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In this review we address the microscopic mechanisms that are involved in the photogeneration pro-
cesses of GHz-THz coherent acoustic phonons (CAP) induced by an ultrafast laser pulse. Understanding
and describing the underlying physics is necessary indeed for improving the future sources of coherent
acoustic phonons useful for the non-destructive testing optoacoustic techniques. Getting more physical
insights on these processes also opens new perspectives for the emerging field of the opto-mechanics
where lattice motions (surface and/or interfaces ultrafast displacements, nanostructures resonances)
are controlled by light. We will then remind the basics of electron-phonon and photon-phonon couplings
by discussing the deformation potential mechanism, the thermoelasticity, the inverse piezoelectric effect
and the electrostriction in condensed matter. Metals, semiconductors and oxide materials will be
discussed. The contribution of all these mechanisms in the photogeneration process of sound will be

Keywords:

Ultrafast phenomena
Ultrafast acoustics

Laser ultrasonics
Electron-phonon coupling

Nanoacoustics

illustrated over several examples coming from the rich literature.
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1. Introduction

Ultrafast light-induced coherent acoustic phonons in solids
have been a subject of numerous studies since the end of the eight-
ies thanks to the development of femtosecond laser sources. Most
of the experiments were performed according to the all-optical
pump-probe scheme where a femtosecond pulse (pump) excites
a solid and leads, through different electron-phonon and photon-
phonon coupling mechanisms, to the emission of GHz-THz coher-
ent acoustic phonons (CAP). The probe laser beam, delayed in time,
allows to detect them with time resolution of hundreds of
femtoseconds. Pioneering experiments have been conducted with
semiconductors and metals [1-3]. Since that time, and due to the
large possible applications of this field, an extended community
has grown up and considerable efforts have been devoted to
photo-induce coherent acoustic phonons excitation in solids with
a better and better efficiency and with a controlled acoustic fre-
quency as well as phonon polarization [4]. Thermoelastic coupling
driven by hot carriers has been observed in metals where strong
(Ni, Cr), [5] as well as weak (Al [6], Au [7,8], Ag [8], Cu [8-10]) elec-
tron-phonon coupling metals have been investigated. Electron-
acoustic phonon deformation potential as an efficient mechanism
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of coherent acoustic phonon generation has been studied in bare
semiconductors [1,3,5,11-13] or in semiconductor superlattices
where coherent acoustic phonon up to the THz frequency range
have been generated [14-17]. Quantum wells, with efficient con-
finement of carriers, are also good candidates for generating CAP
as recently reported [18-21]. Furthermore, materials with broken
symmetry have permitted to control the emission of longitudinal
as well as transverse coherent acoustic phonons [22-26]. Photoin-
duced inverse piezoelectric effect in semiconductors has received
a great deal of attention too, since such investigations could pave
the way for new optically-triggered piezoelectric transducers
[22,25,27-29]. Finally the electrostriction has been shown to be
an efficient mechanism in transparent solids [30,31] but only few
demonstrations of this effect have been reported up to now
[31,32]. We cannot briefly introduce the CAP generation process
without mentioning the sound amplification effect found in quan-
tum cascade lasers, named as “sasing effect” (phonon laser) [33]
that will be specifically described in a review paper in this special
issue of Ultrasonics Journal.

Beyond the development of new sources of coherent acoustic
phonons, studying the photogeneration processes in solids, can
also provide new physical insights on the electron-phonon cou-
pling mechanisms in complex and correlated systems. The ultrafast
acoustics is a time-domain technique and is complementary to the
traditional methods of physical properties characterization such as
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electronic transport (electrical conductivity, thermal conductivity)
or optical elastic and inelastic spectroscopies (Brillouin and Raman
light scattering, optical conductivity). For example, thanks to this
time-domain spectroscopy, a special attention was paid the last
decade to probe electron-phonon coupling in an important family
of complex materials like oxides which are known to exhibit vari-
ous phases transitions [34-41].

Beside the fundamental investigations on the generation pro-
cesses and the physics of electron-phonon coupling, we cannot
forget that a special care has continuously been taken for optimiz-
ing the detection processes which are crucial in this all-optical
pump-probe spectroscopy [42-46]. Among recent achievements,
it is now possible to probe lattice motion with time-resolved ultra-
fast X-ray diffraction experiments which offer complementary
view on the ultrafast acoustic phonons dynamics [35,36,38-40,47].

In this review paper, we will focus on the ultrafast acoustics
involving the use of femtosecond laser so that the frequency range
of photogenerated coherent acoustic phonons will be GHz-THz.
We invite the reader to refer to the review paper of A. Tam, for
example, for lower frequency regime [48]. We describe separately
each of the processes mentioned above, while, it is obvious, that in
many circumstances several mechanisms contribute in the same
time and with different amplitudes and phases. Even if some
approaches are very similar concerning the description of the elec-
tron-phonon coupling mechanisms (deformation potential mecha-
nism for example [49]), we will focus in this review only on
coherent acoustic phonons and we will not discuss the photogen-
eration of optical phonons, even if this part remains an active
domain of research and specially if we refer to the photoinduced
coherent optical phonon involved in phase transitions [50]. We
invite the reader interested by optical phonons photogeneration
to read for example the review of Merlin [51].

This present review does not claim to be unique since some
reviews have already been prepared in the past [4,52]. We have
decided to focus on the physical origin while letting some mathe-
matical descriptions to the more dedicated reference articles. We
also have based our effort to present the more recent breakthrough
in the field and to update as best as possible the references list of
latest findings by the ultrafast acoustics community. This review is
constructed as follows: the first part reminds the principle of a
pump-probe experiment applied to the field of ultrafast acoustics.
In the second part, we describe the microscopic mechanisms (ther-
moelasticity (TE), deformation potential (DP), inverse piezoelec-
tricity (PE) and electrostriction (ES)) and in the last part we will
discuss briefly some current orientations in the field of ultrafast
acoustics regarding the photogeneration processes.

2. Principle of an ultrafast acoustics pump-probe experiment

The ultrafast optical experiment is historically based on the use
of a femtosecond laser (100 fs) whose beam is split into two beams,
namely the pump and probe beams. The first one is focused onto
the sample to trigger a dynamics in a solid (liquid or gas are also
studied with this technique). The second beam is also focused on
the same region and its reflected light (or transmitted light) is col-
lected by a photodiode. Because of the modification of the solid
properties induced by the pump beam, the probe optical reflectiv-
ity changes. By adjusting the arrival time of the probe pulse
(through a control of the optical path with moving mirror, see
Fig. 1(a)), it is then possible to monitor in time the transient optical
modifications of the solid with a very high temporal resolution.
This technique works for studying different transient ultrafast
phenomena, such as carriers relaxation, spin dynamics, thermal
conduction, polaritons, coherent optical phonons and coherent
acoustic phonons (CAP). The generation of coherent acoustic
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Fig. 1. (a) Schematic description of a pump-probe setup in the optical reflectivity
geometry. The control of the optical delay path length AL of the probe beam allows
to control the arrival time of the latter beam relative to the excitation beam (pump)
and then to chose the temporal sampling of the transient optical reflectivity. (b)
Sketch of the interaction of the pump beam with an opaque film giving rise to an
acoustic pulse traveling forth and back at a sound velocity of C, after mechanical
reflections on mechanically free surface and film/substrate interface, respectively.
¢ is the typical distance over which the absorbed pump energy is deposited. (c)
Transient optical reflectivity obtained for a 220 nm thick As, Te; film revealing three
acoustic echoes whose spectral components provide informations on the early
processes of opto-acoustic transformations in this semiconductor [3], Copyright
(1986) by The American Physical Society.

phonons is based on the conversion of the optical energy of the
pump beam into mechanical energy by the photoinduced stress
denoted as a(z,t). This photo-induced stress that takes place over
a characteristic depth ¢ (Fig. 1(b)) depends on different parameters
such as the material properties (optical, mechanical, thermal, ...)
and the laser characteristics (wavelength, intensity, ...). Usually
the pump and probe spot size is much larger than ¢ so that the
one dimension approximation is relevant at rather long propaga-
tion distance of CAP. In this description, the corresponding typical
acoustic phonon pulse duration is given, as a first approximation,
by the ratio of the depth ¢ and the sound velocity C,. It is worth
to be mentioned that ¢ may be different than the optical skin depth
of pump radiation as we will discuss in part 3. To fix some orders,
considering the deposited energy is confined only to a typical skin
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depth of ~20 nm, this leads, with a sound velocity of 5000 m/s, to
an acoustic pulse as short as a T ~ 4 ps, which corresponds to a
characteristic frequency f = ;L. In some experiments, a film depos-
ited onto a substrate is studied, so, in that particular case, the CAP,
photogenerated on the free surface (Fig. 1(b)), travel forth and back
within the film and several equidistant acoustic echoes can be
detected in the transient optical reflectivity signal at arrival times
t=nx2H/C,, with n=1,2,..., C, the sound velocity and H the
film thickness, as shown in Fig. 1(c) [3]. The analysis of these ech-
oes (temporal profile, arrival time, amplitude) provides direct
information on the photoinduced strain mechanisms.

The equation of elastic motion that is usually employed in
ultrafast acoustics is based on the classical approach of the wave
physics, but the source term (o (z,t)) has to be described following
the quantum approach most of the time. So, this theory is a semi-
classical theory. So, for an isotropic medium, the wave equation in
one-dimensional (1D) geometry becomes:

u  Hu_100(zt)

o vez2  p oz

(1)

where u, p,o are the material particle displacement, the mass
density and the photoinduced stress that is composed of different
contributions (DP, TE, PE, ES). The spectrum of the emitted acoustic
phonon strain #7(z,t) can be theoretically found by applying
integral transforms of this wave equation. It can be shown, for
a semi-infinite system with a mechanical free surface
(pCﬁn(z =0,t)+0(z=0,t) = 0) that the acoustic strain spectrum
is [4,52]:

o (1) o)) o

where 3(0),%) are the successive Fourier (¢) and Laplace (a)
transforms of the photoinduced stress. The acoustic phonons spec-
trum is then completely governed by the dynamics of the source
term. Depending on the mechanism, this dynamics (i.e. spectrum)
is related to carriers transport, heat diffusion, electric field screen-
ing, for example. We will not derive the mathematical calculation
of this spectrum in this review paper, since it has already been done
[4,52] but we will mainly focus on the physical characteristic
parameters and orders.

The detection of these CAP is then possible by analysing the var-
iation of the reflected probe intensity, which is modified through
the photoelastic effect (modification of the refractive index due
to the presence of acoustic strain field, second term in Eq. 3) and
through interferometric effect (CAP are able to displace surfaces
and interfaces (first term of Eq. 3). For a semi-infinite medium
(z =0, 0[), the transient complex optical reflectivity of the probe
electric field component is then:

4ikon on [

Ar/r = =2ikou(0) + 75 an Jo

1,](27 t)e2inkgzdz (3)

where ko, u(0),n and Z_Z are the probe light wave vector in vacuum,
the free surface displacement of the sample, the complex optical
index and the photoelastic coefficient respectively. In a reflectome-
try geometry such as shown in Fig. 1(b), the magnitude of the tran-
sient intensity reflectivity is measured with 48 = Real (). We invite
the reader to refer to more dedicated papers dealing with the detec-
tion processes [3,12,42-44,53]

3. Microscopic mechanisms involved in the ultrafast
photogeneration processes in solids.

3.1. Deformation potential (DP)

3.1.1. Principle of DP

The deformation potential mechanism is the mechanism which
relates the modification in energy of the electronic distribution to
the strain in the solid. Generally speaking, as soon as the electronic
distribution is changed (by the action of light or any external dis-
turbance), and whatever the materials, there is at the microscopic
level a modification of the interactions between cations and elec-
trons, cations and cations and electrons and electrons. The inter-
atomic forces are indeed completely dependent on the electronic
distribution. If the interatomic forces are modified, this means that
the equilibrium position in the lattice is also modified, so that, after
some time, the crystal will be deformed, i.e. an acoustic phonon
will be emitted. In the general books on solid state physics, this
is often written as [49]:

oV oU
Vi 4

where d,, (eV) is the deformation potential coefficient, U the elec-
tronic energy and 6V/V the strain caused by acoustic phonons
(Vis the volume). This equation underlines the direct link between
the variation of the lattice strain and the electronic energy change.
If one is modified, the second will be modified too, although with
some time delay. Within the quantum point of view, we need to dis-
cuss the modification of the band structure. This deformation
potential can be viewed like that: when atoms in a crystal exhibit
relative displacements a strain (#(z, t)) appears (it can be longitudi-
nal or shear strain). This strain modifies the orbitals overlapping
since the atoms distance or bonds angle is varied and consequently
this induces a shift of the electronic levels (sU). If the energy levels
are shifted (up or down), electrons population adapt their energy
following the quantum statistic law. As a consequence the elec-
tronic density at particular energy levels changes. On the other
hand, when an electron travels in a crystal or electron-hole pairs
are created, the local density of carriers at particular energy levels
is thus modified (Fig. 2(a)). As a consequence, in this particular
region, the strength of the atomic bonds changes, i.e. the atoms
undergo a displacement: in other words, some phonons are then
created or annihilated.

One can also adopt the molecular approach to understand the
deformation potential mechanism. As depicted in Fig. 2(b), when
carriers are excited by light, they are promoted towards empty
electronic levels. Some new bonds are then created or destroyed
but depending on the nature of the chemical bond (bonding,
anti-bonding) this will either increase the equilibrium interatomic
distance or diminish it. Some details concerning the mathematical
formulation of the deformation potential are given in the following
for the case of metals and semiconductors with experimental
illustrations.

3.1.2. Experimental observations of photogeneration of CAP by DP

Metals: We can start by analysing the case of metals where
some simplification of the electronic subsystem description can
be done. In the Sommerfeld model, it is known that at thermody-
namic equilibrium the electronic pressure is [55]:

2E
F=3vy ®)

where E is the total kinetic energy of (nearly) free electrons and V
the volume of the metal. A rapid calculation indicates that at ther-
modynamic equilibrium this electronic pressure is of the order few
GPa. When these electrons are excited by the action of the laser, the
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Fig. 2. (a) Deformation potential according to a band structure description: when
the electronic distribution is disturbed (excitation of electron-hole pairs for
example as shown), a modification of the interatomic interaction takes place
which in turn forces the interatomic distances to change: this means that strain
appears, i.e. phonons are created or annihilated. The example given here
corresponds to a band structure of a semiconductor whose conduction (CB) and
valence (VB) bands levels are shown by solid lines at thermodynamic equilibrium.
Dashed line corresponds to the perturbed electronic levels after electron-hole pair
formation. The symbol m is the atomic mass and C is the interatomic elastic
stiffness for the 1D chain. (b) "Molecular view” of the deformation potential: the
electrons are represented by red circles. The different colors of orbitals (white or
grey) correspond to an opposite sign of the electronic wave functions. When
orbitals are populated by light, bonding or antibonding interactions are switched on
depending on the nature of these orbitals. This then forces cations to change their
relative position after a given time leading either to a compression or an expansion
of interatomic distances. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

gain of energy becomes JF and the variation of pressure (photoin-
duced pressure) becomes then:
2 6E

oP = 3V (6)
We recognize JE/V = C.dT. where C, is the electronic heat capacity
and T, is the electronic temperature. This models considers that the
electron-electron thermalization process is accomplished so that
the electronic distribution is no more non-thermal and a Fermi dis-
tribution (i.e. a temperature T.) can be defined to describe the hot
electrons subsystem. Within this approximation [56], this leads to
a new formulation of the photoinduced pressure as:

P(z.0) =7, P20y coteia ) )

In that case, the light-induced pressure is directly connected to
change of electronic temperature and the electron Griineisen coef-
ficient y,, which is equal to 2/3 for the Sommerfeld model, but this
is of course not the general case. The corresponding photoinduced
stress becomes:

SE(z,t :
Gop — %# = 9,CodTe(z,8) (8)

One notices that the photoinduced stress opp is negative when the
quantum gas is heated, i.e. the metal will expand. If we take into
account the existence of bands in the metal, the photoinduced
stress has to take into account the light-induced modification of
carriers population of different energy levels and that Griineisen
coefficient has to be associated to a given electronic k vector. The
photoinduced stress becomes for an isotropic medium:

OEx
Opp = —Zk:&ne(k)Ekyk = zk:(sne(k)W 9)
where dn,(k) is the change of the electronic concentration at the
level k. The Griineisen coefficient is y, = —Elk %—E; with # the strain

and f)—’i; the deformation potential parameter.

For metals, the spectrum of the deformation potential stress
(g[)p (a), lﬁ) = —yeceﬁ (w, 1%)) is related to the temporal evolu-

tion of the electronic temperature (T.(z,t)). If we do not take into
account the duration of electrons thermalization [56], one can then
determine the transient electron temperature by solving, as a first
approximation, the Two Temperature Model (TTM) equations
which describe the transient change of the temperature (T.) of
the electron subsystem interacting with the lattice subsystem
(i.e. phonons subsystem) temperature T, [57], with:

oTe  O°Te
ce(aTTe)ﬁ =Koy —8(Te = T1) +5(z,1) 10)
CLE,—{L =8(Te—Ty)

where C;,g, k. and S are the lattice heat capacity, the electron-
phonon coupling constant (g=20-60x 10°°Wm 3K~ for Cu
[58] and g=200-500 x 10'>W m—3K~! [59] for Ti for example),
the heat conductivity (electronic) and the source term (spatial
and temporal distribution of the laser light energy release). A typi-
cal time dependence of T, and T; is given in Fig. 3(a). However, the
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Fig. 3. (a) time dependence of the electron and phonon temperature predicted by
the Two-Temperature Model (TTM) for metallic nanoparticles [54]. The excess of
electronic pressure (i.e. deformation potential stress) exists in the metal as long as
the electrons are not thermalized with the lattice (see the text). (b) Represents the
calculated contributions of deformation potential and thermoelastic stress to the
nanoparticles mechanical resonances (AX, and AX; refer to the DP and TE
contributions to the NP vibration). Bottom figure shows the experimental transient
optical transmission (the dotted-dashed curve is the acoustic contribution while the
dashed curve is the electronic and thermal contributions to the transient optical
transmission), Reproduced from Ref. [54], Copyright (2000) by The American
Physical Society.
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limitations of the TTM for the description of sound generation in
metals with weak electron-phonon coupling were revealed in
[6,60]. It was demonstrated that in such metals the thermalization
time of the electrons, i.e., the time necessary for the establishing
statistical Fermi-Dirac distribution of the electrons, which could
be characterized by a parameter T, is comparable with the time
of the energy release by overheated electrons to the lattice. It was
demonstrated [60] that before electron thermalization the energy
release by the electrons is controlled by specific characteristic time,
which depends both on the electron-electron scattering time and
electron-phonon scattering time. This characteristic time accounts
for the multiplication of the energy-releasing electrons in the pro-
cess of initially photoexcited electrons scattering by the Fermi sea
of thermalized electrons. The multiplication process leads to the
enhancement of energy release rate. Thus picosecond laser ultra-
sonics experiments were applied for the first time to estimate the
duration of the femtosecond time scale process (characteristic time
constant for the e-e scattering in gold was found to be 0.5 fs).

All these ultrafast thermalization processes rapidly diminish
the hot electrons temperature, thus limiting the duration of the
DP stress. Within the first ps, this DP mechanism is though more
efficient [61] than thermoelastic process discussed later in
Section 3.2 and very high frequency CAP can be emitted through
DP. But these phonons are not so easily detected due probably
to many reasons (acoustic attenuation, scattering by lattice
imperfections). However, there are some situations where relevant
observations of the existence of DP in photo-excited metals are
reported. Most of these observations have been obtained in
confined geometries where the hot electrons cannot diffuse rapidly
out of the excitation region so that the electronic pressure remains
quite important within a reduced volume of matter. These
confined geometries are those obtained with nanoparticles or thin
metallic films. One can cite the work of Perner et al. [54] (Fig. 3)
where nanoparticles have been photoexcited and subsequent
vibration eigenmodes have been observed. The understanding of
the physical origin of the phase of the mechanical oscillation has
been achieved only by taking into account the contribution
of the electronic pressure additionally to the thermoelastic
contribution. Other groups have also shown the importance of
the electronic pressure in metal nanoparticles [62,63].

Semiconductors, oxide materials: In the case of solids with forbid-
den energy band separating occupied and non-occupied levels
(semiconductors, oxides,), even if the physical origin of deforma-
tion potential is identical, the situation has to be described a bit
differently. In solids with a forbidden band, the deformation poten-
tial mechanism will be usually important for roughly 1 GHz-1 THz
CAP as soon as some electrons in the valence band are photoexcit-
ed towards the conduction band (holes are photogenerated in the
valence band). The stress coming from the deformation potential
mechanism given in Eq. (9) still holds as a general formulation. If
we consider the limiting case where a solid with a band gap is
photoexcited with a photon energy equal to the direct band gap
(E,), then the only relevant variation of electronic energy level will
concern that of the band gap. As a consequence, Eq. (9) can be sim-
plified as:

OEy OE,

Opp = 5”5(,()721\]7:71\,3
; on on

OE,

S = —da (11)

where B and N(z,t) are the bulk modulus and the photoexcited
carriers concentration. This expression assumes an isotropic solid.
In Eq. (11) the combination B%i,f provides the so-called electron-
hole-phonon deformation potential parameter d.;. It is also possible
to distinguish the separate contributions to the deformation poten-
tial coupling of electrons (d.) and holes (d;,) with:

Opp = —dene — dhnh = —dehN (12)

where n, and nj, are the carriers concentration at the bottom and top
of the conduction and valence bands, respectively. For example for
GaAs, d. + d, =9-10 eV [64] when electrons and hole are excited in
the Brillouin zone center, i.e. with a photon energy close to the direct
band gap (E; = 1.43 eV). Depending on the nature of the electronic
levels where the electrons (and holes) are photo-promoted, the lattice
stress can be compressive or tensile. As an example of that non-trivial
effect, when electrons are promoted in the I' (9E, /9P = 10 eV Mbar™!)
and L valley (8(E; — Er)/dP = 5.5 eV Mbar~!) of GaAs, it contributes
to an expansion of the crystal. On the opposite, it contributes to a
contraction when electrons are promoted in the X valley
(O(Ex — Er)/0P=—-2.5eV Mbar~!). We remind that E is the highest
energy in the valence band in the Brillouin zone center, E; and Ex
are the energy minima of the conduction bands situated respectively
along the directions [111] and [100] in the Brillouin zone.

These electron-phonon coupling features are fully related to the
nature of the orbitals overlapping in the crystals (bonding, non-
bonding or anti-bonding). In the case of silicon, the deformation
potential is negative with 9E; /9P < 0, so that a contraction of the
lattice occurs under light illumination [65] (see Fig. 4(a)). On the
opposite, a photoexcitation of electron-hole pair with a pump
quanta having the same energy as the direct band gap in GaAs
semiconductor leads to a deformation potential stress that is ten-
sile (Fig. 4(b) [66]).

It is to be mentioned that if photon energy is larger than the
band gap then we need to use the general expression Eq. (9). In
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Fig. 4. (a) Ultrafast photoinduced contraction of silicon surface while it is
illuminated by a femtosecond laser light with an energy of 2 eV. The detection of
transient surface displacement is achieved thanks to a deflection method [65].
Reprinted with permission from [65], Copyright [1995], American Institute of
Physics. (b) Generation of CAP in GaAs with variable pump energy. Even when the
pump photon energy is equal to the band gap (E = E,;), some CAP are visible
indicating that the driving mechanism of CAP emission is the deformation potential
since the process depends only on the photoexcited electronic population in the
bottom and top of the conduction and valence bands. It does not depend on the
interaction of electrons with phonons (no intraband process for this particular
optical excitation) [66].
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that case, the deformation potential mechanism integrates differ-
ent contributions related to different electronic levels that the
excited electrons (holes) occupy before they totally relax towards
the bottom of the conduction band (towards the top of the valence
band). But because excited carriers usually relax very rapidly
within intraband process (duration smaller than 1 ps typically
[49]), Eq. (11) is often employed to account for the generation of
CAP with frequency smaller than typically 1 THz. As it will be
explained later, this intraband relaxation process will be responsi-
ble of incoherent phonons emission, which in turn will lead to the
lattice heating (thermoelastic process presented in Section 3.2).
The analysis of carriers dynamics is essential to account for
the spectrum of the deformation potential stress

éop(w, 1&)=—de N(o, i¢). This spectrum can be obtained by solv-
ing the space and time dependent equation of carriers dynamics
which generally has the following form [4,52]:

o(1 — Ro)l 2

Here N(z, t), corresponds to the concentration of photoexcited carri-
ers which has already thermalized through intraband processes.
The parameter 7y is the recombination time and D,_j, is the carriers
diffusion coefficient. The last term is the source term describing the
initial process of increase in concentration of photoexcited carriers
due to the absorption of optical quanta hv (o is the pump light
absorption coefficient and R, the optical reflectivity of the sample
at the wavelength of the pump photon and If(t) (W.m™2) is the
pump light intensity temporal variation). The boundary conditions
are determined by the carriers dynamics at the surface, like surface
recombination, with D,_, %[, ; =S, x N, where S, is the surface
recombination (radiative or non-radiative) velocity [65].

Several detailed experiments have been performed in which the
deformation potential has been shown to be the driving mecha-
nism in bare semiconductors and the effect of carriers dynamics
(Tr,Den) on the emitted CAP spectrum has been discussed and
modeled [3,11-13,67]. In case of strong near-surface absorption
of pump laser radiation in semiconductors, the diffusion of plasma
across the light penetration depth could take less time than for the
sound propagation across it. In other words, plasma diffusion can
be supersonic at the time scale of interest and can importantly
broaden spatial distribution of the photo-induced DP stress from
the sound generation point of view. In this case, an additional char-
acteristic time, which is equal to the time De,h/Cﬁ of plasma decel-
eration down to sound velocity, could clearly manifest itself in the
profiles of the photo-generated acoustic pulses [53,68]. The broad-
ening of the leading front of the photo-generated acoustic pulse,
caused by the supersonic diffusion of the e-h plasma, was first
observed in Ge [67,69]. Later the manifestations of the supersonic
diffusion of e-h plasma were documented in the experiments with
GaAs [11-13].

Furthermore, because of the difference in the magnitude of
deformation potentials of the electrons and holes, the DP mecha-
nism of sound generation is sensitive to their possible separation
in space. In the recent picosecond ultrasonics experiments in
p-doped GaAs [27] important suppression of the sound generation
by DP mechanism was caused by suppression of the diffusion of
the photo-excited electrons by the built-in electric field directed
from the surface and pushing the electrons towards the surface.
The sound generation by DP which is much more efficient for elec-
trons, is then confined to the near surface. But this process effi-
ciency is strongly reduced because of interferometric cancellation
of the anti-phase acoustic waves propagating in the bulk of GaAs
after reflection and without reflection from the surface [27]. This
important suppression of the DP mechanism in p-doped GaAs is
in contrast to the case of n-doped GaAs [28], where the direction

of the built-in field is opposite and localization of the photo-
excited holes near the surface has weak influence on the total effi-
ciency of DP mechanism. The competition between deformation
potential mechanism and inverse piezoelectric one will be
discussed in Section 3.3.

The carrier lifetime (7z) has an important role too. Recombination
of the e-h pairs suppresses DP mechanism of sound photogenera-
tion at cyclic frequencies which are lower (@ < 1/t¢) than the
inverse recombination time [4,52,68]. In the case of nonlinear non-
radiative e-h recombination, for example Auger recombination,
the increase of the e-h plasma concentration with increasing pump
laser fluence diminishes the recombination time (Fig. 5(a)). This
causes the suppression of the DP mechanism which is accompanied
by accelerated heating of the lattice and, thus, by the increased gen-
eration of sound by TE mechanism. Transition with increasing pump
laser fluence from the sound generation by the DP mechanism to its
thermoelastic generation was first reported in the experiments with
nanosecond laser in Si a long time ago [70]. The manifestations of
this transition in picosecond laser ultrasonic experiments in GaAs
has been reported for the first time quite recently [13] (Fig. 5(a)).
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Fig. 5. (a) Pump fluence dependence of the Auger recombination rate and of the
deformation potential strain amplitude in GaAs semiconductor [13]. Copyright
(2013) by The American Physical Society. (b) Transient reflectivity signal obtained
in LT-GaAs (pump 400 nm, probe 800 nm) with variable carrier non-radiative
recombination time 7tz [72]. Generation of 50 GHz CAP is governed by the
deformation potential process only for sample having long lifetime carrier
(100 ps), while thermoelastic process becomes dominant for short carrier lifetime
samples.
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Additional illustration of this phenomenon is obtained with LT-GaAs
(low Temperature grown GaAs). Because of defects in the band gap,
the recombination time can be as fast as few ps as shown in Fig. 5(b)
[71]. In that case, for sample having a recombination time of
Tg = 100 ps, the CAP at 50 GHz is mainly driven by the deformation
potential [72]. On the opposite, for short recombination time
(tr = 1.7 ps and 0.5 ps), the CAP at 50 GHz is mainly driven by ther-
moelastic (TE) mechanism.

Much higher CAP frequencies than those discussed previously
can be also obtained by deformation potential process. One of
the most popular approaches is to use the superlattice for phonon
dispersion folding [14,15,17]. Several experiments have been con-
ducted in the last 15 years and only one example is shown in
Fig. 6(a and b) [14]. In these situations the deformation potential
stress follows the periodicity of the superlattice permitting
advanced control of the emitted as well as detected acoustic pho-
nons modes. Broadband acoustic pulse of ~ 5 ps in duration has
also been observed in bulk semiconductor [12] (Fig. 6(c)) even with
deeply penetrating pump beam photon (~1000 nm) leading to a
Heaviside-like photogenerated acoustic front. In this particular sit-
uation, high frequency components of CAP actually exist because of
the sharpness of this leading acoustic front and are efficiently
detected thanks to a probe beam strongly absorbed near the sur-
face (~16 nm) allowing a broadband detection. Finally, recent
observations of the photogeneration of CAP by the deformation
potential mechanism have been reported in quantum wells and
quantum dots [19-21] Fig. 6(d). Since the carriers are intrinsically
localized and with a well defined electronic energy, the objective is
to get selective optical excitation of electronic level to control the
spectrum of the CAP emission, i.e. to imprint the electronic wave
function form onto the emitted CAP strain.

3.2. Thermoelasticity (TE)

3.2.1. Principle
As the title indicates, thermoelasticity is a phenomenon
involving the temperature and the elasticity of a solid. Since it is
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commonly understood that laser can heat samples, and it is even
easy to check it experimentally (at least in static regime), this
mechanism is well known in the community of laser ultrasonics
and has been already fully described elsewhere in previous review
(kHz, MHz regimes are discussed in Ref. [48]).

To induce a volume change under temperature increase, i.e.
thermal expansion, lattice anharmonicity is necessary [55]. The
reciprocal effect is also possible with a lattice temperature increase
in the matter induced by the presence of an acoustic field. As
sketched in Fig. 7(a), the mean lattice parameter r(T) increases
when vibrational energy is elevating (i.e. increase of phonon pop-
ulation) only if the interatomic potential is anharmonic (ry is the
lattice parameter at T=0K). This consideration is general and
independent on the process of lattice heating (electronic energy
release by intraband electron-phonon coupling, by non-radiative
interband recombination). The thermoelastic strain caused by
thermal expansion is # =6V /V = 3BB6T,, where f is the linear
thermal expansion coefficient and 6T, is the lattice temperature
increase. The associated increase of internal pressure, called ther-
moelastic pressure, becomes:

dPrz = 3BBST, (14)

The integration of this equation provides the variation of the ther-
moelastic (TE) stress according to:

O = 73B/J)ATL (15)

From the microscopic point of view, the lattice heating comes from
the energy transfer from the initially excited electrons towards the
phonons sublattice (see Fig. 3(b) for the TTM model applied to a
metallic system). The hot carriers interact indeed with phonon to
relax towards lower energy levels. When the relaxation processes
take place acoustic phonons are emitted (depending on the solid,
either optical or/and acoustic phonon are emitted and optical pho-
nons can also decay into acoustic phonons). These emitted phonons
have no phase relation between each other, so that they contribute
to the increase of the population of thermal phonons. The
calculation of the pressure induced by a modification of the phonon
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Fig. 6. (a) CAP in a semiconductor superlattice [14], Copyright (1999) by The American Physical Society. (b) Detection of CAP up to the THz range in mode folded
semiconductor superlattice, Copyright (1999) by The American Physical Society. (c) Short acoustic pulse photogeneration in GaAs semiconductor covered by ZnO film [12],
Copyright (2010) by The American Physical Society. The ZnO layer acting as an acoustic-delay line permits to distinguish in the time domain the detection of the short
acoustic pulse at a delay t,. (d) Photogeneration of CAP in quantum dots [21]. Reprinted with permission from [21], Copyright (2013), American Institute of Physics.
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Fig. 7. (a) Left part: schematic view of the intraband relaxation process (red arrows)
which leads to incoherent phonon emission which contributes to the local increase
of the phonon pressure. The interband process is sketched by the green arrow. Right
part: modification of the mean interatomic distance r(T) when the vibrational
energy increases in an lattice anharmonic potential. (b) CAP emitted by thermo-
elastic process in strong electron-phonon coupling metal Ni [5]. The lattice and
electron heat diffusion have a weak influence. Copyright (2003) by The American
Physical Society. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

population (np(E)) has been derived in classical books of solid state
physics [55] or physical acoustics [73] and we have a general
expression:

O = —Zénp(k)hwk’yi = _VLCLETL(Z*, t) (16)
k

where 7, is an averaged Griineisen coefficient among all k-depen-
dent Griineisen factors y§ = —(V/w})(5wh/6V) = —(1/ck)(sadk /on).
C, 6T, corresponds to the change of lattice vibrational energy
> onp(k)hay. In metals, once the electrons and phonons have ther-
malized (see in Fig. 3(a) the dynamics of thermalization in the
frame of the TT model), the lattice temperature can be estimated
roughly by assuming a complete transfer of energy from the elec-
tron to the phonon subsystem with 6T, = Nhv/C; , where N is the
photoexcited carriers concentration, C; the lattice heat capacity
and hv the pump quanta energy. In the case of semiconductors, as
depicted in left part of Fig. 7(a), ultrafast lattice heating is connected
to the intraband relaxation process of electrons (holes) in the con-
duction (valence) band and is: 6T, = N(hv — Eg)/C;, where E; is
the band gap. This calculation does not account for possible inter-
band relaxation processes, so that only a part of the absorbed
energy is converted into heating. The photoexcited carriers accumu-
lated at the bottom and top of the conduction and valence band
contribute to the deformation potential stress as discussed in previ-
ous Part 3.1 (see Eq. (11)). If the carriers undergo non-radiative
interband relaxation process (non-radiative recombination), then
we have to take into account an additional source of lattice heating
which is 6T, = NEg/C;, where E, is the band gap.

3.2.2. Experimental observations of photogeneration of CAP by TE
process

Metals: While deformation potential is usually more easy to evi-
dence in semiconductors, thermoelastic process has been the most
widely involved mechanism in photoexcitation of metals. For
photogenerated sound with frequency up to hundreds of GHz (per-
iod much longer than the electron-phonon coupling time), it is
indeed the dominating mechanism [61]. We have mentioned pre-
viously how rough estimate of the lattice heating can be achieved.
It is worth to mention that the heating of the lattice by hot carriers
can occur at different spatial scale according to the distance over
which the electrons can deposit their energy, and this will control

the acoustic spectrum <3’(a),i%) = —3Bﬁ6ﬁ(w,i%)). We then

have two important cases. In the case of strong electron-phonon
coupling metals, where the lattice is immediately heated indeed
(within less than 1 ps [74]), we can consider with a good approxi-
mation that hot electrons remain nearly in the region of the pump
light absorption (the characteristic distance over which the elec-
trons deposit their energy into the lattice L = /(k./g), where .
is the electronic heat conductivity and g the electron-phonon cou-
pling [9], is of the same order as the optical skin depth of pump
light). This has been demonstrated in the case of Ni for example
[5] (See Fig. 8(a)) but also observed in Co [75]. To account for quan-
titative description, the space and time dependence of T; (Eq. (17)),
controlled by the lattice heat diffusion (D, is in general a combina-
tion of electrons and phonons contributions) has to be found to get
the spectrum of the thermoelastic stress.
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Fig. 8. (a) photogeneration of CAP by thermoelastic process in strong electron-
phonon coupling metals [5], Copyright (2003) by The American Physical Society. (b)
Very large broadening of the emitted acoustic pulse (i.e. spatial broadening of the
lattice heating) in weak electron-phonon coupling metal (gold) due to rapid
diffusion of hot carriers [7]. Copyright (1996) by Elsevier.
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This complete calculation has been done for the nickel for example
(Fig. 8(a)) where pretty high frequency CAP are observed. The situ-
ation is different for weak electron-phonon coupling metals. In that
case the role the hot carriers diffusion is important. For these weak
electron-phonon coupling metals (noble metals where the elec-
tron-phonon coupling time is roughly one order larger than that
in strong electron-phonon coupling metals), diffusive transport of
hot carriers occurs within hundreds of femtoseconds over distance
much larger than the skin depth of pump light. The typical distance
over which electrons transfer their energy to the lattice
L=./(x./g), can be as large as 100 nm in gold and copper
[7,9,10]. In that case the spatial profile of the emitted acoustic pulse
is mainly governed by the profile of hot electrons energy release
and neither by the pump light absorption coefficient «, nor by the
lattice heat diffusion. In this particular situation, the profile of the
strain pulse generated near mechanically free surface is very close
to y(z,t) ~ —sign(z — Vt)exp(—+/g/K.|z — Vt|). This has been demon-
strated experimentally in gold [7] and copper [9,10].

Even if the generation of acoustic pulse is well understood in
bare metals, there is however some not completely understood
ultrafast heating processes in metals involving the interaction of
fast hot carriers with buried metallic interfaces. Some experimen-
tal observations have reported the emission of CAP at aluminum/
photoresist substrate [6] and at copper/titanium interface [10]
but opened questions remain about the real opto-acoustic conver-
sion mode. The current problem maybe related on necessity of a
precise description of the electronic and lattice temperature profile
at a bi-metallic interface where probable electronic and thermal
phonons interface resistance effects exist.

Furthermore, because large size metal single crystals can be
obtained and cut according to different orientations, thermoelastic
generation in metals with broken symmetry has been proved to be
efficient to generate shear acoustic phonon as reported in disori-
ented Zn single crystal (Fig. 9). Since the employed metals had
quite large electron-phonon coupling constant, no significant
broadening of the emitted acoustic pulse was observed which
ensured to achieve quite high frequency shear phonon emission
up typically to 50 GHz [22-24]. Some special growing process con-
trol of canted metal films has also permitted to disorient the eigen
axis of iron crystal relative to the normal of the irradiated surface
so that it was possible to generate shear phonons [76]. Moreover,
shear coherent acoustic modes can also be obtained by mode con-
version of LA phonons at surface or interface as shown by different
research groups [77-79].

Semiconductors: We have mainly discussed the case of metals
and only a little that of semiconductors. One reason is the dominat-
ing contribution in many semiconductors, at the GHz-THz
frequencies under consideration here, of the deformation potential.
As stated in Section (3.1), that deformation potential is efficient
as soon as the lifetime of the photoexcited carriers is longer than
the inverse of CAP cyclic frequency. As shown in Fig. 5(a), the
thermoelastic process can prevail as soon as the deformation
potential is suppressed by fast carriers recombination that can
be enhanced either by increasing pump fluence [13] or by the
presence of high concentration of intra-gap defects [72] (Fig. 5(b)).

3.3. Inverse piezoelectric process (PE)

3.3.1. Principle

In non-centro symmetric materials [80], there is a coupling
between the strain (#) and the macroscopic electric field (E) that
can exist inside a material. This coupling comes from the possible
separation of the barycenter of positive and negative charges when
a lattice is submitted to a strain. This means that a strain induces a
macroscopic polarization P. Different thermodynamic relations
exist to account for these phenomena [80]. The direct piezoelectric
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Fig. 9. (a) Transient optical reflectivity obtained in disoriented Zn single crystal
covered by SiO,. The FFT of the Brillouin oscillations reveals the presence of LA but,
although weaker in amplitude, TA modes [22], Copyright (2004) by The American
Physical Society. (b) Broadband LA and TA acoustic pulses observed after optical
excitation of disoriented Zn single crystal covered by ZnO. Mode-converted acoustic
pulses are also visible (2L-2S and 2S-2L) [23]. Copyright (2007) by The American
Physical Society.

effect (characterized by the tensor dj) corresponds to the appear-
ance of a polarization while the material is submitted to an exter-
nal stress and is written in contracted tensorial form as:

P; = d,’jO’j, (18)

where i=1, 2, 3 and j=1,2,...,6. The inverse piezoelectric effect
(characterized by the tensor p;) corresponds to the appearance of
an internal strain when the material is submitted to an electric field
and is written as:

= Py (19)
There also exists a relation between the electric field and the
induced stress such as:

0j = ejE;, (20)

where piezoelectric moduli e;; is around 0.1-0.2 C m~2 in GaAs [64]
while it is up to two orders of magnitude larger in ferroelectrics
[81]. These piezoelectric properties are widely used in research
and a lot in industry through the use of piezoelectric transducers
for non destructive testing. Perovskite family, such as PZT, PMN
materials are among the most employed materials [81]. These
materials are sources of acoustic waves when they are submitted
to an external bias. The current limitation of the frequency range
of these electrically-driven piezo-transducer is around GHz. As we
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will see below, by employing light one can overcome this limitation
and optically-driven piezo-transducer open new possibilities for the
high frequency regime (GHz-THz). As we will see, the light-
controlled piezoelectric (PE) mechanism has peculiar properties
compared to two other processes described before, i.e. DP and TE
mechanisms. If the electric field changes its direction (E > 0 or <0)
then the photoinduced stress also changes its sign. If an electric
field is applied for two opposite crystallographic orientations of
the sample the stress will change its sign as well. The latter prop-
erty deeply contrasts with the thermoelastic or deformation poten-
tial processes where a 180° change of a crystallographic orientation
does not change the associated stress. This property is related to the
fact that piezoelectric tensor is 3rd rank tensor while (d); (defor-
mation potential tensor) and f; (linear thermal expansion coeffi-
cient involved in the thermoelastic process) are 2nd rank tensors.
There are different situations where a macroscopic electric field
can exist in a material: external application of a bias, pre-existing
built-in field in the vicinity of semiconductor surface or in a het-
ero-junction, generation of an electric field by dynamic separation
of electrons and holes (Dember electric field). There is also the
internal polarization existing within the ferroelectric domains
[81]. For semiconductors such as GaAs or GaN the buit-in filed
(BIF) is often rather high with typical value of 100-500 kV cm™!
[64]. In Fig. 10 is shown a sketch of the electronic band structure
close to a surface of a semiconductor where surface defects can
trap the majority carriers and hence induce the appearance of a
surface charge. A macroscopic electric field exists then close to
the surface. The extension of this electric field is given by

, where Vg is the built-in potential (typically

Lgr = ZSZOVBIF

le]
0.5-1 eV in GaAs depending on the defects [64]), e is the elemen-
tary charge, € is the relative the dielectric constant of the solid
and n the majority doping carriers concentration). The built in field
is Egir ~ Vpi/Lgir. We invite the reader to refer to a general book on
semiconductors to have details about this built-in electric field
physics [82].

In ultrafast acoustics experiments, the pump laser beams
photoexcite charge carriers in the region of pre-existing field. As
a consequence, these carriers can screen the macroscopic electric
field. According to Eq. (20), the changes in electric field induce
stress through the inverse piezoelectric effect. This forces the
atoms to move, which means that acoustic phonons are emitted.
The source of acoustic phonons is directly connected to the tran-
sient electric field that has time and space dependence E(z, t). This

Eg (built-in filed)

z

>

Fig. 10. When majority carriers are trapped at the surface of a semiconductor
(surface states), surface charges appear (negative charge in the case of the example
of a n-doped semiconductor) which in turn leads to the formation of a depletion
layer with an associated electric built-in field Egr [82]. When electron-hole pairs
are photogenerated (yellow disks), they are separated in Ezr and form a depolar-
izing field Eg, which then reduces the total electric field. This gives rise to an
inverse-piezoelectric stress which then is a source of emission of acoustic phonons
(sound velocity C,). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

time and space dependence are connected to the dynamics of car-
riers that can be found according to the classical electrodynamic
equations (motion of carriers and Poisson equation) [52].

12
e )0 Tl
= oNf(t)e ™
O oyt
0z €€

where n,p, i, ,, Den and Ny are the concentration, mobility, diffusion
coefficient of electrons (e) or holes (h) and the photoexcited carriers
sheet density.

3.3.2. Experimental observations of photogeneration of CAP by PE
process

Several observations of the GHz coherent acoustic phonon
(CAP) generation by the inverse piezoelectric field have been
reported during the last 15 years. Among them one can cite the
generation of CAP by injecting carriers within the built-in field of
a p-n junction [83]. In Fig. 11(a), the transient reflectivity signal
is shown for a p-n junction irradiated with a near UV pump beam
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Fig. 11. Photogeneration of CAP by the inverse piezoelectric effect (a) in a GaN p-n
junction. The acoustic pulse observed (top figure) at a time delay of 150 ps comes
from the emission of CAP from the buried p-n junction. If the pump photon energy
is too high (bottom), the light is mainly absorbed in the near surface and does not
photoexcite charge carriers within the p-n junction and no CAP are emitted [83].
Reprinted with permission from [83]. Copyright (2012), American Institute of
Physics. (b) Photoexcitation of CAP by inverse piezoelectric effect in piezoactive
[111] GaAs wafer. The sign of the emitted acoustic strain changes when the
crystallographic direction is reversed from A to B [27]. Reprinted with permission
from [27]. Copyright (2010), American Institute of Physics.
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very close to the GaN band gap (3.4 eV) permitting injection of car-
riers into the buried p-n depletion layer (the junction is situated
around 1 pm beneath the free surface and the pump beam pene-
tration depth 1 /o is around 700 nm). In that case, an acoustic pulse
is observed at t ~ 150 ps, which is equal to the propagation time of
acoustic phonons from the p-n junction to the free surface where
they are detected (mainly the Brillouin component at 110 GHz was
detected). On the other hand, if the pump beam energy is too high
(bottom inset of Fig. 11(a)) the pump light does not penetrate up to
the p-n junction and acoustic pulse is generated on the free surface
only. It is crucial to note that the magnitude of the acoustic pulse
detected at t =150 ps is comparable to the amplitude of acoustic
pulse generated at the free surface. Because, of a decaying carriers
concentration in depth due to the exponential profile of the pump
energy absorption, this pulse cannot originate then from the defor-
mation potential or thermoelastic mechanisms contributions
which both are proportional to the absorbed energy. Only PE
mechanism due to the electric field pre-existing mostly near the
p-n junction and not on the surface of the sample, can account
for the observations. These results clearly show that the photoex-
cited carriers screen the junction field and, through inverse piezo-
electric field, lead to the generation of CAP. Another illustration of
the clear origin of the piezoelectric effect comes from the analysis
of time-resolved Brillouin signal in a highly p-doped GaAs [111]
crystal (Fig. 11(b)). In this case, due to the p-doping, the preexist-
ing built-in field is orientated from the surface towards the inner of
the sample whatever the face we consider (face A (111) or B
(=1-1-1)). As a consequence, when photoexcited carriers are
injected near the surface (pump wavelength at 400 nm penetrates
around 15 nm beneath the surface), there is a rapid screening of
the built-in field but since the piezoelectric constant is of opposite
sign for the face A and B, the emitted Brillouin signal exhibits a
7 phase shift. Additional experimental evidences of the inverse
piezoelectric effect have also been reported in n-doped GaAs [28]
and in InGaN/GaN superlattice [16].

Furthermore, it had been expected [52,53] that in piezoelectric
semiconductors with a built-in electric field spatial scale of the
photo-induced PE stresses could be controlled by the width of
charge depletion region rather than by the length of pump laser
light penetration. These theoretical predictions has been confirmed
by the recent experiments in doped GaAs [27,28], where in case of
the blue pump radiation the light penetration depth is shorter than
the depletion zone [27], while in the case of red pump radiation the
light penetration depth is larger than the depletion zone [28], but
in both cases the width of the depletion zone has manifested itself
in the sound generation process. In particular, in case of the PE
generation of sound, the maximum efficiency of the opto-acoustic
conversion and the maximum acoustic amplitude achievable at
Brillouin frequency, both are controlled by the non-dimensional
parameter equal to the product the depletion width and the acous-
tic wave number at Brillouin frequency [27]. As an important result
for future applications, it is worth to mention that CAP generation
by the inverse piezoelectric effect can be tuned with an external
bias [84,85]. In Fig. 12(a), one can see that variable bias permits
to clearly enhance the magnitude of the longitudinal acoustic
(LA) mode (109.5 GHz) in InGaN/GaN multiple quantum wells.
The origin of the lower frequency mode (67.7 GHz) whose ampli-
tude is much smaller that of the LA mode was not established
and is still being under investigation. Finally, even in the absence
of pre-existing electric field (surface built-in electric field, junction
electric field or external bias), it is possible to generate CAP by the
inverse piezoelectric effect. The required sample must be non-
doped with a very low level of doping (impurity) concentration
to prevent any formation of large surface built-in field. In that case,
PE mechanism can be achieved with Dember electric field that
arises from the separation in space of positive and negative
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Fig. 12. (a) Longitudinal acoustic mode (109.5 GHz) photogeneration by piezoelec-
tric coupling in multiple quantum-well InGaN/GaN as a function of external bias
[85]. Reprinted with permission from [85]. Copyright (2012), American Institute of
Physics. (b) Schematic representation of the appearance of the Dember electric field
at low pump fluence (non-ambipolar regime) due to a higher mobility of electrons
(black dots) that of holes (white cubes). Adapted from Ref. [87]. (¢) Pump power
dependence of the Brillouin signal in non-doped GaAs. At low fluence the CAP
photogeneration is governed by the inverse piezoelectric effect driven by Dember
electric field while at high pump fluence, the deformation potential prevails [87].

photo-excited charges due to difference between electron and hole
diffusivities (Fig. 12)) and is related to the photoexcited carriers
sheet density N; at low fluence (Fig. 12(b)):

le[NL

% 21
1 +Zz / LDebye ( )
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N, the Debye screening length. At high pump flu-

ence, in the ambipolar diffusion regime [86,87], the Dember electric
field becomes:

EDember (Z t)

with LDebye =

(De —Dy) 1 0n ockT
ety n0z el
with o the optical absorption coefficient at the pump beam wave-
length. This field is usually one order below the built-in field
discussed above so that it is necessary to perform experiment at a
very low level of pump laser fluence. In Fig. 12(c), the inverse pie-
zoelectric effect is evidenced in non-doped (10° cm3) GaAs
A[111] sample. At low fluence, the piezoelectric signal is in anti-
phase to the high fluence signal which is governed by the deforma-
tion potential because of the saturation of the photoinduced

EDember(27 t) = - (22}
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Dember electric field [88]. That dephasing arises from the fact that
photoinduced deformation potential stress is always negative for
Brillouin zone center photoexcitation, while for face A, the photoin-
duced inverse piezoelectric stress is positive. This different sign is
well evidenced by the occurrence of a competing phenomena lead-
ing to vanishing Brillouin signal at a given pump fluence
(0.67 uJ cm—2). It is worth mentioning that photo-induced Dember
field can also cause the generation of the optical phonons as already
ben reported in semiconductors [89].

In the above experimental illustrations, the analysis of the
magnitude of photoinduced CAP is important to reveal the
characteristic signature of non-linear behavior of the inverse
piezoelectric effect. Generally, the detailed analysis also provides
rich information on the microscopic processes. Recent picosecond
interferometry experiments in n-doped [28] and non-doped [86]
GaAs have indeed demonstrated the high sensitivity of the phase
of the photo-generated acoustic signal at Brillouin frequency, i.e.,
the phase of the so-called Brillouin oscillation, to the characteris-
tic time of the photo-induced stress development. In particular, in
the experiments with red pump of n-doped GaAs [28] the
non-equilibrium electrons and holes are photo-generated in the
near surface region, which is much deeper than the charge
depletion zone. In this situation, experimentally observed phase
delay in the Brillouin oscillation is caused by a finite time of
charge carriers diffusion from the photo-excited volume to the
near-surface depletion zone, where they are spatially separating
by the built-in field and are screening this built-in electric field.
In the non-doped GaAs photo-excited by blue pump radiation,
which penetrates just about 15 nm in the sample, the phase delay
in the detected Brillouin oscillations is related to the Maxwell
relaxation time of photo-excited charge carriers [86]. In
non-doped GaAs the built-in electric field is absent. The Maxwell
relaxation time is the time for the spatial separation of the locally
photo-excited electrons and holes, caused by higher diffusivity of
the electrons in comparison with that of the holes. At the time
scale of Maxwell relaxation, fast diffusion of the electrons from
the photo-excited surface of the semiconductor becomes
completely compensated by their drift towards the surface in
the field of the holes localized in the photo-excitation region.
Thus, after femtosecond laser excitation of non-doped GaAs by
blue light, the electric field, which is due to the spatial separation
of electrons and holes and which generates sound through the
inverse PE effect, is developed with a temporal delay equal to
the Maxwell relaxation time [86].

As a concluding illustration, it is worth to mention that CAP
generation by inverse piezoelectric effect can be also achieved in
ferroelectric materials that are known to exhibit superior piezo-
electric properties compared to semiconductors. These studies
are recent and are still the subject of active discussions. Among
the recent works, a UV pump/X-ray probe experiment was per-
formed on the canonical ferroelectric PbTiOs. It has been reported
a light-induced modification of the tetragonality that has been
explained by a modulation of the internal electric field pre-existing
in the ferroelectric film driven by the photoexcited carriers [39].
Moreover, the piezoelectric signature has been confirmed by the
observation of a saturation of the PbTiO3 lattice parameter when
light excitation intensity increases up to a full screening of the
internal electric field. This latter effect is consistent with what
was already observed in piezoelectric semiconductor GaAs [27]
(see Fig. 11(b)). Furthermore, several experiments performed on
the room temperature ferroelectric BiFeOs; (BFO) suggest an
important contribution of the inverse piezo-electric effect too
[38,40,41]. In particular, it has been reported recently that the
photo-generation/photo-detection processes of transverse acoustic
modes are very efficient in polycrystalline ferroelectric BiFeOs. This
spectacular effect, that can be controlled according to the BFO

grain orientation, has been attributed to an efficient inverse
piezoelectric mechanism [41].

3.4. Electrostriction

3.4.1. Principle of electrostriction

When a medium is transparent (no absorption of light) the pho-
toinduced stress that takes place is due to electrostriction mecha-
nism. This effect is allowed for any point group of symmetry. The
local light electric field of the incident pump laser beam can polar-
ize the medium which induces a deformation of the orbitals. This
can be even viewed as a centrosymmetry breaking induced by
the light electric field which in turn leads to a second order piezo-
electric effect. That is the reason why electrostriction can be
considered as second order phenomenon according to the electric
field E, while piezoelectric effect (non zero first order piezoelectric
tensor) is a first order phenomenon.

If the orbitals are distorted, the electrons distribution and orbi-
tals overlapping are modified and this leads to both modifications
of the density p and the dielectric constant € that can be linked by:

Ae=—Ap (23)

The modification of the dielectric constant (A€) leads to a modifica-
tion of the electromagnetic density of energy with:
1 1 0e

_ ! 2 _ 1 0€ 2
Aw = 5 A€E 2 op ApE (24)
According to the first principle of thermodynamics law, the varia-
tion of this energy is associated to a work (Aw = —PAV/V) provided
by the material. With Ap/p = —AV/V, the corresponding electro-
striction stress becomes then:
1 0€
=—=-p—E 2

05 =505, (25)

The term pg—; is called the electrostrictive parameter.
Different formulations can be obtained [30-32,51] and in the
general case it is necessary to account for tensorial nature of each

of the physical mechanisms contributing to ES stress [30]:

1
(UES)J',' = gpkljiekmelnEmEn (26)

where Py, € and Ey, are the photoelastic tensor, it is worth to note
that electrostriction phenomenon depends on the polarization of
the incident electric field, so that either longitudinal or transverse
acoustic phonons can be photogenerated. The dielectric constant
and the pump light pulse electric field.

3.4.2. Experimental observations

Only few experimental evidences of sound generation through
ES mechanism finally exist and most of them are based on the
application of the transient optical-gratings method [31,32]. This
method consists in using two oblique pump laser beams to induce
an optical interference in the plane of the irradiated surface. By
this way, the different angle (wave vector of the incident beams)
between two pump beam permits to choose a given periodicity of
the grating, this means to select a given wavelength of the emit-
ted acoustic wave and hence a given acoustic frequency. One
example is given in Fig. 13 where longitudinal coherent acoustic
phonons have been photoexcitated by the transient gratings
methods in liquid carbon disulfide. In this study, a phase-sensitive
heterodyne method for the detection has been employed which
allows to record not only the amplitude of coherent density oscil-
lations but also the phase. Then, the expected behavior of a com-
plex resonance spectrum of a forced oscillator is evidenced in
Fig. 13. More recently electrostriction (called photostriction) has
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Fig. 13. Photogeneration of acoustic waves by electrostriction and using a transient
gratings method in CS, [32], the figure represents the complex anti-stoke Brillouin
signal (real and imaginary part) at room temperature where we recognize the
typical complex spectrum of a forced oscillator. Copyright (1997) by The American
Physical Society.

been proposed as a possible contributing mechanism of photogen-
eration of CAP in multiferroic compound BiFeOs; [90] even if the
mechanism of light-induced strain remains debated in these com-
plex oxides family [26,39,41]. Promising issues are expected with
the ES mechanism, since some theoretical estimates have shown
that ES mechanism, initiated by an ultrashort laser pulse crossing
the interface between two transparent media, could lead to the
excitation of the compression/dilatation and shear acoustic pulses
with the duration controlled by the duration of the laser pulse
[30]. However, no observation of such possibilities has been
reported yet.

4. Summary and current opened questions

It is of course impossible to give a complete and detailed
overview of these rich physical processes that take place within
the solids submitted to femtosecond light pulse within few
pages. This is then only an attempt of updating of the new
achievements of ultrafast acoustics community. Even if advanced
understanding of the microscopic mechanisms for so-called
conventional systems like metals or semiconductors has been
achieved, there are still rich phenomena that require further
investigations like CAP photogeneration in cooperative systems
exhibiting charge, spin ordering, like the ferroelectrics or multif-
erroics materials. Unusual phenomena related to photoinduced
strain can be expected as already reported in charge-ordering
and Metal-Insulator oxides [34,37,91] where clear non-thermal
contribution has been evidenced. The recent experiments on
ferroelectric materials, exhibiting very large internal polarization
as well as large piezoelectric constant, have given rise to numerous
discussions on the microscopic mechanisms involved after the
action of femtosecond laser pulses and in particular about the
coherent lattice response in the excited ferroelectric domains
[26,35,36,38,39,92]. As a coherent acoustic phonons wavepacket
connects, from the elastic point of view, several unit cells, as a
matter of fact, the photoinduced strain field should indeed
provide information on the cooperativity in phase-transition
systems but this approach has been only poorly investigated up
to now. Recent photoinduced phase transitions observations report
some peculiar role of the acoustic phonons. Some macroscopic
phase transformations, initiated at the free surface by a femto-
second light pulse, appear to develop from the surface towards
the bulk at the speed of sound [93].
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