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Abstract

The properties of optical to acoustic transduction of semiconductor superlattices have been explored for several years in
the sub terahertz frequency range. Using femtosecond laser pulses focused on these structures, acoustic modes are excited
with a frequency related to the periodicity of the structure stacking. We have shown that these acoustic waves can be
extracted and can propagate in the underlying substrate. We study superlattices ability to be quasi monochromatic
generators. On the other hand, superlattices have been found to be very sensitive and selective detectors. We present a
set of experimental results concerning the generation, propagation over large distances and detection of acoustic waves
at high frequencies, up to the challenging 1 terahertz by picosecond ultrasonics experiments in transmission geometry.

1. introduction

The progress in miniaturization and the technological
development to create multilayers stackings drive the scale
of interest in the nanometer range. In parallel, the avail-
ability of monochromatic phonon sources at ultrahigh fre-
quencies with their wavelength in the nanometer range
would be of great interest to study the elastic properties of
such nanostructures, to image buried nanostructures and
achieve high resolution acoustic microscopy, or to allow the
conception of acousto-optic devices working at the picosec-
ond time scale[1, 2, 3, 4]. Classical piezoelectric transduc-
ers deliver coherent acoustic waves up to only a few Giga-
hertz. Acoustic phonons with higher frequencies, up to a
few THz are generated with heat-pulse techniques. Indeed,
acoustic phonons are the main contributors in the heat
transport and at low temperature, their mean free path be-
comes macroscopic. Propagation of terahertz phonons by
heat-pulse techniques has been extensively studied since
the pioneering work of Von Gutfeld[5]. Several devices
based on incoherent phonons and heat transfer have been
proposed and analysed, as thermal diodes|6, 7, 8, 9, 10, 11|,
transistors[12] or logic gates[13]. These devices rely on
broadband incoherent phonons which response rapidity is
limited by heat transfer and then are restricted to low-
frequency applications. Coherent phonon in the sub THz
range represent a realistic alternative to rapidly modulate
electronic or optical properties. Moreover phonon spec-
troscopy would benefit from the availability of a coherent
source of monochromatic phonons. There was a break-
through with the use of the pump probe techniques with
femtosecond lasers[14], leading to the birth of the picosec-
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ond ultrasonic technique. In a conventional picosecond ul-
trasonic experiment, a sound pulse is generated if a pump
pulse is absorbed in a metallic film deposited at the sur-
face of the sample. Its frequency spectrum can extend up
to a few hundreds GHz. When an acoustic echo returns
to the surface, the small change AR(t) in the optical re-
flectivity of the sample is measured with a time-delayed
probe light pulse. Thin metallic films or semiconductor
quantum wells[15] allow to reach the sub THz range but
remain broadband transducers, with a high frequency cut-
off limited by the layer thickness or the optical absorption
length. To obtain an acoustic field of a given wavelength,
one needs to specifically design types of structures such
as periodic multilayers structures. Superlattices (SLs) ex-
hibit zone folding of the acoustic branches within the Bril-
louin zone due to the artificial periodicity of the elastic
properties along the growth direction. This leads to the
appearance of several phonon modes in the acoustic range,
with a frequency f # 0 and a wave vector ¢ =~ 0, to
which light can couple. This is the way to excite zone-
folded acoustic modes at higher frequencies, up to the THz
range. Vibrational properties of such structures have been
studied by Raman|[16, 17, 18, 19] and phonon transmission
spectroscopy|20], giving a detailed understanding at ther-
mal equilibrium[21]. Laser ultrasonics is a powerful tech-
nique well adapted to the study of SLs, as sub THz phonon
dynamics can be measured by femtosecond laser pulses,
which are short enough in comparison with the period of
the acoustic waves. These ultrafast experiments showed
that high frequency modes can be coherently excited or
controlled in various multilayers such as semiconductor
SLs, around 100 GHz in Si/Ge[21] or GaAs/AlGaAs[22]
SLs, at 0.5/0.9 THz|23, 24, 25| in GaAs/AlAs SLs. In
metallic multilayers localized surface modes were demon-
strated in addition of folded modes, at a frequency of
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0.7 THz[26], 1.2 THz[27], or even 2.25THz in Co/Cul2§],
as in Mo/Si multilayers[29, 30]. But few works have been
devoted to SLs as generators and to the acoustic waves
leaking from the SLs. The experimental demonstration on
the propagation through a substrate of acoustic pulses op-
tically excited in SLs was first reported using an energy
detector with a superconducting bolometer deposited on
the other side of the sample[31]. A subsequent experi-
ment using a second SL as an acoustic filter gave support
to the coherence of the emitted phonons[32] though leav-
ing the spectral width of the generated phonons unknown.
In this paper we describe several experimental configura-
tions to study generation, propagation over macroscopic
distances and subsequent detection of coherent sub tera-
hertz phonons. After a description of the SLs we use for
this purpose in section 2, we present the experimental pro-
cedure and the different configurations used to study SLs
as generators or detectors (section 3). The following sec-
tions will be devoted to some experimental results about
the light-to-sound transduction properties of SLs.

2. Superlattices

2.1. Principle

The formal similarity between the equations describing
light and sound propagation has been the basis for the
conception and demonstration of 1D[20, 33], 2D[34] and
3D|[35] phononic crystals in which the acoustic impedance
is artificially modulated as the refractive index is in pho-
tonic crystals.

Thus, semiconductor superlattices extensively used as
distributed Bragg mirrors for photons can also act as high
reflectance phonon mirrors in the GHz-THz range[20, 36].
Thanks to the development of growth processes, it is possi-
ble to obtain large stackings of layers with a period of a few
nanometers, and with interface fluctuations of one atomic
monolayer. These conditions are required to design mir-
rors in the THz range. A SL consists of a periodic stacking
of a bilayer, here GaAs and AlAs. The periodic modula-
tion of elastic properties leads to a modification of the
phonon dispersion, which exhibits a folding of the phonon
branches into a brillouin zone of dimension 7 /d, where d is
the thickness period. Due to impedance mismatch between
the two components, frequency gaps open at the zone cen-
ter and at zone boundaries, at wave vector ¢ = nn/d,
where n is integer. The sound propagation through this
periodic stacking is a complex process of interferences be-
tween waves which reflect at each interfaces. For specific
frequencies, corresponding to these gaps, destructive inter-
ferences in transmission take place, so that the multilayer
acts as a mirror, which reflectivity increases with the num-
ber of periods. GaAs and AlAs acoustic impedances are
closely matched (the acoustic impedance contrast %
on which depends the appearance of gaps, is only 20%),
which means that gaps are not very large and a few tens
of periods are needed.

Another mismatch between the two constituants is the
optical absorption. For the light wavelength used here
(700-820 nm), light is only absorbed into GaAs layers. Dif-
ferent processes can be involved in coherent phonon gen-
eration in condensed matter : photothermal generation,
deformation potential, piezoelectric and electrostriction ef-
fects. For any of these processes the two layers of a period
exhibit different properties which means that a strain field
modulation is expected with a dominant period equal to
the SL period. Hence the modes ¢ = 0 can be easily gen-
erated by light absorption in these systems.

On the other hand, when an acoustic wave goes through
a SL, a transient modulation of the SL optical properties
occurs, resulting in a transient change of the SL reflection.
SLs can then detect phonons via photoelastic detection.
Furthermore, a condition of phase matching is required.
Indeed, a SL is a semi-transparent media where the inter-
action of light with coherent phonons is strongly enhanced
at the acoustic wave vector ¢ = 2k in backscattering con-
figuration, where k is the electromagnetic wave vector.

The filtering, generation and detection properties of
GaAs/AlAs superlattices are extensively studied through-
out this paper.

2.2. Samples

Samples were grown by molecular beam epitaxy on a
double-side-polished [001]-oriented GaAs substrate. They
consist of n periods of (3A1/4, A2/4) GaAs/AlAs bilayers,
where \; = ¢;/f with ¢; the sound velocity of longitudinal
acoustic phonons in each material, and f the frequency
corresponding to the center of the first zone-center gap.
This condition fulfilled by the thicknesses of the two ma-
terials maximizes the width of this gap. We use for ¢; the
values 4.78 and 5.66 nm.ps~—! for the velocity at low tem-
perature in GaAs and AlAs respectively, deduced from fit-
ting processes. We studied 4 samples where the SL thick-
ness is about 1 pum. The SL period was chosen so that the
first zone-center gap falls at a frequency of 100, 200, 400
and 600 GHz. We label the samples S100, to S600, with
respectively 20 40 80 and 120 periods. On the rear of the
substrate, an aluminum film was deposited. For the need
of one configuration, aluminum films were deposited on
both sides of sample S100. The aluminum has the advan-
tage to have a small acoustic mismatch with GaAs.

Another type of samples was studied, with two SLs on
both sides of the GaAs substrate. A first SL was grown
as the previous ones. During the second SL growth, the
rotation of the substrate wafer was suppressed in order to
obtain a gradient in the thicknesses of all layers, which we
estimate to be of the order of 20% by X-ray and pump and
probe measurements (cf. section 7). 3 samples, labeled
DS400, DS800, DS1 were designed to work at different
frequencies, 0.4, 0.8 and 1 THz. A summary of all samples
are presented in the table 1, where the indicated values for
thicknesses have been measured by X-ray technique.



Sample first thickness number
zone center | GaAs/AlAs | of periods
gap (THz) (nm)

5100 0.095 35.9/14.8 20
5200 0.197 17.1/7.5 40
5400 0.395 8.6/3.9 80
S600 0.587 5.6/2.7 120

DS400 0.393 8.9/3.5 100

DS700 0.715 4.7/1.8 175

DS800 0.787 4.3/1.7 200

DS1 1.008 1.4/3.5 250

Table 1: Characteristics of the samples. S100 to S600 are constituted
by one SL grown on a GaAs substrate. DS400 to DS1 contain two
SLs on each side of the substrate, one of which presents a thickness
gradient of all layers. The characteristics done here correspond to
the uniform SL, the other SL having thicknesses of the same order.

3. Experimental procedure

3.1. Configurations in acoustic transmission

Interferometric pump-probe experiments were per-
formed, using a femtosecond mode-locked Ti:Sapphire
laser providing 80 fs pulses (200 fs pulses incoming on the
sample), with a 80 MHz repetition rate. The pump is mod-
ulated at 1 MHz to allow synchronous detection through
a lock-in amplifier. The probe beam is time-delayed by a
mechanical delay line, able to reach a delay of 11.5ns. The
transient changes of the complex optical reflectivity AR/R
are measured by a Sagnac interferometer[37]. This allows
access to the real and imaginary parts of Ar/r where r is
the reflectivity of the amplitude of the field. Both beams
are focused onto 60 pm wide spot with a typical energy of
0.1 to a few nJ/pulse for the pump. Our originality is to
focus the pump beam on one side of the sample while the
probe beam is impinging on the other side, which requires
a more demanding alignment in order to have both beams
face to face, but it is completely free of non-vibrational
contributions (electronic or thermal relaxation), in con-
trast to classical experiments with pump and probe fo-
cused on the same side of the sample.

Concerning samples with one SL, two configurations are
possible. In the configuration which we will call "detec-
tion", the pump beam, focused on the metallic film, is
absorbed over a short penetration length, and leads to the
generation of an acoustic pulse[38]. The aluminum thick-
ness (30nm) is optimized to minimize direct absorption
by the substrate while being small enough to get a pulse
frequency range extending up to 250 GHz. This acous-
tic pulse propagates through the thick GaAs substrate
(330 to 372 um) before reaching the SL where it is de-
tected through the change of reflectivity: this is the first
echo. To have negligible attenuation during propagation,
we cool down the sample to 15K. If the initial strain is
large enough, during propagation on such large distances,
non-linear distortion of the initial acoustic pulse occurs,

which could give rise to solitons[39, 40] and high frequen-
cies conversion. Furthermore, due to the total reflection
on the sample free surfaces, the generated pulse travels
back and forth several times through the substrate, giv-
ing rise to echoes arriving at time delays (2p + 1)T where
T is the transit time (69 to 78ns, depending on the sub-
strate thickness). T being larger than the time interval
Taser =~ 12.5ns between laser pulses, echoes are detected
modulo Tj,ger; for sake of simplicity, and also because at-
tenuation can become important, we only analyse the first
echo. In the reverse configuration, called "generation", we
test the ability of the SL to generate and emit phonons by
focusing the pump beam directly on the SL; after propaga-
tion through the substrate, emitted phonons are detected
by the time-delayed probe pulse reflected by the aluminum
film. For the same reasons we will focus on the first echo.

3.2. Asynchronous optical sampling (ASOPS)

A variation of the experimental set-up has also been
used (c¢f. section 6.3). The idea is to be able to vary
the wavelength of the probe or the pump beam, indepen-
dently. This is possible by using an asynchronous optical
sampling[41, 42, 43|, where two mode-locked fs lasers are
used, linked by a fixed repetition rate difference f, — fs,
of the order of several kHz. Due to the repetition rate
detuning, probe pulses are incoming on the sample with
a relative time delay which varies linearly. The sampling
process repeats itself when the cumulative delay equals the
period of the pump laser (T},ger), which is scanned in a du-
ration equal to fpﬁ' Typically f, — fs = bkHz, that
implies a fast measurement (0.2 ms for one scan). Measure-
ments are similar but avoid the use of a mechanical delay
line and a lock-in detection. A good signal to noise ratio
is obtained faster. However, the time resolution is limited
to 2.5ps (0.4 THz), for acoustic signal lasting more than a
few nanoseconds, due to limitations of the lasers repetition
rate stabilization.

4. Charaterization of superlattices

A first experiment performed with available metallic
transducers was to measure the acoustic transmission of
a SL. As Aluminum films are efficient up to 200 GHz, the
sample we chose was S100. Aluminum films were deposited
on both sides of the sample. The experiment scheme is
sketched on figure 1, where is schematically shown the
acoustic strain launched through the substrate from the
metallic film on the rear of the substrate, and its possi-
ble distorsion during propagation for the largest acoustic
strains; this pulse goes through the SL and is detected by
the Al film deposited on the SL. The figure 1 shows the
real part of the signal where one can see the arrival of
the short pulse at tg ~ 76.5ns, the time needed for going
through the substrate, followed by fast oscillations, and
1700 ps later, a weaker signal. With the combination of
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Figure 1: Transmission experiment as it is sketched with pump and
probe beams focused on opposite sides of the sample. Up, time-
resolved reflectivity (real part); (2) denotes the signal corresponding
to the second echo, and tp ~ 76.5ns. Bottom, FT amplitudes of
the time derivative of the corresponding signal on the time interval
[0, 1700ps|. The frequency range of the phonon stop bands are
emphasized in blue.

the value of ¢y and the laser repetition rate, this last sig-
nal appears to be the detection of the second echo, i. e. the
acoustic pulse which has been reflected on the interfaces
with air and made an additional round trip.

To see the modifications induced by the SL in the fre-
quency spectrum, Fourier transform of the time derivative
(FT) of the signal is performed on the time interval [0,
1700 ps|. Including the second echo in the FT modifies a
little the low frequency range (< 50GHz). In the spec-
trum shown figure 1, the transmission vanishes over some
frequency ranges, emphasized in blue, which correspond
to the stop bands which exist every 50 GHz. Because the
building blocks of the SL period are (3A/4, A/4), the sec-
ond gap in the zone center is closed, which is confirmed
experimentally. The third gap at the Brillouin zone edge
can be seen at 250 GHz. To confirm these observations,
and confirm the stop bands spectral positions, the pump
intensity was varied. Indeed, at that relatively high pump
intensity, the acoustic pulse impinging on the SL has likely
undergone non-linear propagation; that explains that the
slowly varying envelope is distorded, that dips appear due
to frequency up-conversion and that the spectrum can go
up to nearly 0.3 THz. If the excitation intensity is low-
ered, the envelope changes as it can be seen in figure 2(a),
leaving the stop-bands identical.

To reproduce qualitatively these spectral features, one
needs to calculate the strain impinging on the SL. For this
purpose, we have to take into account first, thin layer ef-
fects in the phonon generation spectrum in the aluminum
layer and secondly, non-linear propagation in the thick
GaAs substrate.

Several papers have studied theoretically the generation
of strain pulses by laser ultrasonics techniques [44, 45, 46].
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Figure 2: Transmission experiment: (a) FT amplitudes of the time
derivative of the transient reflectivity signal (imaginary part) for two
pump intensities; (b) calculation corresponding to the spectra ob-
tained at 1.7nJ/pulse

The initial strain in aluminum is well approximated by

1(z,t) = nosgn(z — vart) e~ A l2=vart]

where va] = 6.33nm/ps, and aa = 6.9nm~! are the
sound velocity and the optical absorption coefficient in the
aluminum film. This initial strain can be large enough
to undergo a non-linear propagation through the sub-
strate. Sound dispersion, sound absorption and non-linear
effects, are described by a 1D Korteweg-De Vries (KDV)
equation[39, 47| as far as diffraction is negligible:

nl

O = 53377 - ’73377 - m
aAas

no.n (1)
where €, v and Cy are the acoustic attenuation, dispersion,
and nonlinearity, and vg and pgqas, the sound velocity and
mass density of GaAs. Sound absorption is negligible in
the frequency range we consider, at low temperature. We
solve numerically this equation with the help of a compos-
ite Runge-Kutta algorithm[48]. The initial amplitude of
the strain is the adjustable parameter. We took in the lit-
erature the values of the acoustic dispersion (y = 7.41073
nm3ps~!) and the acoustic nonlinearity (Cy = —2.66174
fgnm=t.ps~2).

Once the strain impinging on the SL is obtained, the
following step is the calculation of the acoustic field in
the multilayers (SL+Al film) which is performed with
a standard transfer matrix formalism[28]. The acoustic
field is calculated in each layer. We have used the layer
thicknesses independently determined by X-Ray diffrac-
tion, corrected by a factor of -0.5% to adjust the frequency
stop bands. The displacement of the sample surface is then
easily obtained and it is normalized with the relevant in-
coming acoustic spectrum impinging on the SL.
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Figure 3: Generation configuration as indicated by the sketch (with
a calculated strain wave packet propagating inside the substrate).
Time-resolved reflectivity (real part) for: up (in red) sample S100
at 2.8 nJ/pulse and a laser wavelength A = 752nm; and bottom (in
blue) sample S200 at 7.5 nJ/pulse and a laser wavelength A = 735 nm;
the inset shows an expanded region, where oscillations can be seen
with a period of 5 ps.

Generally speaking, the change of reflectivity of the
probe field amplitude in an opaque film with a thick-
ness of d can be written as the sum of the term due to
surface displacement and the one due to the photoelastic
effect[49, 14, 27, 44]:

A 4
l = iko?ﬂoﬂo(t) + Zko 1 n_on
r

d

T2 8777/0 dz n(z,t) e¥inkoz

(2)
where kg, ng, ug are the wave vector of the probe light in
the air, the air index, the displacement of the free surface,
and n, n and ?T:;L the optical index of the film, the strain
and the photoelastic constant. The imaginary part of the
experimental signal is 3 to 5 times larger than its real
part[40]. We then assume in a simple approach that the
imaginary part of the reflectivity is mainly due to surface
displacement.

The figure 2(b) shows the calculated FT displacement
and the overall correspondence with the transmission
structure at 1.7nJ/pulse is remarkable, including the ob-
servation of three gaps around 0.05, 0.1 and 0.15 THz (em-
phasized in blue).

These experiments validate the concept of phononic mir-
ror. Thus, SLs have been used as mirrors to form phonon
nanocavities[50, 51] or microcavities to obtain a strong op-
tomechanical coupling[52]. Acoustic amplification was re-
alized in doped GaAs/AlAs SLs and recently a saser, for
sound amplification by the stimulated (acoustic phonons)
radiation was demonstrated, in a device including a SL
gain medium and GaAs/AlAs SLs acoustic mirrors[53].

5. Generation by superlattices

5.1. Experimental results

Once SL filtering properties were demonstrated, we were
interested to use them as active devices[54]. In this section
we study them as phonon generators, by directly focusing
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Figure 4: In the generation configuration, comparison of the imagi-
nary (dotted line) and the real part (solid line) of the time-resolved
reflectivity sample S200 at 7.5nJ/pulse and a laser wavelength
A = 780 nm.

the pump pulse on the SL. A broadband phonon detec-
tor is placed on the other side of the substrate, to detect
phonons which have escaped from the SL in the underlying
substrate. The experimental configuration is reminded in
the inset of figure 3, where is represented inside the sub-
strate the wave packet generated by a SL, calculated in
the theoretical frame previously described. We used again
a 30nm aluminum film. The change of reflectivity (real
part) on the metallic film is shown on figure 3, measured
on samples S100 and S200. Both signals present fast oscil-
lations that last for a long time, 2 to 3ns, in contrast with
short acoustic pulses generated by metallic films. First
of all, let’s focus on the three short variations appearing
at the beginning of the signal, which remind us of acous-
tic pulses. These features appear also in the imaginary
part of AR/R as jumps and peaks, as it can be seen in
figure 4. They are less visible for sample S100 probably
because the laser wavelength is not optimized (see § 5.3).
These peaks are separated by a duration of approximately
200 ps, corresponding to the transit time through the SL.
Indeed, when the light is absorbed along the whole SL and
reaches the rear interface, acoustic pulses are generated at
the interfaces substrate/SL and SL/air: (1) two pulses at
the interface with the substrate, one launched through the
substrate, which is the first detected peak, another one
launched through the SL and coming back after reflection
with the interface with air, hence delayed by twice the
transit time; (2) a pulse at the interface with air, corre-
sponding to the second detected peak, as it has propagated
through the SL.

As expected as the light penetrates through the whole
SL, and due to different optical and acoustic properties,
an acoustic strain modulated at the superlattice period is
created. Generation of coherent phonons is expected in
a narrow frequency range. It occurs at the wave vector
q = 0 for an infinite SL, that is near the gaps in the Bril-
louin zone center. For symmetry considerations, only the
lower energy mode around ¢ = 0 will be excited. With
a SL constituted of m periods of thickness d, the acous-
tic resonances occur at frequencies corresponding to wave



vector ¢ = nm/md, with n € Nand = ¢ N in the extended
Brillouin zone of the related infinite structure. The main
peak frequency is down shifted relatively to ¢ = 0 mode,
is broadened and small resonances appear. The superim-
posed fast oscillations in the signal for S100 and S200 have
a frequency of respectively 94 and 197 GHz for samples
S100 and S200 respectively. These frequencies correspond
to the lower band edge as expected, slightly downshifted,
in the first gap, as it can be seen in the comparison of
the dispersion curve and the FT amplitude of the signal
(figure 5a). The excitation of the mode in the second gap,
which is closed for these SLs, is less efficient. For S100, one
can see a weak doublet, corresponding to ¢ ~ 0, with an
amplitude comparable to Bragg peaks appearing around
the first gap.

In front configuration, phonon generation and detection
occur simultaneously on the same SL, a triplet is usually
observed, corresponding to two modes at ¢ = 2k and one
at ¢ = 0. In contrast this experiment clearly shows that
there is no emphasized excitation at ¢ = 2k.

5.2. Comparison with calculations

Coherent acoustic phonons generation mechanisms have
been discussed in literature[14, 55], and most of works con-
cerning the ultrafast optical excitation of acoustic phonons
have shown the contributions of the thermoelastic and de-
formation potential processes, with a domination of the
latter process[56]. Coherent acoustic phonons can be ef-
ficiently excited by the piezoelectric effect, as it has been
demontrated in strained multiple quantum wells[57, 58] or
by electrostriction[59]. It is not necessary to describe the
generation mechanism, as for all these mechanisms, a lo-
calized strain is created proportional to the electric field
intensity. Following the same framework of the transfer
matrix method, exposed in section 4, we can easily ob-
tain the displacement B, launched in the underlying sub-
strate. Here, as the pump pulse penetrates through the
SL, the electromagnetic field is calculated in each layer
and the interaction of the SL with the incoming light is
assumed to leave a stress proportional to the local elec-
tromagnetic field energy in GaAs layers only. Indeed, at
these light energies, AlAs is transparent. We neglect here
optical reflection on the interface between the SL and the
substrate. The sound wave propagation equation is solved
in each layer, taking into account this stress source term
and boundary conditions to obtain the acoustic field every-
where. Here, we estimate that the propagation was linear.
Indeed, 100 GHz or 200 GHz oscillations were measured
with an amplitude of 10=* in Ar/r at quite high pump
intensities (about 7.5nJ/pulse), and we will see that the
strain incident on the Al film at these frequencies could
be estimated to less than 1075. At such strain value, only
dispersion occurs and the acoustic pulse spectrum is un-
changed when impinging on the SL. Ar/r was then calcu-
lated, including contributions of the surface displacement
and photoelastic effects in aluminum. The displacement
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Figure 5: In the generation configuration, (a) FT amplitudes of the
real part of the transient reflectivity for samples S100 and S200 cor-
responding to the temporal signals shown fig. 3, compared to the
dispersion curve and (b) the corresponding calculations.

of the film is thus given by:

VA
Af = B; 2 3
f x Zs cos(qd) — iZ sin(qd) (3)
Ar - 8im pain 2¢°
T—Au<”1_nzx4kz_qz )

where Z and Z, are the film and sustrate impedances,
q and k the wave vectors of phonon and probe light,
n = 0.86 4+ 5.324 the index of Aluminum film measured
by ellipsometry, and pa; = —28 + 15[60], the photoelas-
tic coefficient of aluminum. B, is the displacement which
propagates in the substrate.

We obtain an excellent agreement with the experimen-
tal data, as it can be seen in figure 5. The figure 6 shows
that this simple model reproduces well the difference of
amplitude between real and imaginary part, and a more
important content at low frequencies for the imaginary
part. However, small discrepancies remain in the low fre-
quency side, and in the temporal domain (fig. 3 in blue),
refinements are needed to reproduce the importance of the
three peaks at the beginning of the signal relatively to os-
cillations with the ¢ = 0 mode frequency.

Compared to the previous section where only the dis-
placement spectrum was calculated, the complete calcula-
tions do not bring more informations on details of the mea-
sured spectrum. What is interesting is that they give the
possibility to estimate the SL performances as phonon gen-
erators. By comparing the amplitude obtained at 100 and
200 GHz with a quite high pump intensity (7.5nJ/pulse)
(1073 and 2 x 10~% respectively) to the calculated ampli-
tude of Re(AR/R), one can deduce the initial displace-
ment and consequently the strain generated by the SL; we
obtain 3.5x107% at 100 GHz and 2.5 x 10~® at 200 GHz.
At these pump intensities, we checked that saturation al-
ready occurs, we can conclude that in our experimental
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Figure 6: In the generation configuration, comparison in the fre-
quency domain of the transient reflectivity for sample S200, the
imaginary part, measured (b) and calculated (a) and the real part,
measured (d) and calculated (c) at 7.5nJ/pulse and a laser wave-
length A = 735 nm.

conditions, GaAs/AlAs SLs, with the [001] orientation (no
piezoeletric effects), generate quasi monochromatic acous-
tic pulses with a strain amplitude which will not overcome
10~7, but which last a few nanoseconds.

We performed the same experiment at higher frequen-
cies. For the sample S400, the signal has a very weak
component at 393 GHz, with an amplitude of 1.2x107° as
it is shown on figure 10. Compared to the dispersion curve,
this corresponds to the q=0 mode, as expected. We reach
the limitations of the metallic film as a detector, whose
sensitivity decreases for high frequencies.

5.3. Influence of the wavelength excitation

A few work has been done about the efficiency of gener-
ation by SLs|[23, 24, 61]. As the dominant mechanism in
semiconductor systems, the deformation potential should
depend on the excitation wavelength. These works consist
of pump and probe experiments around the band gap, but
since pump and probe energies change simultaneously the
generation and detection processes are intimately corre-
lated. In [61] it was possible to decouple the effect of vary-
ing the energy of the optical excitation as phonons were
detected via a bolometer: the integrated amplitude of the
longitudinal acoustic phonon strongly increases when the
SL becomes absorbant. Above the gap, a smaller peak
is also observed, corresponding to a resonant absorption
process. Here to measure the efficiency of SLs as quasi
monochromatic phonon sources, we vary the wavelength
laser up to 813 nm and take benefit from the fact that de-
tection efficiency in aluminum films is not very sensitive to
wavelength between 750 and 820nm ([62]). Recently we
checked that performing this experiment while the probe
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Figure 7: In the generation configuration, amplitude of the generated
mode at ¢ = 0 at the frequency of 197.6 GHz in the FT of the imag-
inary part of transient reflectivity for sample S200 at 7.5 nJ/pulse.

wavelength is set to a constant (with ASOPS) gives sim-
ilar variations. Results are shown figure 7 and indicate
that the amplitude varies by a factor of 10 on the range
[720;812]. To find a correlation with the electronic tran-
sitions estimated at 813 nm, we measure the excitation of
the photoluminescence (PLE) at 5 K, plotted on the same
graph which reflects the absorption in so far as relaxation
processes are not too slow. Peaks at 780nm, and the two
ones around 815 nm are indentified as the excitonic transi-
tions (E2HH2, E1LH1 and E1HHI respectively). Another
transition appears at 740nm. They have a clear influ-
ence on the amplitude of the ¢ = 0 mode, visible even if
the pump bandwidth is about 10 nm and broadens peaks.
A resonant behavior at the crossing of a transition is ob-
served, at least for transitions at 740 and 780 nm, in agree-
ment with previously cited measurements. In particular,
above E1HHI transition, A > 820 nm, the signal strongly
decreases.

6. Detection by superlattices

6.1. Selection rule and efficiency

The acoustic pulse coming from the substrate and en-
tering in the SL causes a periodic modulation of the op-
tical properties of the SL, resulting in a transient change
of the probe reflectivity. One reason is the displacement
of the surface and the many interfaces (rippling), due to
the appearance of a strain, and another cause is the local
modulation of the refractive index due to transient per-
turbation of the electronic distribution. The expression of
the change of reflectivity given in equation 1 for an opaque
film is modified for a SL as the strain is modulated and
one needs to sum over the different layers; in an effective
medium from the optical point of view, only the second
term has to be modified, and becomes proportional to [28]:

dep [ ; ik —ikzy2
E —/ dz np(z) e'* (ape’™ + bpe™ ") (5)
> an Jo
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Figure 8: In the detection configuration, up, (see sketch in the inset),
real part of the transient reflectivity for sample S400, at 3.5 nJ/pulse
and a laser wavelength A\ = 779nm. The two channels of the lock-
in detection are shown. tp ~ 70.7ns. Bottom, real part of the
transient reflectivity for sample S200, at 12.3nJ/pulse and a laser
wavelength A = 800nm. The arrow indicates the pulse arrival at the
aluminum film, at the time tp ~ 77.8 ns. Below are shown the signal
filtered around detected frequencies (a): 42 GHz, (b): 161 GHz, (c):
249 GHz, (d): 365 GHz, (e): 450 GHz, (f): 567 GHz.

where p is relative to the p”* layer, gp is the correspond-
ing acoustic phonon wave vector, and k the effective elec-
tromagnetic wave vector in the SL. In particular, a, is
the amplitude of the probe electric field penetrating in
the SL, b, the one reflected by the interface substrate/SL,
usually neglected. In this case, in a sufficiently transparent
medium for the probe, the interaction of coherent phonons
with light is enhanced for acoustic wave vectors satisfying
q = 2k. This reflects the phase matching in the expo-
nential term. In particular the lowest possible detected
frequency corresponds to the Brillouin oscillation, which
is usually observed in semi-transparent bulk materials. It
should be noted that finite size and light absorption cause
the relaxation of these selection rules.

In the "detection configuration", we invert the role of
SL and aluminum film compared to the "generation con-
figuration" to measure the detection by a SL of an acoustic
pulse produced by the film and having propagated through

the substrate. The figure 8 shows two typical signals, one
at low pump intensity on S400 (up) and another on S200
(bottom) where the pump intensity was increased enough
to obtain nonlinearities during propagation. What is first
observed is the Brillouin oscillations, visible tens of pi-
coseconds before the beginning of both signals (indicated
by an arrow for S200). They may come from the detec-
tion of the incoming pulse in the substrate. Indeed, due
to the weak transparency of the SL, the probe light can
reach the substrate and detect the acoustic pulse before
the latter reaches the SL. Other contributions to these ini-
tial Brillouin oscillations are distant echoes detected at the
same delays. Indeed, due to the repetition rate of the laser
pulses, echoes are folded back into a 12.5ns time window
and distant echoes, whose frequency content has been re-
duced to low frequencies, can arrive at the same delays. In
figure 8 up, distant echoes are visible on both lock-in chan-
nels at 500 and 900 ps, whereas the lock-in phase has been
adjusted to detect the first echo on X channel only. Then
the signal increase and decrease correspond to the acous-
tic pulse entering the SL and after reflection on the free
surface, going back to the substrate. The time between
the maximum and the beginning (or the end) of the signal
corresponds to the time needed to cross the SL (= 200 ps).
The signal in the linear regime is symmetrical with respect
to the time when the pulse is reflected (figure 8, up) but
not anymore when the pump intensity increases; indeed,
at this quite high pump intensity, non-linear propagation
occurs and extends the impinging spectrum on the SL.
High frequencies appear and travel more slowly, resulting
in a weak signal distorsion and appearance of fast oscilla-
tions in addition to preponderant Brillouin oscillations. In
this case, the frequency content of these fast oscillations is
shown on figure 9 and is composed of several frequencies
which verify the selection rule ¢ = 2k, as it can be seen by
comparing the spectrum with the dispersion curve. High
frequencies can be detected up to nearly 0.9 THz. Filter-
ing the temporal signal at the largest spectral components,
one can notice a shift of the arrival of each filtered echo,
due to dispersion. However, this shift should not reflect
the delay accumulated during propagation on the whole
thickness of the substrate, as nonlinearities occur as far
as the acoustic pulse propagates. However, this happens
at the very beginning of the propagation. Calculations
based on KDV equation (eq. 1) show that after a propaga-
tion on 20-30 um (6% of the substrate thickness), a tail in
the high frequency side (around 400-600 GHz) has already
appeared in the strain spectrum with an important ampli-
tude. This is consistent with the measured delays. If we
expand the dispersion relation in the form w = vy ¢ — v¢*
where v = 7.4 x 103 nm3ps~! is the same dispersion co-
efficient in KDV equation, describing the dispersion at the
lowest order, and vq the celerity for low frequency compo-
nent, we deduce a group velocity v, = dw/dg = vo — 3vq>.
We then expect a relative delay (relatively to the travel
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Figure 9: In the detection configuration, FT amplitude of the deriva-
tive of the transient reflectivity for sample S200, at 12.3 nJ/pulse and
a laser wavelength A = 800 nm, compared to the dispersion curve.

time tg through the sample at low frequency) of
5t fty = 1272 £2 o} (6)

For instance for f = 567GHz (resp. 450 GHz), 6t should
reach the value of 180ps (115ps resp.), values in good
agreement with experimental delays.

Another noticeable feature is the detection of ¢ = 0
modes. Indeed, in the expression of Ar/r (5), if the
weak reflection on the interface SL/substrate is taken into
account, the field which contributes is af,ez”“z + ap by, by
being the reflected field amplitude. This results in the
modified conservation rule: ¢ = 0 and ¢ = 2k. These
features are visible for the other samples S400 and S600
(¢f. figures 10(b) and 12). We will see in § 6.4 that we
could benefit from that detection at ¢ = 0 to generate
and detect an acoustic pulse by the same SL.

Efficiency of detection

To be able to compare the efficiency of SLs as detectors,
we perform the "detection" experimental configuration on
samples where the detection takes place on an aluminum
film instead of the SL, that is a substrate of GaAs with
two Al film on both sides. We kept the same experimental
conditions of pump intensity. The corresponding spectrum
is compared to what is detected with S400 on figure 10b,
and a factor of 500 was needed to obtain the same signal
level. In addition, we show that SLs can detect acous-
tic pulses in the THz frequency range, with a very good
sensitivity, whereas the Al film shows here its bandwidth
limitations, being no more sensitive for frequencies higher
than 400 GHz (at least in our experimental conditions of
focalization).

At last, if we compare the three detectors S200, S400
and S600 which have the same global thickness but as
a result, an increasing number of periods, the efficiency
of detection increases with the latter, as it is illustrated
in figure 11. The change of reflectivity, calculated in the
spectral domain for each sample, is plotted keeping all pa-
rameters unchanged. We assume a gaussian spectrum in-
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Figure 10: (a) In the generation configuration, FT amplitude of the
Imaginary part of the derivative of the transient reflectivity for sam-
ple S400. (b) In the detection configuration, FT amplitude of the
time derivative of the transient reflectivity superimposed on the dis-
persion curve, for sample S400, at 12 nJ/pulse and a laser wavelength
A = 777nm and a detected spectrum obtained with an aluminum film
in the same conditions.

cident on the SL, shown also for comparison. We see for
instance that an acoustic signal with a 360 GHz compo-
nent (respectively 550 GHz ) is better detected by the SL
having its first zone center gap near 400 GHz (respectively
600 GHz) than 200 GHz. As parameters are maintained
constant for these calculations, we do not have included
the important influence of the wavelength of the laser, a
factor to take into account when one wants to use a SL as
a detector (cf. § 6.3).

incident displacement
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Figure 11: Amplitudes of the calculated change of reflectivity for
sample S200, S400, and S600 in the spectral domain. For comparison,
all parameters were kept constant when changing the number and
thicknesses of the layers. Curves are shifted for clarity. The incident
displacement used for the calculations is shown in dotted line.
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Figure 12: In the detection configuration, (a) FT amplitude of the
derivative of the transient reflectivity for sample S400, for pump in-
tensities varying from 50 to 380 mW by step of 5mW and a laser
wavelength A\ = 753nm. (b) The amplitude of the detected fre-
quencies (marked with the square, the open square and circle), are
reported as a function of pump intensity. (c) Relative amplitude of
these components in the calculated strain spectrum impinging on the
SL after non-linear propagation, as a function of the initial strain in
the Al film.

When the pump intensity is varied on the metallic film,
the non-linear character of acoustic wave propagation can
be addressed by detecting the final strain by the SL. In-
stead of detecting a large spectrum as in previous works
with metallic films in GaAs [39, 40] or Sapphire [63], the
mechanism of detection will result in a selection of fre-
quencies, but with a very good sensitivity, which allows
to reach upper frequencies. The figure 12(a) shows a se-
ries of spectra obtained at increasing pump intensities by
step of 10 mW, from 50 to 380 mW (1.25 to 9.5nJ/pulse).
This concerns sample S400, with expected frequencies ver-
ifying the selection rule ¢ = 2k: v, = 47.3GHz (Bril-
louin), 1 = 470 GHz and v» = 655 GHz (the ¢ = 0 mode
is very weak, visible at high pump intensity between 14
and ). The Brillouin component is well detected even
at low pump intensities, unlike v; and ro whose ampli-
tude increases monotonously. v, amplitude, plotted on fig-
ure 12(b) oscillates. This can be understood if we consider
the amplitude of the impinging strain on the SL, which
is calculated by solving the KDV equation for an initial
strain varying from 2 x 1074 to 2 x 1073, The distorsion
of the spectrum and frequency up-conversion result in os-
cillations in the strain amplitude at one given frequency in
the low frequency range, whereas for high enough frequen-
cies, the evolution is monotonous (cf. figure 12(c)). The
variations of calculated strain amplitude at frequencies v,
v1, and v and the experimental amplitudes agree quali-
tatively. One notices a saturation arising in the detection
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efficiency around 5nJ/pulse. Furthermore, the size of the
probe beam spot is only slightly smaller than the pump
beam spot, which has a gaussian profile of intensity. This
implies that inside the probe beam, the measured displace-
ments and photoelastic effects are due to a varying initial
strain and are not homogenous, resulting in an average of
non-linear effects. A necessary improvement would be to
decrease the probe spot to measure a signal due only to a
given initial strain.

6.3. Variation with wavelength

The laser wavelength has an important influence on the
detection sensitivity. Indeed, the photoelastic coefficients
play a dominant role in the detection function and even if
their variation with laser energy is not very well known,
they are expected to vary strongly in the vicinity of elec-
tronic transitions, as the complex index does. The passage
of the acoustic wave in the SL results in a slight variation
of the energy levels, and if the probe laser wavelength is
tuned close to an electronic transition, which will vary, we
expect a large variation of the relative reflectivity.

We perform a series of experiments where the probe
wavelength varies while the pump wavelength and its in-
tensity remain constant, at 750 nm and at about 8 nJ /pulse
respectively. The latter is large enough to obtain a non-
linear propagation, resulting in a broad spectrum imping-
ing on the SLs S200 and S400. This is possible using the
ASOPS set-up described in section 3.2 for sample S200.
This works well for frequencies lower than 400 GHz, due
to time resolution limitations of the set-up. To go further,
for sample S400, we used the traditional set-up as genera-
tion by the aluminum film is not very sensitive for pump
wavelength varying from 720 to 810nm. The results are
plotted in figure 13, where in (a) are compared the dis-
persion curve and the values of the frequencies we detect.
The values verify the selection rule which slightly varies
with probe wavelength. In the panel (b) we compare the
variation of the FT amplitude at these frequencies with
the photoluminescence (PL) and excitation of the pho-
toluminescence (PLE), where can be recognised EIHH1
and E1ILH1 transitions (790 and 780nm for S400, 808 and
805nm for S200). The detection shows a strong answer
around these transitions, even if the convolution with the
laser pulse (spectral width of 8 nm) makes difficult the pre-
cise interpretation. What is remarkable is that one obtains
a gain of one order of magnitude in sensitivity, when the
probe wavelength is closed to an electronic transition.

6.4. Round trip

As previously seen, the spectral response of phonon de-
tection in SLs is modified when a sufficient refractive index
difference allows an optical reflection at the interface be-
tween the substrate and the SL. Phonons with the wave
vector ¢ = 0 are weakly detected. Thus, in principle, a
SL can generate phonons in the mode ¢ = 0 and can also
detect them. We exploit this idea by performing a straight-
forward experiment where a SL plays the role of generator
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Figure 14: (a) In the "round-trip" experiment, (sketched in the inset)
transient reflectivity for sample S400 in black, and band pass filter
at ¢ = 0 mode (0.395 THz) at a pump intensity of 1.8 nJ/pulse and a
laser wavelength A = 778 nm. Arrival times are indicated by dashed
lines. (b) Corresponding FT of the derivative of the time trace. The
peak amplitude amounts to ~8x 1074,

and detector. These measurements differ from what is usu-
ally done, that is studying the excited acoustic modes after
excitation in the time range where the change of reflectiv-
ity is dominated by carriers dynamics. We were interested
in the part of excited phonons at ¢ = 0 which leaks from
the SL, propagates through the substrate and comes back
to be detected by the SL (cf. inset in figure 14). The diffi-
culty is the weakness of the signal, which is dominated by
the carrier dynamics (by 3 order of magnitude, as it will be
seen). In addition, the time delay at which it should be de-
tected is unknown as the thickness cannot be determined
with a sufficient precision (an error of 1 ym implies a time
delay difference of more than 400 ps). One can suspect a
loss of high frequencies due to reflection on the back of the
substrate, even polished [64]. Nevertheless we could mea-
sure the signal due to the acoustic pulse which has made
one round trip in sample S400 (a propagation distance of
about 700 um), plotted on figure 14(a). The wavelength
of the laser was adjusted to maximize the signal. Brillouin
oscillations from distant echoes are mixed to the signal,
and begin before the arrival of the acoustic pulse; the am-
plitude jump gives an accurate determination of ¢;. By
filtering the signal at ¢ = 0 mode frequency (395 GHz), we
obtain a symetrical signal with a shift of about 200 ps in
the arrival time. That value is in agreement with the de-
lay calculated from dispersion with a thickness of 346 um,
deduced from the measurement of two successive echoes.

The signal lasts long, about 2.25 ns. In comparison with
the case of an acoustic pulse generated by a metallic film,
with a duration of a few picoseconds, which was detected
by the same SL, the signal duration is 4 times longer. In-
deed, what is detected here is a wave packet lasting for
nearly two nanoseconds (cf. figure 3).

In the frequency domain, ¢ = 0 mode dominates by
a factor 4 both Brillouin and ¢ = 2k modes. It can be
surprising that these backscattering modes are detected
as the SL generates a quasi-monochromatic wave at ¢ = 0
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mode. As it can be seen in the calculations (cf. figure 5(b)),
we remind that the generated wave packets have a low
frequency broad component and a peak at ¢ = 0 whose
basis is weak but broad enough in the low frequency side,
so that an overlap exists with the mode ¢ = 2k at 356 GHz.
These are finite size effects. That explains that, besides the
main component at the ¢ = 0 mode, the detected signal
has also weak components at ¢ = 2k.

7. Double SL samples

7.1. Principle and results

Associating a metallic film and a SL on opposite sides
of the substrate, to use SLs as generators or detectors is
very interesting to study the properties of SLs, taking ben-
efit from the fact that aluminum films are phonon broad
band emitters with a flat wavelength response. However
this scheme suffers from spectral limitations of the metal-
lic film. If one desires to reach higher frequencies, it is
natural to think about associating two SLs on opposite
sides of the substrate. The experimental configuration is
sketched on figure 15(a). This scheme has been used with
a separating 1-pum thick GaAs layer but optical coupling
remains between the SLs and the role of each SL does not
clearly appear [65, 66]. To that purpose, several samples
have been grown as described in section 2.2. The thick-
ness lateral gradient, introduced during the growth of one
SL, gives a degree of freedom since the frequency of the
q = 0 and ¢ = 2k modes varies with the position of the
laser spot. It can be then possible to tune one detected
frequency of the tapered SL to that of the ¢ = 0 mode
generated by the uniform SL, as shown on the dispersion
curves on figure 15(b). The SL with a thickness gradient
has slightly thinner layers for this configuration. It keeps
the advantage of spatially separate the roles of generation
and detection, and brings a selection on phonon frequency.

Let’s focus on the signal obtained when the sample is
moved relatively to the two beams. A large exploration
has been done on sample DSI1 resulting in the spectra
shown on figure 15(c). A signal with a constant amplitude
is found at the Brillouin frequency (not shown), whereas
around the first gap in the zone center (=~ 1THz), three
peaks appear, corresponding to ¢ = 0 mode and two rel-
ative to the selection rule ¢ = 2k. For a peculiar posi-
tion on the sample (at the scale origin on the figure) the
q = 0 mode amplitude reaches a maximum, corresponding
to the maximal overlap between generation and detection
functions. Moreover, this overlap slowly disappears as one
moves away from the optimized position (1 to 2% of rel-
ative thickness change). Indeed, as previously said, finite
size effects spectrally broaden the two processes. Some
non-negligeable overlap is partially assured by the backre-
flection of the probe beam, since the ¢ = 0 mode can be
detected when its frequency approximates the one of the
same mode of the wedged SL. We checked that mode am-
plitudes linearly increase with the pump intensity as long
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Figure 15: (a) Scheme of the experiment with a SL on one side of the
substrate and a tapered SL on the other side, allowing the spectral
tuning of the detection response. (b) Matching between generation
(¢ = 0 mode) and detection (the gradient of thickness implies a
continuous change of the dispersion curve). (c) Fourier transform
amplitudes for different positions of the probe on the tapered SL on
sample DS1. Dotted lines are guidelines to follow the detected modes
(in green) and the generated mode at 1.008 THz (in red). The laser
wavelength was A = 695 nm.

as the latter remains lower than 1.2nJ/pulse. Thus, ne-
glecting nonlinearities during propagation, we could com-
bine the calculations of generation and detection as previ-
ously described, and obtain a behaviour in agreement with
experimental data, in particular for the gain obtained at
the optimal position[67].

From now we will discuss signals obtained on the op-
timal position on the sample. The figure 16 presents the
temporal signal measured at high pump intensity for sam-
ple S400. At a wavelength where the detection is very
efficient, the signal is dominated by the ¢ = 0 mode at
396 GHz, by nearly 2 orders of magnitude. If we focus on
the beginning of the signal, we clearly see three regimes.
As it has been noticed in the detection configuration (fig-
ure 8), the SL is weakly transparent, allowing that a frac-
tion of probe light reaches the substrate and interacts with
the incoming acoustic wave. This gives rise to the first
Brillouin oscillations seen before ¢t — ty = 200 ps. The am-
plitude jump gives an accurate indication of the entering
of the acoustic wave in the SL. This wave, generated by
the other SL has undergone dispersion during propaga-
tion. That explains that the Brillouin component is first
detected, corresponding to the second temporal window
200ps < t —ty < 300ps. Then after 300 ps, higher fre-
quency components, i. e. ¢ = 0 mode at 396 GHz and a
small component at 486 GHz (¢ = 2k), are also detected
and last for 3000 ps. This duration is explained by the
same statements as in § 6.4 where the acoustic wave which
is detected has been generated by a SL (duration of =
2.25ns). Indeed, here the SL is 1.25 times thicker so the
detection should last longer. In addition, the generated
mode is spectrally thinner, as the number of periods has
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Figure 16: (a) Transient reflectivity for sample DS400, at a pump
intensity of 7.9nJ/pulse and a laser wavelength A\ = 769 nm. Inset
: enlargement of the beginning of the signal, where arrows indicate
the arrival times of Brillouin and ¢ = 0 mode components (= 200
and 300 ps respectively). (b) Corresponding FT of the derivative of
the time trace: the ¢ = 0 mode at 395 GHz dominates by 2 orders of
magnitude the ¢ = 2k modes.

increased by 1.25. For all these reasons, the signal should
last more than 1.25 times the duration in the case of S400,
i. e. 2800ps. The experimental value (= 3200 ps) agrees
with these statements.

Calculations give also a good simulation of the signal in
the temporal domain, as shown in figure 17. These are
results obtained on DS1. The panel (d) from figure 17
shows the spectral features, and here the ¢ = 0 mode is
not very large compared to the Brillouin component, pos-
sibly because the laser wavelength could not be optimized
(692 nm is very close to the edge of the laser wavelength
operating range). Note that the shape of the signal dif-
fers from figure 16 as the pump intensity is very low here.
Four discontinuities are now better distinguished at regu-
lar intervals corresponding to the travel time within a SL
(respectively 237 and 244 ps). The maximum intensity
happens at tg + 471 ps, the travel time through the whole
structure (substrate+2SL). The comparison between cal-
culations and the signal, filtered at brillouin and ¢ = 0
modes (blue and red respectively) is shown on panels (b)
and (c) from figure 17. General features are very well
reproduced, including the shape of both signals and the
delay undergone by the high frequency. The delay was
well adjusted with v = (6.10 4 0.2) x 1073. The same ex-
periments have been performed on similar samples DS400,
DS700, DS800, (with two SLs) designed for respective cen-
tral frequencies 0.395, 0.715, and 0.787 THz. In addition
to these 4 samples described in table 1, we include the re-
sults obtained on a sample similar to S400, with a thicker
substrate (983 um). The relative time delay for the high
frequency is reported on figure 18 and the best fit with the
equation 6 gives a value v = (6.90 & 0.1) x 102, which is
slightly smaller than 7.4 x 103 nm3.ps~! from Ref. [39].
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7.2. Efficiency of detection or generation

The gain obtained with such a scheme is demonstrated
by the comparison of this experiment and the one where
a unique SL detects the phonons it has generated, de-
scribed in § 6.4. Indeed, in the optimal conditions, i. e.
with optimization of the position on the sample and of the
laser wavelength, the figure 16 shows typical signals in the
case of DS400. At a lower pump intensity of 1.65nJ/pulse
where no saturation occurs (peak amplitudes increase lin-
early with the pump intensity), the peak amplitude at
393 GHz amounts to 0.045. At the same pump intensity
and at an optimized laser wavelength (778 nm), the gen-
eration and detection by sample S400 only allow a peak
detection of 0.0008 at 394 GHz. Of course the fact that
sample DS400 has a larger number of periods will induce
a correction, but will not affect a lot the measured gain of
56.

Another possible comparison allows to estimate the ef-
ficiency of generation by a SL designed to generate at
400 GHz, in comparison with an aluminum film. We have
seen, in the case of figure 16 in the optimal conditions, that
the SL generates a component at about 400 GHz which
amplitude reaches 0.07, measured with another SL. The
signal generated by an aluminum film was detected by a
similar SL (sample S400) in the "detection configuration”
(cf. § 6.1). With the same probe wavelength (777 nm) the
amplitude at 360 GHz (450 GHz resp.) reaches a value of
0.014 (0.005 resp.), when the pump intensity on aluminum
film is quite large (7.9nJ/pulse). Taking into account the
difference of the number of periods, we can conclude that
around 400 GHz the aluminum film generates an ampli-
tude smaller by a factor of 4 to 11.

7.8. Optical control

The fact that phonons are coherently excited in these
experiments gives the possibility for an optical control us-
ing multiple pump pulses. Coherent control experiments
have been used to manipulate electronic states, and con-
trol the carrier population in nanostructures as quantum
wells[68]. They were also realized on LO phonons in bulk
semiconductors[69, 70]. Concerning acoustic phonons, co-
herent control has been performed in semiconductor SLs
or nanocavities based on SLs, in classical pump probe ex-
periments directly on the structure[71, 72]. With a second
pump pulse with a tunable time delay 7 relatively to the
first pump pulse, it was possible to extinct excited phonons
from the first zone-center gap and enhance the ones from
the second gap, or modulate the amplitude of the ¢ = 0
mode. At the same time, an enhancement of the purely vi-
brational response was obtained[73]. In [74] such a double-
pump pulse configuration could allow a coherent control of
breathing vibrations of silver nanospheres, and the excita-
tion of the first order radial mode usually dominated by
the fundamental mode.

The control of the amplitude of the wave packet de-
tected after propagation was perfomed on sample DS400.
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Figure 19: In the double pump pulse experiment, FT amplitude of
the peak at 0.393 THz (O ) for sample DS400, as the time separating
the two pump pulses inscreases. The pump intensity for one pulse is
4.2nJ/pulse and the laser wavelength is A = 772nm. The line is a
guide to the eye for the expected oscillatory behavior.

Two optical paths, similar to a Michelson interferometer,
are inserted into the pump beam; the mirror of one of the
paths is constituted by a prism used as a retroreflector on
a mechanical stage. The delay 7 is adjusted thanks to the
position of this prism. If 7 is an odd number of the semi-
period of the acoustic phonon wave packet and smaller
than the duration of the wave packet, the second pump
will generate a wave packet which will interact with the
first one destructively. This interference will be efficient
if saturation of electronic transitions is avoided. The two
pump beams have exactly the same intensity which more-
over should influence the acoustic interference contrast.
The amplitude of the FT at the ¢ = 0 mode is plotted
on figure 19 as the delay between the two pump pulses
increases. As expected we obtain an oscillatory behavior,
with a period invert of the ¢ = 0 mode frequency.

At high pump pulse energy, while increasing the time
delay between the two pump pulses, we observed that the
amplitude of these oscillations decreases and that the ex-
tinction of the mode is not perfect. This behavior could be
ascribed to saturation effects of the first pulse on phonon
generation processes: indeed the contrast varies from 50%
(as shown on figure 19) to 80% when the pump pulse en-
ergy is decreased by a factor 3.

Coherent control on Brillouin oscillations can also be
used to damp the Brillouin oscillations and simultaneously
emphasize the high frequency mode. We performed such
an experiment on sample DS1 by using 2 pump pulses
delayed by one Brillouin half period, namely 19.8 ps in or-
der to generate quite opposite Brillouin oscillations and in
phase 1 THz oscillations. In the Fourier transform spec-
tra shown in figure 20(a), a hole appears at the Brillouin
frequency, while the 1 THz component is increased by a
factor of 2 (¢f. figure 20(b))

7.4. Applications

This device, presenting two SLs on each side of the sub-
strate, has been used as a sensitive tool for the study of
propagation properties of high frequency phonons through
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pump pulse experiment. The pump intensity was 0.2nJ/pulse.

the GaAs bulk medium. The relative changes of the am-
plitude of the quasi monochromatic mode was measured
as a function of temperature, and we deduced the varying
part of the attenuation by

a(T) — ap = In(A(T)/Ao)/ L (7)
where L is the substrate thickness, A(T) and Ag (re-
spectively a(T) and «p) the amplitudes of the mode (re-
spectively the attenuation) at the temperature T and at
T ~13K. The pump intensity was carefully adjusted to
avoid saturation. The signal variation with temperature is
attributed to phonon scattering in the substrate, mainly
due to anharmonic processes which have a significant de-
pendence with temperature. We assume that the efficiency
of the generator and the sensitivity of the detector do not
vary with temperature, as they are both related to the
position of the laser wavelength relatively to that of the
SL electronic transition. This assumption is correct since
electronic transition energies are nearly constant in the
temperature range we explored.

From further experiments we could extrapolate that
such experiments could be performed at room tempera-
ture with typical propagation distances of 10 um. A more
complete study is the subject of a forthcoming publication.

Conclusion

The principles of terahertz acoustics using superlattices
are now well established. The possibility to generate, prop-
agate over large distances and detect monochromatic co-
herent acoustic waves up to 1 terahertz has been clearly
demonstrated and experiments have been performed either
after a round trip or a simple transmission through thick
wafers. The key point is to use high quality superlattices
with a few hundreds nanometric periods. The probe laser
wavelength has to be tuned close to an electronic tran-
sition of the superlattice in order to maximize the pho-
toelastic coeflicients. Optical planar cavities can also be



used to improve the detection sensitivity. These terahertz
transducers could be useful for acoustic spectroscopy, mea-
surements of phonon mean free paths or high resolution
phonon imaging.
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Figure 13: In the detection configuration, for sample S400 (up) and S200 with ASOPS (bottom) with constant pump intensity (8.75nJ/pulse
(S400) or 8 nJ/pulse (S200)) (a) dispersion curve where the detected frequencies (M) are plotted as the laser wavelength varies, resulting in a
slight change of the selection rule ¢ = 2k. ¢ = 0 mode is detected as well. (b) Corresponding FT amplitude at these frequencies as a function
of the (probe) laser wavelength. The photoluminescence (PL) and excitation of the photoluminescence (PLE) are plotted as well. The pump
wavelength was 750 nm in ASOPS (S200).
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