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We present experimental results demonstrating that the generation of terahertz acoustic waves using femto-
second laser pulses is possible in quantum dots �QDs�. Very short and strong pulses are emitted from a buried
QD layer and detected at the sample surface. By tuning the laser wavelength we can detect, at room tempera-
ture, frequencies above 1 THz using a photoelastic mechanism. A theoretical model supports such a capability
and shows that around an interband transition the bandwidth of the photoelastic detection can be greatly
improved. These results suggest that QD can be an ultrahigh-frequency acoustic transducer needed for nano-
scale acoustics.
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With size reduction, more and more mechanical investi-
gations at nanoscale are needed as well as for probing elastic
properties or the environment effect on nanoscale objects or
interfaces.1,2 The frequency range which suits very well such
a size scale starts from 100 GHz up to a few terahertz. Sev-
eral experimental techniques permit to study such acoustic
phonons, as well in the frequency domain such as Raman or
Brillouin light scattering, as in the time domain with ultrafast
acoustics. In ultrafast acoustics also known as picosecond
acoustics, one uses femtosecond laser pulses to generate and
to detect acoustic phonons. A few studies have demonstrated
the opportunity to detect subterahertz acoustic waves with
such a setup in some specific samples.3 Concerning genera-
tion, a transducer able to emit terahertz acoustic pulses is still
needed. In most cases, the generation is made by optical
absorption within a thin metallic film. Doing that it is pos-
sible to reach frequency up to 300 GHz.4 New transducers
must be developed to reach higher frequencies, and in order
to compensate sound attenuation they must be very efficient.
Recently, superlattices have been attracting much interest,5–8

and frequency in the terahertz range has been observed at
low temperature.

Previously one of us has shown that QD can be a very
efficient phonon emitter.9 Using a two-color pump-probe ex-
periment, it has been shown that the pump femtosecond light
pulse produces a huge phonon emission within the QD layer.
The spectral content of such a pulse is expected to reach
terahertz frequencies due to small size of the emitting region.
Roughly, the central frequency of a phonon wave packet
emitted from a region which size is � is given by v /�, where
v is the longitudinal sound velocity. Assuming a 3-nm-height
InAs QD layer and a sound velocity of 3.83 nm.ps−1, we
expect the central frequency to fall in the terahertz range.10

Unfortunately, in these previous experiments the phonon
wave packets were detected at the free surface by the photo-
elastic mechanism which was limited to 100 GHz.9 So the
question of frequency content of the huge acoustic pulses
emitted from QD is still open.

In this Brief Report, we present experimental results
which confirm the high-frequency content of the acoustic
pulse emitted from the QD layer. By playing on the experi-

mental conditions, we are able to detect frequency above 1
THz at room temperature. Such a high-frequency component
is detected by means of the photoelastic mechanism and
some specific experimental condition. A theoretical model
supports these results, and experimental signals are repro-
duced using a numerical modeling.

Experiments were performed on epitaxially grown InAs
quantum dots buried in InP.11 Two samples with different cap
thickness, each containing one layer of InAs QD, were stud-
ied. The nominal thicknesses of the cap are 400 and 100 nm
and the InP substrate orientation is �311�. The time-resolved
experiments are carried on using a tunable Ti:sapphire oscil-
lator and a conventional two-color pump and probe setup at
normal incidence. The laser produces 120 fs optical pulses at
a repetition rate of 80 MHz, centered at a wavelength tunable
between 690 and 1040 nm. Figure 1�a� presents a schematic
diagram of the experimental setup. We used an infrared

FIG. 1. �a� Schematic diagram of the experimental setup. SHG
=second-harmonic generator. THG=third-harmonic generator. The
infrared pump penetrates deeply inside the sample, whereas the blue
or UV probe is absorbed at the sample surface. �b� Experimental
signal obtained on the 400-nm-thick cap sample at a probe wave-
length of 450 nm.
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pump while the probe is either frequency doubled or fre-
quency tripled.12 As explained in the following, we need to
reach lower wavelengths for probing the high-frequency con-
tent of the acoustic pulse. For that, we realized a third-
harmonic generator to obtain a UV probe from the near in-
frared output of the laser. Following previous work,
frequency tripling is made as a cascaded process; first the
laser is frequency doubled by focusing the input beam in a
1-mm-thick LiB3O5 �LBO� crystal. LBO is preferred to
�-BaB2O4 �BBO� to ensure a good spatial profile. Then the
third harmonic is obtained by a subsequent sum frequency
generation using type I phase matching in a 0.5-mm-thick
BBO crystal.13 All the experiments are performed at room
temperature.

Figure 1�b� shows the transient reflectivity obtained at a
probe wavelength of 450 nm on the sample with a 400-nm-
thick cap. One first remarks an initial drop of the reflectivity
produced by photogenerated carriers on an ultrafast time
scale. It is followed by a slow increase due to electronically
and thermally induced variation of the refractive index. An-
other strong structure appears around 80 ps, it corresponds to
the arrival of the acoustic phonon wave packet generated
within the buried QD layer. As described in details in Ref. 9,
two strain pulses are emitted from the pump light pulse: one
from the free surface and one from the QD layer. Both are
detected at the free surface by the blue probe which pen-
etrates the cap only from a few nanometers. The detection of
the first pulse is visible in the first picoseconds as an oscil-
lating part. On the other hand, the pulse coming from the QD
layer is detected at a delay which exactly corresponds to the
time needed for a longitudinal-acoustic wave to go across the
cap. The oscillating part of the echo detection is an evidence
of the photoelastic nature of the detection mechanism. In-
deed, such oscillations so-called Brillouin oscillations result
from interferences between the probe light reflected at inter-
faces and the one reflected by the acoustic pulse.14 The fre-
quency is given by f =2nv /� where n is the refractive index,
v is the longitudinal sound velocity and � the probe
wavelength.14 In case of InP, the frequency detected using a
450 nm probe is close to 100 GHz. In other words, the de-
tection of the pulse coming from the QD is limited to about
100 GHz.

According to the same formula, the Brillouin and thus the
detection frequency can be increased by decreasing the probe
wavelength. So we first use an UV probe wavelength in or-
der to measure the high-frequency content of the strain pulse
emitted from the QD. In Fig. 2�a�, we present a zoom-in of
the echo detected either in blue �450 nm� or in medium UV
�266 nm�. The echo detected at 266 nm is found significantly
shorter than at 450 nm and the oscillating part has almost
disappeared. This is related to the strong optical absorption
of the UV light in InP: The extinction coefficient k in InP is
0.7 at 450 nm and 2.8 at 266 nm.15

In Fig. 2�b� we compare the spectrum of both echoes.
First one can notice a higher central frequency of the pulse
detected with an UV probe, as expected. At 450 nm �resp.
266 nm�, the pulse is centered at 100 GHz �resp. 150 GHz�.
One should remark that the magnitude of the echo detected
at 150 GHz is still strong which confirms that the frequency
content was limited by detection and not by the strain pulse

itself. The difference between echo durations in the time do-
main is manifested in the Fourier space on the spectrum
width. The strong absorption of the UV light offers a larger
bandwidth detection. As shown in Fig. 2�b�, at 266 nm, we
can detect some acoustic components up to 300 GHz.

A frequency increase is observed �from 100 to 150 GHz�,
but the detected value is still far from terahertz. Looking
carefully at the spectrum of the echo detected at 450 nm, one
remarks that it is composed of two different contributions,
well separated in the frequency domain. Each of these is
related to a specific part in the time domain. The low-
frequency peak �up to 200 GHz� corresponds to the Brillouin
oscillations. The high-frequency bump, from 200 GHz to 650
GHz, is related to the fast structure visible at the center of the
echo. This is more evident in Fig. 2�a� where we compare the
raw echo and the filtered echo �200–650 GHz band-pass fil-
ter�. On the filtered signal, Brillouin oscillations have disap-
peared and the oscillating echo is replaced by a very short
structure. This part is already visible on the raw echo as a
small accident at the center of the echo. This first proves that
some high-frequency components are already detected using
a blue probe. Second it shows that the phonon wave packet
emitted from the QD layer contains up to 650 GHz compo-
nents.

To go further and especially to understand the appearance
of such a high-frequency structure, we need to have a better
insight in the photoelastic mechanism. The change in reflec-
tivity caused by the strain is given by16
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z=0

+�
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where ��z , t� is the strain at the depth z at delay t and f is the
sensitivity function which is defined by

f�z� = f0� �n

��
sin�4	nz

�
− 
� +

�k

��
cos�4	nz

�
− 
��e−4	kz/�,

�2�

with

(a) (b)

FIG. 2. �a� Shape comparison between the experimental echo
detected at 450 and 266 nm. The last structure results from the
application on the 450 nm experimental echo of a 200–650 GHz
band-pass filter. �b� Fourier transform of the experimental echoes.
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In these expressions, � is the probe wavelength in
vacuum, n is the refractive index, k is the extinction coeffi-
cient, and �n /�� and �k /�� are the photoelastic constants.

Equation �2� offers a simple way of identifying the two
frequency components of the echo. The sensitivity function
is composed of oscillating functions �sine and cosine� expo-
nentially damped by the optical absorption. In case of a
probe wavelength for which the absorption length is long,
the convolution of the oscillating functions with a strain
pulse leads to Brillouin oscillations. This is the origin of the
low-frequency part of the spectrum centered around the Bril-
louin frequency �2nv /��.

Second we show that depending on the photoelastic con-
stants, the sensitivity function can experience a discontinuity
at z=0 which is responsible of the detection of the high-
frequency component. To clarify this last point, we examine
the shape of the sensitivity function close to z=0 for differ-
ent sets of photoelastic constants. In Eq. �1�, one calculates
the integral between f and � on the half space z�0. In that
case � is composed of two counterpropagating pulses to de-
scribe the total acoustic reflection at the free surface. The
incoming and returning pulses have opposite signs due to the
acoustic mismatch between air and InP. It is straightforward
to see that Eq. �1� can be rewritten as an integral over the full
space, using a single strain pulse but using an odd sensitivity
function defined by Eq. �2� for z�0 and for each z verifying
f�−z�=−f�z�. The odd character of the sensitivity function is
introduced to reproduce the sign change of the strain at the
free surface.

Figure 3�a� compares the sensitivity function obtained us-
ing two different couples of photoelastic constants. Accord-
ing to the previous calculation, f experiences a 2f�0� discon-
tinuity at the free surface �z=0�. Once the optical properties
are defined, 
 is fixed and the discontinuity is governed by
the photoelastic constants. Such a discontinuity in the sensi-
tivity function, leads to a sudden change at the echo center
similarly to what is shown in Fig. 2�a�. In the frequency
domain a sudden change means high-frequency components.
In Fig. 3�b�, we compare the high-frequency content of the
echo detected by the two sensitivity functions. We use a
�-function as a strain so that we can focus on detection ef-
fects. As shown, the discontinuity created by the photoelastic
constants choice greatly improves the detection of high fre-
quency.

Experimentally, we cannot adjust the photoelastic con-
stants. But they are sensitive to the probe wavelength espe-
cially in the vicinity of an electronic interband transition.17,18

So strong changes in the echo spectrum are expected when
tuning the probe around such a transition. Here we take ad-
vantage of the InP E1 transition, located at 394 nm.10 We
performed experiments with a probe wavelength comprise
between 380 and 400 nm. The Fourier transform of the cor-

responding echoes is represented in Fig. 3�c�. Depending on
which side of the transition we tune the probe, the high-
frequency bump appears or not, confirming that the photo-
elastic constants can be significantly changed in the vicinity
of the transition.

From the theoretical analysis we thus conclude that by
tuning the probe wavelength around an interband transition
one can change the photoelastic constants and doing that one
can find a wavelength at which the sensitivity function expe-
riences a discontinuity at the free surface which permits the
detection of the high-frequency part of the strain pulse. In
case of InP we found that 390 nm is the wavelength at which
the sensitivity function offers the highest frequency photo-
elastic detection.

Using the best wavelength conditions to detect high-
frequency components of the strain pulse we come back to
our problematic of frequency content of the strain pulse
emitted from QD. Another main limitation in the detection of
terahertz acoustic pulse is the attenuation of longitudinal
phonons which is roughly proportional to the squared fre-
quency. In order to minimize the attenuation, we choose to
work on a sample with a 100 nm thick InP cap. The echo
obtained at 390 nm on the sample is shown in Fig. 4�a�. The
thinner cap compare to the previous samples is manifest by
the shorter time of arrival of the echo. The Fourier transform
visible in Fig. 4�b� presents a two components spectrum as in
the previous sample but shifted toward higher frequency. We
clearly see that there is component in the terahertz range. As
the experiment was performed at room temperature at which
the phonon attenuation is still strong, the amplitude of the
terahertz part of the strain emitted from the QD layer is much
stronger than shown here. Working at low temperature could
help the detection of even higher frequency.

(a)

(b) (c)

FIG. 3. �a� Sensitivity function calculated with InP properties at
400 nm for two sets of photoelastic constants ��n /�� ;�k /���: �2;1�
and �2;−1�. �b� Fourier transform of the theoretical signal obtained
using a �-function as a strain pulse. �c� Fourier transform of the
experimental signal measured at 380 and 400 nm.
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One of the remaining question is the exact emitting zone,
whether it is the QD layer itself or the wetting layer �WL�.
By performing experiments at various places on the sample,
we observed a shift of the high-frequency contribution that
can reach 150 GHz. The high-frequency part is especially
sensitive to the size of the emitting zone. Using a numerical
modeling we estimate that a 2-nm-height variation is needed

to reproduce a 150 GHz shift. In epitaxial QD system, the
fluctuations of the WL thickness are expected to be less than
1 ML. On the contrary, such fluctuations of the QD height
are currently observed.19 Thus this observation confirms that
QD layer plays a direct role in the strain pulse emission.

We have reported on the generation of terahertz
longitudinal-acoustic waves from QD using femtosecond
light pulses. Frequencies above 1 THz have been detected.
We explain the detection process by a significant variation of
the photoelastic constants in the vicinity of an interband tran-
sition. Thanks to the high-frequency component and to its
sensitivity to size fluctuations, we confirm the role played by
the QD in the acoustic emission. That illustrates the main
interest in using THz acoustics for probing nanoscale ob-
jects. The model developed here can be useful to predict for
any material the wavelength at which the highest acoustic
frequency can be detected in ultrafast acoustics. This can, for
example, be applied to hypersound attenuation measurement
in thin films.

The authors want to thank Simon Ayrinhac for his helpful
contribution to the third-harmonic generator.
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FIG. 4. �a� Experimental echo detected at the surface of the
sample with a 100-nm-thick cap at 390 nm. �b� Fourier transform of
the experimental signal.
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