefore in principle able to
investigate both traveling waves and standing waves, from bulky samples to films
and to nanorods, and the name ‘Brillouin optomechanics’ has been proposed for the
interaction between the electromagnetic field and the acoustic field in nanoobjects.
The ability of Brillouin spectroscopy to single out a wavevector, k or k∥ makes it
attractive whenever a wavevector can meaningfully be considered. As a tool for the
measurement of material properties, surface Brillouin scattering (Brillouin scatter-
ing by SAWs) has been extensively used to characterize supported films [107–109].

Brillouin spectroscopy is performed illuminating the sample by a focused laser
beam, of wavevector qi and circular frequency Ωi, and collecting the light scattered
along a direction qs. The spectral content of the scattered light is dominated by the
light elastically scattered, at Ωi, but can also contain the Stokes/anti-Stokes doublets
due to inelastic scattering by thermally excited vibrations of circular frequency ω, at
frequencies Ωs ¼ Ωi � ω. Since the scattering geometry selects the probed
wavevectors k ¼ � qs � qi

� �

, or, in the case of SAWs, k∥ ¼ � qs � qi
� �

∥
, from each

spectrum one point of the dispersion relation ω ¼ ω kð Þ, or ω ¼ ω k∥
� �

, is obtained

for each of the branches for which a spectral peak is measured [40, 105–108].
Scattering by bulk waves occurs by the elasto-optic effect, the modulation of the

refractive index by the strain: a periodic modulation, of periodicity represented by k,
is a weak diffraction grating, in motion at the speed of sound. Obviously scattering by
bulk waves only occurs in sufficiently transparent media, in which refraction must be
taken into account: the wavevectors qi and qs are refracted into q0i and q0s, and the
probed wavevector is more precisely k ¼ q0s � q0i. The refractive index n has therefore
a role. Scattering by surface waves, whose strain field penetrates in an outermost
layer, occurs by the same mechanism, if the medium is sufficiently transparent, and
by the ripple effect: the periodic corrugation of the surface induced by the wave,
which also is a weak diffraction grating. In this case the probed wavevector k∥ does not
depend on the refractive index, since Snell’s refraction law states that, for any optical
wavevector q, the component q

∥
parallel to the surface remains unchanged upon

refraction. In metals scattering occurs only by surface waves, by the ripple effect.
The scattering process can also be described as follows. The spontaneous, cha-

otic, thermal motion can be thought as being three-dimensionally Fourier
transformed into an incoherent superposition of harmonic waves, whose
wavevectors have all the possible values. The scattering process probes the compo-
nent of this decomposition which has precisely the wavevector k, or k∥, selected by
the scattering geometry. The exploitation of the thermal motion means that the
excitation has the broadest band, but has small amplitude, implying, in many cases,
time consuming measurements.
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Brillouin spectroscopy has been used to characterize bulk materials, and surface
Brillouin spectroscopy is particularly suited for the characterization of thin films,
which are of our concern here. Although Brillouin spectroscopy can, in principle, be
performed in various geometries [105, 108, 109], possibly scanning a wide interval of

kj j, or of k∥
�

�

�

�, the backscattering configuration (qs ¼ �qi) is, by far, the most

frequently adopted. This occurs because the backscattering geometry maximizes kj j,
and its implementation is more practical. In backscattering the probed wavevector is

k ¼ �2q0i, with q0i
�

�

�

� ¼ n qi
�

�

�

� ¼ n2π=λopt, where λopt is the optical wavelength of the

incident beam (remember that n is simply a scalar only when symmetry is at least

cubic), or k∥ ¼ �2 qi
� �

∥
, with qi

� �

∥

�

�

�

�

�

� ¼ qi
�

�

�

� sin θ, where θ is the incidence angle (the

angle between the incident beam and the normal to the surface). The wavevector k∥
does not depend on n, and depends on the incidence angle. Since incidence cannot be
close to the normal (to avoid the specular reflections) nor too close to grazing one
(because of the decline of the scattering cross section) the practically accessible range
sin θð Þmax= sin θð Þmin seldom exceeds the value of 2.
For SAWs, the above relations give λ ¼ λopt= 2nð Þ and λ∥ ¼ λopt= 2 sin θð Þ. This

means that, with the often adopted λopt =532 nm, for supported films of thickness D
of a couple of micrometers, or more, the condition λ∥ ≪D is easily accessible. We
remember that in this case the Rayleigh wave at the surface of the film is insensitive
to the substrate properties and to the precise value of thickness, and gives a direct
access to the film properties. When films of this thickness are sufficiently transpar-
ent, also scattering by bulk waves is observable, the bulk waves being fully devel-
oped. Typical properties of metals, semiconductors and ceramics give, for these
wavelengths, frequencies ranging from few GHz to several tens of GHz.

Brillouin spectroscopy was extensively exploited to characterize tetrahedral
amorphous carbon films of thicknesses of hundreds of nanometers [110], tens of
nanometers [111], down to a few nanometers [112]. In the case of thicker tetrahe-
dral amorphous carbon films [3 micrometers] a detailed characterization was
achieved by combining Brillouin spectroscopy and laser ultrasonics. The combina-
tion of the techniques gave access to a wide range of frequencies, allowing detailed
determination of the elastic properties of the film [113]. Brillouin spectroscopy
turned out to be a useful characterization tool also for other types of films of interest
in materials science, like boron films [114] and amorphous and nanocrystalline
tungsten films [115].

Since picosecond ultrasonics characterizes the out-of-plane properties by waves
traveling normal to the surface, while Brillouin spectroscopy characterizes the in-
plane properties by waves traveling along the surface, the two techniques have also
been exploited in a combined way, achieving a more complete characterization
[62, 116–118].

Brillouin spectroscopy also lends itself to the characterization of structures other
than films or layers. In particular, single-walled carbon nanotubes were character-
ized, measuring Brillouin scattering by a free-standing film of pure, partially
aligned, single-walled nanotubes, and analyzing the results in terms of continuum
models [119]. The dependence of the measured spectra on the angle between the
exchanged wavevector and the preferential direction of the tubes shows that the
tube-tube interactions are weak: the tubes are vibrationally almost independent.
The tubes are modeled as continuous membranes; taking into account that AFM
images suggest that the tube segments contributing to scattering are not in the
infinite tube length approximation, it was possible to derive the 2D Young modulus
for the tube wall, achieving the first dynamic estimation of the stiffness of the tube
wall. Scattering from carbon nanotubes was observed also in a different geometry,
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with an ordered array of tubes, clamped at one end [120]. Brillouin spectroscopy
also allowed one of the first observations of the vibrational modes of nanorods [74].

5. Conclusions

Nanotechnology, and nanodevices, identify a rapidly growing technological
field. For the development of nanodevices a precise knowledge of the elastic prop-
erties of materials is of utmost importance, also because materials obtained at the
nanoscale have properties which do not coincide with those of their bulk counter-
part. Accordingly, a variety of techniques have been developed, which have proven
able to investigate the material properties at the nanoscale. Most of these techniques
rely on the interaction between optical electromagnetic fields, and mechanical
acoustic fields. An overview has been given of these various techniques, offering
elements for the evaluation of their appropriateness for different characterization
needs.
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