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ABSTRACT

Picosecond ultrasonics, which studies laser-induced high-frequency strain waves, is a reliable and versatile method for nondestructive materi-
als’ characterization. Strain waves are generated through a light interaction with charges and their subsequent relaxation, and these waves
conceal a wealth of information on the material. However, strain waves are detected through their convolution with a sensitivity function,
which blurs much of this information. Here, we show that the reflection of strain waves at a free surface leads to the appearance of a Fano
resonance in the reflectivity spectrum, accompanied by a drastic increase in the detection bandwidth. We take advantage of this feature to
provide a method for the reconstruction of strain waves. We apply it to unambiguously highlight the exact origin of the generation of coher-
ent acoustic phonons in Stranski–Krastanov grown quantum dots, revealing that both the wetting layer and quantum dots are responsible
for the generation. Our results will offer the possibility to understand better the interaction of light with charges and their interactions with
the lattice.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0062570

Ultrafast spectroscopy opens a window into the complex relations
between sub-systems out of equilibrium1,2 and allows tracking energy
transfer and dissipation.3,4 Being able to temporally resolve the interac-
tion among photons, electrons, and other quasi-particles has enabled
advanced characterization of materials, which, in turn, have greatly
improved device performance.5 A sub-field of this technique, namely,
picosecond ultrasonics,6,7 is concerned with the temporal evolution of
high frequency coherent acoustic phonons (CAPs). Picosecond ultra-
sonics takes advantage of the nature of acoustic phonons to achieve
improved material characterization. For example, the relatively slow
speed of sound compared to light allows sub-nanometer thickness mea-
surements.8 It is also a powerful tool to extract mechanical properties
of bulk materials9,10 and nanostructures.11,12 Finally, since the gener-
ated CAPs are a by-product of charge relaxation, the profile of the
strain contains information on carrier dynamics such as the electron–
phonon interaction13 or charge diffusion.14 However, in picosecond
ultrasonics, CAPs are detected through a convolution with a sensitivity
function that blurs out details of the strain profile.

The most common detection mechanism of CAPs is through the
Brillouin scattering of light,6,15–17 which depends on the optical prop-
erties of the material. The frequency response is centered around the
Brillouin frequency, which is ranging from few GHz to few hundreds
GHz, depending on material, and the bandwidth of the detection is
dictated by the penetration depth of light. Consequently, sharp
features of the strain cannot be detected, and a full picture of the gen-
eration process and the various associated interactions is out of reach.
Other detection mechanisms, such as the quantum confined Stark
effect,18 allow larger bandwidth but require a specific sample structure
to be used. To overcome this limitation, researchers have developed
dedicated experimental setups based on interferometry that give access
to surface displacements.19 While such a method provides accurate
description of the strain with a single experiment, it requires extensive
calibration of the setup to ensure a correct ratio of s- and p-polarized
light, needed to cancel photoelastic contributions. Recently, time
resolved x-ray diffraction has also been used to reconstruct strain
waves,20,21 as they are sensitive to atomic displacements and offer the
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possibility to have a quantitative measurement of the strain amplitude.
Nevertheless, the complexity of the equipment, especially to achieve
an ultrashort x-ray pulse, is an important hurdle to its widespread use.

In this Letter, we show that during the reflection of CAPs at a
free surface, their interaction with light abruptly changes from anti-
Stokes to Stokes scattering. The two interactions lead to a discontinuity
in the response function of the sample, which is responsible for the
appearance of a Fano resonance in the frequency domain and accom-
panied by a large increase in the bandwidth of the detection process.
We take advantage of the large bandwidth to develop a procedure to
reconstruct the strain waves. We apply the procedure to the strain gen-
erated by InAs quantum dots (QDs) grown by the Stranski–Krastanov
method on InP. Our strain reconstruction reveals that both the wetting
layer (WL) and the quantum dots are participating in the generation
of CAPs, thus answering the debate on the role played by each layer.
This experimental method can be carried out with a simple transient
reflectance setup and will allow the easy reconstruction of the strain in
a wide variety of systems, thus permitting to elucidate the ultrashort
dynamics of excited electrons.

In picosecond ultrasonics, a femtosecond laser, the pump, is
absorbed by a material, leading to the excitation of carriers (Fig. 1).
These carriers yield their excess energy to the lattice, thus increasing
its temperature and leading to the generation of a strain. Strain waves
can also be generated through the deformation potential mechanism,
predominantly in semiconductors.7 This pulse, or coherent acoustic
phonons’ wavepackets, then propagates within the sample and is

reflected at the various interfaces of the material. A second laser pulse,
the probe, is time delayed with respect to the pump and detects the
temporal evolution of the strain.

Experiments were performed at room temperature on epitaxially
grown InAs quantum dots buried in InP.22,23 The InP orientation is
(311), and the thickness of the covering InP layer is 300 nm. The aver-
age height of the quantum dots, measured by atomic force microscopy
(AFM), is 8 nm,22,23 and the overall thickness of the phonon-emitting
region (quantum dots and the wetting layer) was previously estimated
at 12 nm.24 Photoluminescence experiments show emission of the
quantum dots at 1.55lm and at 1.05lm for the wetting layer. The
time-resolved experiments are carried out using a tunable Ti:sapphire
oscillator and a conventional two-color pump and a probe setup at
normal incidence. The laser produces 120 fs optical pulses at a repeti-
tion rate of 80MHz, centered at a wavelength tunable between 690
and 1040 nm. In Fig. 1(b), we show the transient reflectivity obtained
with a pump wavelength of 780nm and a probe wavelength of
390 nm, obtained through frequency doubling in a b-barium borate
(BBO) crystal. The pump energy is above the bandgap of InP
(1.344 eV); however, the penetration depth at this wavelength is suffi-
cient for photons to reach the quantum dots’ layer.

At 0 ps, we observe a sharp decay of the reflectivity correspond-
ing to the photoexcitation of carriers by the pump beam. At longer
delays, the signal recovers as the carriers yield their excess energy to
the lattice and recombine. On top of the signal, we observe a structure
at 60 ps. This structure is caused by the reflection at the free surface of
the CAPs generated in the QDs region. In the upper part of Fig. 2(a),
we zoom in this feature, and we shifted the time axis so that 0 ps corre-
sponds to the center of the reflection, which was determined by con-
sidering a successive round trip of the CAPs in the top InP layer. We
observe an exponentially growing oscillation corresponding to the
strain entering in the penetration depth of the probe. At t¼ 0 ps, the
center of the strain wave is reflected from the free surface and is fol-
lowed by decaying oscillations corresponding to the CAPs traveling
back to the depth of the sample.

The signal, we observe, is a convolution of a sensitivity function,
f(z), taking into account the optical properties of the material, and the
strain, gðz; tÞ, as depicted in the lower part of Fig. 2(a). In this repre-
sentation, we consider that the strain is propagating from1 to �1
and that the interface is located at z¼ 0. The transient reflectivity, DR

R0
,

caused by CAPs reflecting at a free surface is given by17,24

DR
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with

f0 ¼ 8
x½n2ðn2 þ j2 � 1Þ2 þ j2ðn2 þ j2 þ 1Þ2�1=2

c½ nþ 1Þ2 þ j2�2
� (3)

FIG. 1. Picosecond ultrasonics. (a) Schematic representation of a picosecond ultra-
sonic experiment. A femtosecond laser is split into two beams. A first beam is
absorbed by the sample and generates coherent acoustic phonons (pump). The
second part is time delayed and monitors the evolution of the strain wave (probe).
(b) Transient reflectivity measurement obtained on buried InAs quantum dots in InP
for a pump wavelength centered at 780 nm and a probe wavelength centered at
390 nm.
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and

tan/ ¼ jðn2 þ j2 þ 1Þ2

nðn2 þ j2 � 1Þ2
: (4)

In these expressions, v is the sound velocity, @~n
@g is the complex

photoelastic coefficient, ~n ¼ nþ ij is the complex refractive index, k

is the probe wavelength, R is the acoustic reflection coefficient at the
free surface, and n is the penetration depth of the probe.

From Eq. (1), we see that the possibility to reconstruct the strain
is limited by the bandwidth of the sensitivity function. Equation (2)
shows that the response is centered around the Brillouin frequency
f ¼ 2nv=k, and the bandwidth is dictated by the penetration of light.
However, we recently demonstrated that during the reflection of an
acoustic wave at an interface, the sudden change in momentum of the
phonon wave packet leads to a transition from anti-Stokes to Stokes
scattering.17 A consequence of this sudden change is the potential
appearance of a discontinuity at z¼ 0 as can be seen in Eq. (2) and in
the sensitivity function depicted in Fig. 2(b). This instantaneous
change in the sensitivity function will translate into a Fano resonance
in the frequency domain accompanied by an extremely large band-
width, solely limited by the surface roughness of the sample.17

The appearance of this extremely high bandwidth offers the
possibility to reconstruct the strain, including its high frequency com-
ponents. Here, we apply the convolution theorem

f
DR
R0

� �
¼fð f ÞfðgÞ: (5)

In the following, we will consider that for all frequency compo-
nents of the strain, the acoustic reflection coefficient is equal to �1,
which is a good approximation given the large acoustic impedance
mismatch between InP and air. Furthermore, the surface fluctuations,
determined by AFM, in samples like ours are on the order of 8 Å.23

Using the lowest-order nonlocal small slope approximation,17,25 we
estimate the specular scattering probability to be still larger than 0.96
for frequency as high as 0.6THz, therefore, justifying the choice of a
reflection coefficient equal to�1.

To facilitate the reconstruction, we take advantage of the parity
of the sensitivity function. In Fig. 2(a) and Eq. (2), we see that the
sensitivity function is a real, odd function. Consequently, its Fourier
transform is imaginary and odd. We now decompose the strain into
even, ge, and odd part, go. Their Fourier transforms are real, even and
imaginary, odd, respectively. The Fourier transform of the signal,
which is a convolution of the strain with the sensitivity function, can,
thus, be decomposed into a real, even part, corresponding to go, and
an imaginary, odd part given by ge. In Fig. 2(b), we show the real and
imaginary part of the Fourier transform of the experimental signal.

The next step for the reconstruction is to remove the contribution
from the sensitivity function. We calculated the sensitivity function
using Eq. (2) at a wavelength of 390 nm using a refractive index of
~n ¼ 4.0645þ i2.0607.26 We obtain the ratio of photoelastic coefficient
by fitting the location of the Fano resonance.17 From this method, it is
not possible to extract the exact value of the photoelastic coefficients,
but only their ratio, which in turn does not permit a quantitative deter-
mination of the strain amplitude. The resulting sensitivity function is
shown in the bottom of Fig. 2(a) and its spectrum in the bottom of
Fig. 2(b). This spectrum confirms the large bandwidth that appears as
a consequence of the discontinuity during the reflection of the CAPs.
We observe that the spectrum is extending beyond 600GHz and still
as an amplitude 10% of its peak amplitude at 2THz.

By dividing the real and imaginary part of the Fourier transform
of the signal by the sensitivity function’s spectrum, we obtain the spec-
tra of the strain’s even and odd parts, as shown in Fig. 2(c). We
observe that the CAPs are predominantly even, which is expected for a

FIG. 2. Strain reconstruction procedure. (a) (Upper panel) Transient reflectivity
caused by the strain reflection at the free InP surface. (Lower panel) Sensitivity
function of InP at 390 nm. The transient reflectivity is the convolution of the strain
with the sensitivity function. (b) Real (black) and imaginary (red) part of the Fourier
transform of the experimental signal and imaginary part of the Fourier transform of
the sensitivity function (blue). (c) Spectra of the even (red) and odd (black) part of
the strain obtained by removing the contribution from the sensitivity function.
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buried generation region, where we expect the strain to be purely dila-
tional or compressive. However, the existence of a non-negligible odd
component hints at a complex CAPs emission region, which will be
studied in detail in the following.

Finally, the last step in the reconstruction is converting these
spectra back to the time domain. We, thus, performed the inverse
Fourier transform of the spectra in Fig. 2(c). In Fig. 3(a), we show the
temporal shape of ge and go. The complete strain generated by the QD
region is then obtained by adding the even and odd contributions and
by converting the time into a spatial coordinate by multiplying by the
speed of sound in InAs, v¼ 3.83 nm ps–1.27

In Fig. 3(b), we show the reconstructed strain detected for two
different experimental conditions with probe (pump) wavelengths of

360 (720) and 390 (780nm). Since the sensitivity function is depen-
dent on the photoelastic coefficients, the bandwidth of the detection
and, thus, the achievable resolution in the reconstruction are highly
dependent on the wavelength of the probe. More precisely, the Fano
line shape is caused by the interference of a discrete resonance with a
continuum of state. In the time domain, this corresponds to the inter-
action between the resonance at the Brillouin frequency and the dis-
continuity induced by the transition from anti-Stokes to Stokes
scattering, as seen in the lower panel of Fig. 2(a). The sensitivity to
high frequency components is due to the sharp transition between
anti-Stokes and Stokes scattering and can be enhanced by maximizing
the discontinuity. The phase of the oscillations, which dictates the dis-
continuity, depends on the photoelastic coefficients that are wave-
length dependent. Here, we take advantage of the sensitivity of
photoelastic coefficients to the electronic structure of the material and
tune the wavelength in the vicinity of the E1 transition to achieve an
enhanced detection of high frequency components.24 The bandwidth
for a probe wavelength of 360nm is much smaller than at 390nm as
shown in the inset of Fig. 3(b). As a consequence, the reconstructed
strain is noisier at 360 nm, and features cannot be resolved, contrarily
to the strain reconstructed at 390 nm. For a rough surface, diffuse scat-
tering impacts high frequency components much more, which lead to
decoherence of the phonon wavepackets, thus reducing the sensitivity
to high frequency and the achievable resolution.17

The reconstruction method we have developed allows the investi-
gation of the geometric properties of the region of emission. In Fig.
3(b), we can see that the generating region can be divided into two
parts with a total thickness of 12 nm, obtained by measuring the
FWHM of the strain. This value of 12 nm is in the expected range of
the quantum dots’ region determined by using cross-sectional trans-
mission electron microscopy.22 We can also distinguish two regions,
where the generation is stronger. We attribute these regions to the
quantum dots and the wetting layer. We obtain a wetting layer thick-
ness of 5 nm and an average quantum dot height of 7 nm. Once again,
these observations are in good agreement with expected values.22

The exact origin of the generation of CAPs in Stranski–
Krastanov grown quantum dots has been debated in the past, in par-
ticular, the relative contribution of the quantum dots and the wetting
layer.24,28,29 The method we developed allows reconstructing the pro-
file of the strain and unambiguously shows that both regions substan-
tially contribute to the generation of CAPs. In addition to the
information provided on the geometry of the generating region, our
method could enable retrieving information on the carrier dynamics
and, in particular, their diffusion, which impacts the shape of the
strain.14,19

In conclusion, we developed a procedure to reconstruct the
profile of strain generated by the absorption of a femtosecond light
pulse. We showed that during the reflection of phonons at a free
surface, a discontinuity appears in the interaction of light and
sound. This abrupt discontinuity drastically increases the band-
width of detection and allows complete reconstruction of the gen-
erated strain. We use this approach to reconstruct the strain
generated by Stranski–Krastanov grown InAs quantum dots on
InP. Our reconstruction reveals the significant role played by both
the quantum dots and the wetting layer. This reconstruction
approach will further enhance the characterization possibilities of
picosecond ultrasonics.

FIG. 3. Reconstructed strain generated by quantum dots. (a) Even and odd parts of
the strain reconstructed through our procedure. (b) Strain generated by InAs quan-
tum dots grown on InP. We observe a contribution from the quantum dots (QDs)
and the wetting layer (WL).
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