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We present experimental results obtained in two-color pump-probe experiments performed in semi-
conductor self-assembled quantum dot (QD) layers. The sample reflectivities present several acoustic
contributions, among which are strong acoustic phonon wave packets. A comparison between one- and
two-color experiments and a fine analysis of the echo shape attest that a high magnitude phonon pulse
emerges from each single QD layer. This conclusion is supported by a numerical modeling which
perfectly reproduces our experimental signals only if we introduce a strong generation in each QD layer.
We explain such a strong emission thanks to an efficient capture of the carriers by the QDs.
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The interaction between phonons and electrons is a
crucial issue in nanophysics due to the role it plays in
carrier relaxation [1–3]. This has motivated much work
on the vibrational modes of nanocrystals and quantum dots
(QDs) using resonant Raman scattering and ultrafast opti-
cal spectroscopy. Femtosecond laser pulses in a pump-
probe scheme offer a unique way of directly observing
phonons in the time domain [4]. Several mechanisms
have been proposed for the excitation and the detection
of phonons using ultrashort optical pulses: impulsive
stimulated Raman scattering [5], thermal expansion in
metallic nanostructures [6,7], deformation potential [8,9],
and piezoelectric coupling [10].

Phonon studies by time-resolved pump-probe experi-
ments can be listed in two categories. First, most of these
experiments have been applied to the study of confined
vibrational modes in both metallic and semiconducting
nanostructures. The transient transmission or reflectivity
reveals in the first tens of picoseconds an oscillating part
which is assigned to vibrational normal modes of the nano-
structure [5,6,10–12]. Such a regime is obtained in dots
whose mechanical properties significantly differ from
those of the matrix, vibrational modes being confined.
Second, a few other time-resolved studies were reported
on semiconductor heterostructures which present a small
acoustic mismatch. These studies deal mainly with quan-
tum wells, in which the light pulses excite and detect
ballistic phonon wave packets whose propagation is moni-
tored on a larger time scale [8,9,13]. Interaction between
acoustic phonons and electrons in epitaxially grown semi-
conductor QD (i.e., self-assembled QDs) layers has been
attracting much interest recently [1–3].

In this Letter, we report on time-resolved experiments on
such semiconductor QD layers. We detected strong pulses
in the reflectivity which are unquestionably assigned to
coherent acoustic phonon wave packets emitted from each

QD layer and detected at the sample surface. To the best of
our knowledge, this is the first direct evidence of a strong
coherent acoustic phonon emission from a QD layer. The
most noticeable points are the high intensity of the detected
phonon pulses and the large wavelength range on which the
emission is found to be efficient. These results suggest that
semiconductor QDs could be an efficient source of coher-
ent acoustic phonons needed for nanoscale acoustic
transduction.

Experiments were carried out on samples grown by gas
source molecular beam epitaxy on (100) InP substrates as
described elsewhere [14]. We present here the results
obtained on two samples hereafter designated by A and B
containing, respectively, two and one layers of buried
InAs=InP QDs. In sample A, the nominal thicknesses of
the final cap and the interlayer are, respectively, 320 and
480 nm. In sample B, the nominal cap thickness is 400 nm.
Transmission electron microscopy observations have
shown islands of quantum size, with an average height of
2 nm and an average width of 20 nm. The time-resolved
experiments were conducted using a two-color pump and
probe setup associated with a tunable Ti:sapphire oscilla-
tor. The laser produces 120 fs optical pulses at a repetition
rate of 76 MHz centered at a wavelength adjustable be-
tween 700 and 990 nm. Figure 1(a) presents a schematic
diagram of the experimental setup. The pump pulse is
directly issued from the infrared oscillator, whereas the
probe is frequency doubled to produce a blue pulse which
is absorbed near the sample surface in the InP cap. All of
the experiments are performed at room temperature.

Figure 1(b) shows the transient reflectivity of sample A
obtained using a 812 nm pump and a blue probe which
detects only the reflectivity changes at the sample surface.
The photogenerated carriers first produce an initial spike
visible on the ultrafast time scale (�1 ps). The subsequent
long-lived change in reflectivity is caused by thermally and
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electronically induced variations in the cap layer refractive
index. The reflectivity also presents strong localized struc-
tures (at T1 � 70 ps and T2 � 175 ps) to which this Letter
is devoted. As we demonstrate in the following, they
correspond to acoustic phonon wave packets generated in
each QD layer.

To go further, we present in Fig. 2(a) the experimental
signals obtained on samples A and B after substracting a fit
of the relaxation contribution. One first notes that in both
samples the number of strong detected structures (in the
following designated by ‘‘echo’’) is equal to the QD layer
number (two for sample A at T1 and T2 and one for sample
B at T01). The echo delays correspond to the time needed for
a longitudinal acoustic wave to go from the QD layers to
the surface.

The substraction of the relaxation contribution also re-
veals several smaller acoustic signals. In the first pico-
seconds, the response of both samples displays a small os-
cillating part. It originates from the detection of the acous-
tic pulse generated at the free surface and which propagates
towards the substrate. The blue pulses probe only a few
tens of nanometers in the InP cap (the absorption length in
InP close to 20 nm at 400 nm is much shorter than the cap
thickness in both samples). The oscillating character is
related to the photoelastic detection mechanism [15]. To
confirm this point, we measured the oscillation period (T)
as a function of the probe wavelength (�probe) [Fig. 2(b)]. It
reveals a very good agreement with the theoretical result
expected from a photoelastic model: T � �probe=2nv,
where the optical index (n) and the longitudinal sound
velocity (v) were extracted from the literature [16].

A small part of this acoustic pulse is reflected on the first
QD layer, which leads to a small structure detected at a

delay which corresponds to a round-trip in the InP cap. In
sample A (respectively, B), such a structure is detected at
2T1 � 140 ps (respectively, 2T01 � 176 ps). These delays
correspond to those expected after one round-trip in
321 nm of InP (respectively, 403 nm); both values are
very close to the nominal cap thicknesses (320 and
400 nm, respectively).

In Fig. 2(a), we also present the experimental result
obtained using a blue beam for both the pump and the
probe on sample A. Compared to the previous results, only
the generation is thus expected to be modified due to the
strong optical absorption of the pump pulse in the final cap.
The small echo corresponding to the round-trip in the cap
is still detected. That is consistent with the fact that this
echo results from a generation and a detection near the free
surface. The most noticeable point in the comparison
between two-color and one-color experiments is the ex-
tinction of the strong acoustic structures detected at T1 and
T2. Because of the wavelength change, no blue pump light
can reach the QD layers. This observation thus confirms
that the strong coherent acoustic phonon wave packets are
issued from the QD layers.

This conclusion is also supported by a fine comparison
of the shape of the successive localized acoustic signals.
The strong echo detected at T1, the small structure at 2T1

(round-trip in the cap), and a small echo close to 3T1 �
210 ps correspond to the detection of the acoustic energy
coming from the first QDs layer and reflected by the free
surface back into the sample and then reflected by this QD
layer back to the surface. These signals have been rescaled
and temporally superimposed in Fig. 2(c). The figure re-
veals that the structures detected at T1 and 3T1 present the
same shape. On the contrary, the echo detected at 2T1

differs from the others, its shape being much symmetrical
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FIG. 1. (a) Schematic diagram of the experimental setup. Most
experiments were carried out using an infrared pump and a blue
probe. BBO � �-BaB2O4 crystal. The infrared pump signifi-
cantly penetrates the sample, whereas the blue pulses only probe
the sample surface. (b) Experimental result obtained using a two-
color experiment with pulses centered at 812 nm on a two-QD
layer sample. The most noticeable point is the structures local-
ized at T1 � 70 and T2 � 175 ps.
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FIG. 2. (a) Experimental results obtained on samples A and B
containing two and one QD layers, respectively, using various
pump and probe colors. (b) Period of the oscillation detected at
zero delay as a function of the probe wavelength. (c) Shape
comparison between the three first acoustic echoes. One should
note that the structures detected at T1 and 3�T1 can be perfectly
superimposed contrary to the 2�T1 one.
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than theirs. As in the three cases where the detection acts at
the surface, the observed difference is thus related to the
strain pulse itself. A pulse generated at the free surface has
a bipolar shape due to boundary conditions, whereas the
strain pulse generated inside the sample is expected to be
monopolar. The photoelastic detection of a bipolar (respec-
tively, monopolar) strain leads to a symmetrical (respec-
tively, asymmetrical) echo. The asymmetrical shape of the
T1 and 3T1 echoes is one more evidence of an acoustic
emission from the QD layer.

From all of these results, we can thus conclude that
coherent acoustic phonons are generated from the sample
surface and from each QD layer. Using a numerical mod-
eling of the generation and detection processes, we can
examine independently the acoustic generation from the
successive layers of the sample. The numerical tool first
solves the electromagnetic continuity equations in order to
get the pump absorption profile in the sample which serves
as a source term in the resolution of the acoustic continuity
equations. The first derivation of the model can be found in
Ref. [17]. The input parameters are the optical and me-
chanical parameters of materials, an effective generation
parameter, and a complex photoelastic constant for the
detection.

Figure 3 presents numerical and experimental results
obtained on sample A. We first consider the generation
acting only in InP layers. By fitting the photoelastic con-
stants, we can well reproduce the intensity and phase of the
experimental oscillation detected in the first picoseconds
[Figs. 3(a) and 3(c)]. The 810 nm pump can reach up to
1 �m in the sample depth. Even in the case of a generation
limited to InP, each QD layer introduces a discontinuity in
the absorption and generation profiles. The resulting strain
pulse also presents such discontinuities, and its photoelas-
tic detection gives echoes at T1 and T2 as shown in
Fig. 3(c). Nevertheless, these structures cannot correspond
to the measured echoes for two obvious reasons revealed in
the comparison of Figs. 3(a) and 3(c). First, the phase of the
numerical structures is opposite to the experimental one.
Second, in this scheme, the numerical echoes cannot be
higher than the first picoseconds oscillation due to the
absorption profile that is unlike the experimental observa-
tion. To reach the excellent agreement between theory and
experiment presented in Figs. 3(a) and 3(b), we need to
introduce a strong generation from the InAs QDs. The
numerical study further demonstrates the strong acoustic
generation in the self-assembled InAs=InP QD layers.

We now focus on the spectroscopic behavior of the
phenomenon. Figure 4 shows the first 100 ps of experi-
mental and numerical signals obtained in sample A using a
two-color setup at different laser wavelengths comprised
between 750 and 900 nm. One first notices that strong
echoes are still detected over this large wavelength range.
This result contrasts with the sharp resonance previously
reported in quantum wells [9]. The only significant change
concerns the echo shape. We reported similar effects on
metals and semiconductors [18–20]. Here the InP E1

transitions (394 nm [16]) fall in the blue probe wavelength
range (375–450 nm). In the vicinity of an interband elec-
tronic transition, changes in the photoelastic couplings
occur and affect the detected echo shape and/or amplitude.
By fitting the photoelastic coefficients, we obtained a
perfect agreement between experiment and simulation for
each wavelength, using literature values for the index of
refraction [21,22]. To fit the echo shape, a phase change in
the photoelastic constant is sufficient. We emphasize that a
large generation coefficient in QDs is still needed to re-
produce each echo amplitude. This demonstrates that the
detection mechanism is well accounted for and that the
phonon emission is strong over the whole wavelength
range.

Different mechanisms can play a role in the acoustic
phonon emission from a light pulse in semiconductors
[23]. But the deformation-potential (DP) mechanism is
expected to have the strongest contribution here. Indeed,
the thermoelastic mechanism, which is based on a sudden
change in the lattice temperature, cannot reproduce such a
high generation assuming realistic values for optical ab-
sorption and dilatation in the InAs QD layer. The piezo-
electric mechanism is not relevant here due to the (100)
orientation. For the DP mechanism, an acoustic pulse
results from the change in the electronic state occupation,
and it is governed by the product of the carrier density by
the deformation potential itself. Nevertheless, the echo
amplitudes one calculates, by assuming that the photo-
excited carrier density in the QD layer is given by light
absorption, are much lower than those observed experi-
mentally. The high amplitude of the phonon wave packet
generation can be accounted for by considering the follow-
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FIG. 3. (a) Experimental result obtained on sample A after
substracting of the relaxation contribution. (b) Complete numeri-
cal result. (c) Numerical modeling of the acoustic contributions
issued from the InP layers of the sample. The excellent agree-
ment obtained between (a) and (b) requires a high generation
process in the QD layer.
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ing scenario, in which the QD layers play a specific role.
Because of the high energy of the pump pulse compared to
the QD states, electron-hole pairs are generated mainly in
the barrier continuum states. In a very short time (�1 ps),
the carriers lose their energy and are captured by the QDs
where a high carrier density results [24]. The carrier den-
sity which acts in the deformation-potential mechanism is
thus much higher than expected solely from direct light
absorption. The carrier capture explains the high observed
emission. It also accounts for the nonresonant character of
the generation since the barrier states present a large ab-
sorption band. Within this scenario, generation can be
expected even when light does not reach the QD layer
provided the carrier capture can act. It is worth mentioning
that an efficient phonon emission has been observed in a
sample with a 120 nm cap layer pumping at 400 nm, a
wavelength at which light is strongly absorbed within
18 nm InP. For samples with a much thicker cap, the
generation does not operate anymore (as shown in Fig. 2,
sample A has a 320 nm thick cap layer).

This is the first direct observation of a phonon emission
from self-assembled QDs. It is found to be independent on
the substrate orientation [we obtained similar results on
samples grown on (311) and (100) substrates] and does not

require any particular in-plane QD arrangement. These
results contrast with a recent observation of oscillations
in the reflectivity on self-assembled QDs [25]. The authors
observed a long-lived oscillation only for a specific in-
plane distribution of QDs grown on a (311) substrate.
They proposed an interpretation in terms of a phonon
emission invoking the piezoelectric coupling due to the
(311) substrate orientation.

We have reported on strong acoustic phonon wave pack-
ets emission from a QD single layer. The most noticeable
points are the high magnitude of the detected signal and its
nonresonant character. We explain the high phonon emis-
sion by involving an efficient carrier capture. That suggests
that QD layers could be promising systems for a very
efficient generation of phonon pulses whose applications
in phonon physics is strongly needed. The strong localiza-
tion of the emission demonstrated here suggests that a QD
layer should also act as a particularly high frequency
acoustic emitter.
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