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P H Y S I C S

Frequency-domain study of nonthermal gigahertz 
phonons reveals Fano coupling to charge carriers
Thomas Vasileiadis1,2, Heng Zhang1, Hai Wang1, Mischa Bonn1,  
George Fytas1*, Bartlomiej Graczykowski1,2*

Telecommunication devices exploit hypersonic gigahertz acoustic phonons to mediate signal processing with 
microwave radiation, and charge carriers to operate various microelectronic components. Potential interactions 
of hypersound with charge carriers can be revealed through frequency- and momentum-resolved studies of 
acoustic phonons in photoexcited semiconductors. Here, we present an all-optical method for excitation and 
frequency-, momentum-, and space-resolved detection of gigahertz acoustic waves in a spatially confined model 
semiconductor. Lamb waves are excited in a bare silicon membrane using femtosecond optical pulses and de-
tected with frequency-domain micro-Brillouin light spectroscopy. The population of photoexcited gigahertz 
phonons displays a hundredfold enhancement as compared with thermal equilibrium. The phonon spectra 
reveal Stokes–anti-Stokes asymmetry due to propagation, and strongly asymmetric Fano resonances due to 
coupling between the electron-hole plasma and the photoexcited phonons. This work lays the foundation for 
studying hypersonic signals in nonequilibrium conditions and, more generally, phonon-dependent phenomena 
in photoexcited nanostructures.

INTRODUCTION
Gigahertz (hypersonic) acoustic waves/phonons play an indispens-
able role in signal processing in wireless communication devices, 
sub-kelvin thermal transport management, optomechanics, and elastic 
evaluation of bulk and confined materials (1–3). Contrary to charge 
carriers, which exhibit confinement on nanometer and subnanome-
ter length scales, the dispersion relations and the lifetimes of giga-
hertz phonons are strongly affected by spatial confinement in the 
submicrometer scale (4, 5). This offers large flexibility for the engi-
neering of hypersound using standard nanofabrication (1, 2, 6). The 
lifetimes of gigahertz acoustic phonons can surpass the nanosecond 
time scale depending on the degree of spatial confinement (5). All 
these characteristics of acoustic phonons are often used for signal 
processing in miniaturized devices (7). Mobile electronic devices 
contain several components that convert microwave radiation into 
acoustic signals with the aid of piezoelectric materials. The acoustic 
signals can be filtered, guided, or delayed in a limited space more 
easily than the parent electromagnetic waves (8) because of the group 
velocities of acoustic phonons (~5·103 m/s), which are five orders of 
magnitude slower than of the photons.

In thermodynamic equilibrium, acoustic phonons are incoher-
ent vibrations with small amplitudes. Hence, the detection schemes 
of thermal acoustic phonons in semiconducting nanostructures are 
limited to frequency-domain methods with poor signal-to-noise ra-
tio. For practical applications, gigahertz acoustic phonons need to 
be amplified and brought into nonthermal, coherent states. The lat-
ter can be generated optically by ultrashort laser pulses and detected 
by time-resolved pump-probe optical spectroscopies (9), such as pico-
second ultrasonics (10), transient grating technique (11, 12), and asyn-
chronous optical sampling (ASOPS) (5). Despite their indisputable 

usefulness, these techniques are limited in probing bulk waves, spe-
cific phonon momentum (10), or nonpropagating modes (5). Most 
often, the excitation involves the use of metallic transducers (13) 
or heterostructures (14), which limit flexibility in the design of the 
phononic devices.

Previously, micro-Brillouin light spectroscopy (BLS) has been 
combined with laser pumping and metallic transducers to generate 
acoustic waves, but this method was limited to bulk waves in in-
sulating materials (15, 16). An alternative optical approach for the 
excitation of hypersonic phonons is through optomechanical cou-
pling in low- dimensional structures (17) harnessing the interaction 
of standing, acoustic waves with electromagnetic cavity modes (18). 
In most studies, nonthermal excitation of acoustic signals refers to 
surface acoustic waves (SAWs) (19) or bulk waves (20). The one- 
dimensional (1D) confined analog of SAWs, the so-called Lamb 
waves, has great potential as building blocks of filters and delay lines 
for 5G technologies (21). Sources of acoustic waves typically use 
piezoelectric materials, but nonpiezoelectric semiconductors, such 
as Si, gain increasing attention for applications based on strong 
photon-phonon interactions (22).

An important aspect that needs to be addressed is the coupling of 
gigahertz acoustic waves to other microscopic excitations that can 
generate losses and interferences. In semiconducting devices, giga-
hertz acoustic waves can coexist with charge carriers that are strongly 
confined near the band gap extrema. The relaxation of electrons and 
holes in this narrow region of the phase space can involve emission 
of minute amounts of energy and momentum in the form of acoustic 
phonons. The excitation of electrons and holes in semiconductors is 
known to generate coherent acoustic waves through the deforma-
tion potential mechanism (10). Therefore, an in-depth understand-
ing of the coupling between acoustic waves and charge carriers can 
be beneficial to many applications that emerge at the interface of 
gigahertz acoustics and optoelectronics (23, 24).

In this work, we study a model system exemplified by a 260-nm-
thick single-crystal silicon membrane that hosts gigahertz acoustic 
waves and electron-hole excitations (4). Nonequilibrium, dilatational 
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Lamb waves are excited and observed with space and momentum reso-
lution using a hybrid experimental method termed pumped BLS. This 
technique combines pulsed photoexcitation at high repetition rate 
with micro–Brillouin light spectroscopy (-BLS) detection. Our ap-
proach offers a flexible transducer-free source and a sensitive detector of 
spatially confined, standing, and propagating gigahertz acoustic waves. 
Compared with spontaneous BLS, the photoexcited BLS signal is strong-
ly enhanced, and the Lorentzian peak profiles turn to highly asymmetric 
Fano resonances. The latter manifests the interaction between discrete 
photoexcited phonons and the continuum of electron-hole pairs. The 
reported method is readily applicable to other narrow-band-gap semi-
conductors, heterostructures that contain semiconducting nanomem-
branes, and various other acoustic metamaterials.

RESULTS
Photoexcitation of Lamb waves  
and frequency-domain detection
The pump-probe setup used for the photoinduced amplification of 
gigahertz acoustic waves under 1D spatial confinement is illustrated 
in Fig. 1A. Femtosecond laser pulses (780 nm) pump the silicon mem-
brane exciting electron-hole pairs and coherent acoustic phonons. 
The acoustic phonons are probed by means of a continuous wave 
(CW) laser light at 532 nm. The CW light is inelastically scattered 
by the acoustic waves, and the Doppler frequency–shifted scattered 
photons are resolved by -BLS in backscattering geometry. The 
negative (positive) frequency shift corresponds to phonon creation 
and Stokes scattering (phonon annihilation and anti-Stokes scatter-

ing). In the case of membranes, the BLS signal results from the su-
perposition of the moving boundary (surface-ripple) mechanism and 
the photoelastic effect (4, 25, 26).

The photoexcited Lamb waves have S1 dilatational character 
(Fig. 1B) (4). The wave vector of detected phonons is parallel to the 
membrane surface with magnitude k‖ = 4sin/. Here,  = 532 nm 
is the wavelength of the probe light, and  is the angle between the 
CW beam and the vector normal to the membrane surface (inset of 
Fig. 1A). Photoexcitation of Lamb waves is based on two competing 
effects: the deformation potential mechanism and thermal expan-
sion due to electron-phonon coupling (10, 27). Each pump pulse ex-
cites electron-hole pairs that cause strain by modulating the bonding 
of atoms (10). The abrupt strain formation sets confined acoustic 
modes, i.e., dilatational Lamb waves, in motion (Fig. 1C). To compen-
sate for relaxation via phonon damping and electron-hole recombi-
nation, the excitation is replenished every 12.5 ns. The high-repetition 
pump pulses establish a steady, nonequilibrium state that gives de-
tectable inelastic scattering spectra of nonthermal Lamb modes. The 
term nonthermal denotes the coherence of photoexcited Lamb waves 
(Fig. 1C), in contrast with thermally populated waves that are inco-
herent. In the following, the coherent nature of photoexcited Lamb 
waves and their propagation will be studied through the lineshape 
and the Stokes and anti-Stokes intensities of the BLS spectra, respec-
tively. The combination of pulsed photoexcitation of coherent acoustic 
phonons, with a CW-based, Brillouin scattering probe, will be termed 
pumped BLS.

For unexcited Si nanomembranes at room temperature, the Lamb 
waves under consideration are heavily occupied and can be detected 

Fig. 1. Hybrid pulsed photoexcitation and frequency-domain detection of gigahertz phonons in semiconducting nanomembranes. (A) An all-optical–based ap-
proach for enhancing and controlling the spectral shape and intensity of spatially confined gigahertz acoustic signals. The femtosecond pulses are focused on a semicon-
ducting nanomembrane (260 nm Si). The continuous wave (CW) laser light (532 nm) is inelastically scattered by both photoexcited and thermal phonons, and the spectrum 
is recorded by Brillouin light spectroscopy (BLS) at backscattering. (B) Illustration of the S1 dilatational Lamb waves and the coexisting electron-hole pair excitations. 
Standing (B, left) or propagating (B, right) waves are observed for normal incidence of the CW laser or for titled samples, respectively. (C) High-repetition pump pulses 
(red) create a nonequilibrium state of photoexcited Lamb modes (blue) and electron-hole pairs (black). The excitation is replenished by the pump pulses every 12.5 ns so 
that the nonequilibrium Lamb modes can produce detectable inelastic scattering of the CW laser (green).
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through spontaneous BLS (4), but the BLS signal is weak. Figure 2A 
shows the pumped BLS spectrum (Stokes side) of the Si nanomem-
brane (pump on, solid blue line). The measurement was carried out 
with a maximum pump power of 157 mW (see Materials and Meth-
ods). The peak of the BLS spectrum (blue line) is attributed, accord-
ing to its frequency, to the S1 dilatational Lamb mode at k|| = 0. The 
inset figure displays the spontaneous BLS spectrum (pump off, green) 
in the frequency region 15 to 18 GHz. Under these conditions, the 
maximum intensity of pumped BLS (12 counts/s; Fig.  2A) is en-
hanced by about 330 times as compared with the spontaneous scat-
tering (0.03 counts/s; inset to Fig. 2A) after the subtraction of the 
background.

In the following, we quantify BLS enhancement on the basis of the 
peak area. We first measure the peak area (A) by subtracting a smooth 
background and integrating the intensity from 15 to 18 GHz. The 
relative BLS enhancement (Aon − Aoff)/Aoff is displayed as a function 
of the pump fluence, F, (blue points in Fig. 2B). The enhancement 
reveals nonlinear dependence that can be represented by a power 
function (solid red line in Fig. 2B) of the form Fn, where  is a con-
stant parameter and the exponent n = (2.9 ± 1.3) quantifies the non-
linearity of the process. Such nonlinear behavior has been observed 
before in picosecond ultrasonics experiments with semiconductors 
(10) and laser-enhanced BLS (15). As the BLS intensity is propor-
tional to the mean-squared, out-of-plane displacement (26), a non-
linear fluence dependence of the enhancement with an exponent 
n = 2 should be anticipated. Moreover, the BLS intensity also depends 
on the discontinuity of the dielectric constant at the membrane-air 
interface (25). Therefore, the additional nonlinearities observed ex-
perimentally (n~3) can originate on the modified dielectric con-
stant of the photoexcited Si.

Fano resonances in Lamb wave spectra
For all pump fluences, the spectra of the S1 Lamb waves have a 
strongly asymmetric lineshape and display a dip (local minimum) 
on the high-frequency side (e.g., blue line in Fig. 2A), so that they 
cannot be represented by a Lorentzian peak profile. Figure  3A 
shows a Stokes component of BLS spectrum of the photoexcited S1 
Lamb wave (blue symbols). The spectral shape of the corresponding 
peak is well represented (red solid line) by the sum of a power law 

Fig. 2. Pulsed photoexcitation of dilatational, standing Lamb waves. (A) With the pump pulses on and at maximum power, the BLS spectrum (Stokes side) displays 
an intense, strongly asymmetric peak (blue curve). The maximum intensity experiences 330-fold enhancement compared with spontaneous BLS (inset). (B) BLS enhance-
ment as a function of the pulse laser fluence, F. The red solid line denotes the representation of the experimental enhancement of the integrated peak intensity (blue 
points) by Fn, where n = (2.9 ± 1.3).

Fig. 3. Photoinduced spectral asymmetry of S1 Lamb waves. The BLS spectrum of 
the S1 wave (Stokes at k|| = 0) recorded in backscattering geometry when the pump 
pulses are either on (A) or off (B). The solid red line in (A) and (B) denotes the represen-
tation of both spectra by the sum of a smooth background (dashed) and a Fano reso-
nance profile (dashed dot). (C) Scheme explaining the origin of the Fano resonances in 
Si membranes. Vertical colored arrows denote optical transitions with the pump (red) 
and the probe (green) in the electronic band structure of Si. Black arrows show how 
the pump transfers electrons to the conduction band (holes in the valence band). The 
zigzag arrows denote Stokes and anti-Stokes scattering of S1 Lamb waves. Fano cou-
pling takes place between photoexcited Lamb modes and electron-hole pairs.
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for the background (cf d  + e) (gray dashed line) and a Fano peak pro-
file (gray dash-dot line) given by

  I =  I  o      ( a / 2 + f −  f  ο  )   2   ─  
 (  / 2)   2  +  ( f  −  f  o  )   2 

  ,  (1)

where f is the frequency, I is the intensity, fο, Io, and  are the posi-
tion, the amplitude, and the width of the peak, respectively, and a is 
the Fano asymmetry parameter. For ∣a∣ → ∞, the Fano resonance as-
sumes a Lorentzian spectral shape. For small ∣a∣ values, Eq. 1 pro-
duces a characteristic deep in the background, at the vicinity of the 
peak frequency. For the spectrum of Fig. 3A, a = (2.6 ± 0.1).

The emergence of Fano peak profiles is due to the coupling of a 
well-defined resonance with a continuum of background excitations 
(28). The coupling strength between the resonance and the continuum 
can be expressed by 1/∣a∣. Previous reports based on Raman spec-
troscopy of Si nanostructures have shown that Fano resonances of 
optical phonons can simply arise by increasing the irradiation power 
of a CW laser (29). On the contrary, the Fano spectral shapes in the 
present BLS experiments are exclusively induced by the pump pulses 
as demonstrated in Fig. 3B that shows an experiment using only the 
CW beam (pump laser off). The BLS spectrum, due to spontaneous 
scattering by thermal phonons, shows only a weak asymmetry of op-
posite sign. Using the same fitting procedure as in Fig. 3A, the Fano 
asymmetry parameter is now a = ( −15.48 ± 0.01). Using a total of 
seven pump-on and -off measurements (Supplementary Materials, 
fig. S4), the absolute Fano coupling strength shows a pump- induced, 
fivefold enhancement from 1/∣a∣= (0.07 ± 0.03) for spontaneous 
BLS, to 1/∣a∣= (0.33 ± 0.10) for pumped BLS. Hence, strongly asym-
metric Fano resonances are solely observed following excitation by 
ultrashort pump pulses and remain unseen for CW light irradiation 
only. This observation corroborates the notion of a photoinduced and 
nonthermal phenomenon.

Interpretation of Fano resonances
To understand the origin of the Fano resonances, we need to indicate 
a microscopic subsystem of Si that can act as a continuum of back-
ground excitations. We consider the possibility of Fano coupling be-
tween S1 Lamb waves and electron-hole pair excitations and set two 
criteria. The electron-hole pair excitations must be impulsive, and 
their lifetime must be in the nanosecond range to allow for energy 
exchange with the Lamb modes. The first criterion is warranted by 
the ultrashort pump pulses (150 fs), which are significantly shorter 
than the S1 Lamb mode period (62.5 ps). The second criterion should 
be examined for the specific Si membranes used in the experiments, 
as electron-hole recombination is very sensitive to surface roughness 
and contamination. Therefore, we have used optical pump-THz probe 
(OPTP) spectroscopy (30) to characterize the Si membranes used in 
our experiments (fig. S5 and relevant discussion). These experiments 
reveal that the lifetime of electron-hole pairs substantially exceeds 
1 ns, enabling prolonged interaction with the S1 Lamb modes (5).

The observed Fano coupling is thus attributed to S1 waves and 
electron-hole plasma, as shown schematically in Fig. 3C. The direct 
and indirect gaps of Si are 3.2 and 1.12 eV, respectively. The incident 
1.6 eV photons (vertical red arrow in Fig. 3C) transfer electrons 0.48 eV 
above the conduction band minimum. The transfer of electrons to 
the conduction band is a phonon-assisted process (horizontal black 
arrow in Fig. 3C). The excited electrons thermalize rapidly and relax 
very close to the conduction band minimum by electron-phonon 

coupling (tilted black arrow in Fig. 3C). The electron-phonon coupling 
drives the excited charge carriers in equilibrium with the vast majority 
of the phonon modes within subpicosecond time scales (31).

The resulting abrupt heating and thermal expansion are partially 
driving the generation of dilatational Lamb waves in a process known 
as thermoelastic effect. In addition, the Si structure can have a dif-
ferent bonding character after the electrons are promoted from the 
valence band to the conduction band. Thus, photoexcitation alters 
the structural properties of Si for several nanoseconds (lifetime of 
electron-hole pairs) and can lead to displacive excitation of Lamb 
waves. Inversely, the dilatational Lamb waves modify the volume of 
the membrane, exert pressure on the Si lattice, and modulate the 
energy of electron-hole pairs. According to the standard theoretical 
description of picosecond ultrasonics experiments (10, 27, 32), the 
direct coupling between charge carriers and Lamb waves is de-
scribed by the deformation potential mechanism, and it is enabled 
once the band gap (Eg) is affected by the pressure (p). The strain 
formation after photoexcitation is then proportional to the deriva-
tive: dEg/dp.

The generation of Lamb waves can be impulsive or displacive, 
resulting in phases of 0° (sine wave) or 90° (cosine wave), respectively. 
The Fano resonance occurs due to interference of a well-defined res-
onance with a continuum of background excitations (28). Hence, the 
Fano coupling strength contains information about the phase of the 
Lamb waves (33). According to the experimentally constrained, 
theoretical calculations of Misochko and Lebedev (34), the Fano cou-
pling strength (1/a) gives the phase of the photoexcited phonons (φ) 
though the relationship φ = arctan(−1/a). The phase of the photo-
excited phonons can be either positive, as in the Peierls distorted 
semimetal Bi, or negative, as for instance for optical phonons in Si (34). 
In the fluence regime of 4 to 13 mJ/cm2, the average phase of the S1 
Lamb waves probed by pumped BLS is φ = (−18 ± 5°). The measured 
phase indicates that the Lamb waves are generated by a mixture of 
impulsive lattice expansion and displacive lattice shrinkage. This con-
clusion is consistent with previous, time-domain investigations of 
coherent acoustic phonons in Si (10, 27). For the phase to be −18°, the 
amplitude for the impulsive expansion needs to be three times larg-
er than the amplitude of displacive shrinkage (see also section S3).

To understand the broad background of the spectra, it is impor-
tant to consider the detection process. The photons of the CW probe 
beam induce virtual transitions (vertical green arrows in Fig. 3C) of 
the pump-excited electrons and holes, as well as inelastic light scatter-
ing from Lamb modes (zigzag arrows in Fig. 3C). The broad back-
ground (Fig. 2A) is attributed to the quasi-elastic scattering of the CW 
probe from the electron-hole plasma. Huang et al. (35) have observed 
a broad background in the Raman spectrum of laser-excited, metallic 
nanoparticles in the 0 to 250 meV energy range (0 to 60 THz) because 
of inelastic light scattering by free charge carriers. Here, the observed 
background is qualitatively similar; however, the charge carrier den-
sity, as well as the investigated energy range (0 to 100 eV), is sig-
nificantly smaller. For the highest used pump fluence, the density of 
excited charge carriers in the Si membrane is estimated to be 1.4 × 
1019 cm−3. This quantity has been extracted from terahertz time-domain 
spectroscopy experiments, based on the thin-film approximation (36) 
and fitting the obtained frequency-resolved conductivity to the Drude 
model (see fig. S6 and S7) (30, 37).

Another interesting possibility given by the analysis of the Fano 
lineshapes is to extract the lifetime of the S1 Lamb waves. The finite 
lifetime of photoexcited phonons stems from dissipative processes, 
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such as electron-phonon and phonon-phonon coupling, as well as 
dephasing. For the spectrum of Fig. 3A, and taking into account the 
instrumental broadening [full width at half maximum (FWHM) = 
0.29 GHz; see also fig. S9 and relevant discussion], the width of the S1 
resonance is 0.14 ± 0.01 GHz. The corresponding lifetime is 7.1 ± 
0.5 ns, in reasonable agreement with the work of Cuffe et al. (5). Up to 
this point, all the analyses are based on standing Lamb waves (k|| = 0). 
Because of the lack of momentum resolution in most pump-probe 
optical spectroscopies, it remains unclear if photoexcitation by means 
of a single Gaussian beam can launch in-plane propagating acoustic 
waves in addition to standing waves (5).

Propagating Lamb waves and  
momentum-resolved measurements
To explore the full potential of BLS in combination with pulsed photo-
excitation, we now turn to momentum-resolved measurements by in-
creasing the angle of incidence  (Fig. 1A). Figure 4A displays pumped 
BLS spectra recorded for various  and, hence, wave numbers of the 
Lamb modes. Both the BLS intensity enhancement and the asym-
metric Fano profile are evident also at k‖ ≠ 0. The BLS enhancement 
as a function of the wave number k‖ is displayed in Fig. 4B. The BLS 
enhancement exhibits a rapid drop from 100-fold to 10-fold at k1 ~ 
3 m−1 and vanishes above k2 ~ 10 m−1. The corresponding lengths 
in real-space are 2/k1 ~ 2 m and 2/k2 ~ 600 nm. The experimental 

results of Fig. 4 (A and B) illustrate that pulsed photoexcitation cou-
pled to BLS can generate and probe propagating acoustic phonons 
(k‖ ≠ 0) besides standing waves (k‖ = 0).

For various experiments and applications, it is desirable to gen-
erate streams of Lamb waves with clear directional transport, mean-
ing broken left-right symmetry. Here, the left-right symmetry is 
strongly violated in the vicinity of the pumped area. This enables 
the observation of directional transport of Lamb waves by displacing 
the pump and probe beams. The displacement of the probe beam is 
parallel to the membrane surface and on the plane of the angle  (x 
axis in Fig. 4D). In the vicinity of the irradiated area, the preferential 
motion of phonons away from the pumped area manifests as an asym-
metry of the Stokes and anti-Stokes peak intensities—displayed in 
Fig. 4C ( = 17°). At larger distances, the signal is dominated by ther-
mal phonons without left-right asymmetry. When the pump and 
the probe overlap (x = 0), the Stokes and anti-Stokes intensities are 
comparable (gray points in Fig.  4D). Spatial displacement of the 
probe beam by x = +1.5 m or x = −1.5 m leads to BLS spectra with 
excess anti-Stokes (blue points in Fig. 4D) or excess Stokes intensities 
(red points in Fig. 4D), respectively. The asymmetry of the Stokes 
and anti-Stokes intensities is in the order of ~20% per 1 m of pump- 
probe displacement (fig. S10). The directional transport is not a 
trivial consequence of heat gradients because that would require a 
thermal distribution of all Lamb modes. Instead, the pump pulses spe-
cifically excite S1 waves. The relaxation lifetimes of standing Lamb 
modes, photoexcited by Gaussian-shaped laser pulses, can be affected 
by energy leakage due to propagating Lamb modes. Thus, it is desir-
able to reexamine the phonon lifetimes measured by time-resolved 
optical measurements (5), taking into account propagating acoustic 
waves as an additional pathway for energy dissipation.

DISCUSSION
The generation of coherent hypersonic phonons is usually based on 
prescribed metallic transducers (15) or coherent, extreme ultraviolet 
pulses (11, 12). Our work enables a table-top, transducer-free method 
for amplification and ultrasensitive detection of standing and prop-
agating gigahertz acoustic waves in spatially confined structures. The 
developed method combines the ultrafast generation of coherent 
acoustic phonons with inelastic, Brillouin scattering of a CW pho-
ton source. In the absence of ultrashort pulses, the phenomenon of 
Brillouin scattering itself is known to generate acoustic phonons (stim-
ulated BLS), and it is used in a variety of chip-sized acousto-optic 
devices (38). However, stimulated BLS uses CW laser sources that 
generate acoustic phonons of well-defined frequency and momentum, 
and it is applicable for bulk materials, optical fibers, or waveguides 
that are transparent. In contrast, pump-BLS uses a broad bandwidth, 
optical excitation that generates Lamb waves in an extended part of the 
phonons’ band structure (Fig. 4B). Moreover, it is used on (semi)opaque, 
semiconducting materials with strong spatial confinement. Because 
of the semiconducting properties of the investigated samples, pumped 
BLS can probe interactions of charge carriers with acoustic phonons. 
In stimulated BLS, the photons interact directly with phonons with elec-
trostrictive forces (38) and in the absence of electronic excitations.

The investigated nanomembranes are frequently used as integral 
building blocks of more complicated, heterogeneous phononic struc-
tures, such as supported colloidal crystals (39) and other 2D phononic 
or optomechanical crystals (2). In addition, pumped BLS is expected 
to be readily applicable to other narrow-band-gap semiconductors, 

Fig. 4. Photoexcitation and detection of propagating Lamb waves. (A) BLS spec-
tra of pumped photoexcited Lamb modes at various momenta. (B) BLS enhance-
ment (solid symbols) as a function of the Lamb wave number k|| being parallel to 
the Si membrane. The dashed line is to guide the eye. (C) Scheme of the experi-
mental geometry for generating and detecting directional currents of Lamb waves. 
(D) Pumped BLS spectra recorded at an oblique angle of  = 17° demonstrating asym-
metry of either the Stokes or anti-Stokes side of the spectrum. When the pump and 
probe overlap spatially (gray curve), the Stokes and anti-Stokes intensities are equal. 
Spatial displacement of the probe beam by x = ±1.5 m relative to the pump (blue 
and red curves) causes an asymmetry of the Stokes and anti-Stokes intensities. The 
spectra are normalized and vertically displaced for clarity. ar. units, arbitrary units.
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such as ultrathin, layered transition metal dichalcogenides, which 
so far have been measured only with spontaneous (thermal) BLS (40), 
and heterostructures of layered materials (41). Thus, the presented 
method is applicable to a wide variety of functional nano- and 
metamaterials. The ability of pumped BLS to probe nonequilib-
rium states of phonons and charge carriers in the frequency domain 
is based on the proximity of the lifetimes of phonons (7 ns) and ex-
cited carriers (5 ns) to the repetition rate of the pump pulses (12.5 ns). 
The lifetime of excited carriers is highly sensitive to the surface mor-
phology and composition, while the phonon lifetimes can drastically 
change with the membrane thickness. Therefore, the applicability of 
pumped BLS can be further extended by tuning the repetition rate 
of the pump laser (e.g., with pulse pickers) and by performing time- 
resolved BLS measurements, with a resolution of ~0.1 to 1 ns, using 
conventional electronic triggering of the BLS photodetector.

Moreover, photoexcitation was shown to actively switch the spec-
trum of gigahertz phonons from quasi-Lorentzian to Fano. Previ-
ously, active control of phonons with light has been demonstrated for 
high-energy vibrations, such as optical phonon-polaritons (42, 43). 
The direct, frequency domain observation of Fano resonances be-
tween acoustic phonons and charge carriers bears direct relevance 
for applications at the interface of phononics and optoelectronics. 
The interaction of acoustic phonons with electronic degrees of free-
dom plays a crucial role in the mobility of charge carriers (32) and 
the lifetimes of coherent gigahertz phonons (44). Previously, Fano 
resonances of acoustic phonons in photoexcited semiconductors (GaAs) 
have been detected indirectly from Fourier-transformed, time- resolved 
data (45) with fixed momentum. More broadly, acoustic Fano reso-
nances have been associated with the formation of hybridization 
band gaps (39, 46), and thus, they can play an important role in the 
engineering of phononic band structures. The presently reported 
Fano-type interaction of dilatational Lamb waves with charge carri-
ers suggests that well-known methods in electronics, such as doping 
and plasmonic enhancement, might also be useful for tailoring the 
performance of phononic devices. In reverse, phononic Fano reso-
nances can be used to study electronic properties such as carrier 
concentrations (47).

In addition, we have shown that photoexcitation generates both 
standing and propagating Lamb waves. Directional phonon trans-
port was shown through a spatial displacement of the pumped and 
the probed sample areas. The spatial distribution and propagation 
of the photoexcited Lamb waves could potentially be controlled by 
pulse shaping of the pump laser. Previous works that investigated the 
lifetimes of confined acoustic phonons (5) observed experimentally 
purely standing waves. Hence, the effect of phonon transport parallel 
to the membrane, which was observed here, was not taken into ac-
count. The observed coupling between Lamb waves and electron-hole 
pair excitations should also have an effect on the lifetime and dynam-
ics of acoustic phonons in spatially confined semiconductors.

Regarding applications, pumped BLS can be used (i) for character-
ization of semiconducting nanomaterials with poor signal-to-noise 
ratio for conventional, spontaneous BLS, (ii) as a frequency-domain 
probe of nonthermal, carrier-lattice states in semiconductors, and 
(iii) as a versatile source of coherent phonons in nanodevices. Being 
able to generate and observe currents of gigahertz acoustic phonons 
on ultrathin membranes paves the way for many interesting exper-
iments and applications in the field of phononics. The control of 
coherent hypersonic phonons with light is important for signal pro-
cessing (1, 2) and information storage devices (48, 49). Momentum- 

resolved studies of photoexcited gigahertz phonons can reveal the 
effect of nanomechanical motions and hypersound on the proper-
ties of systems with strong light-matter interactions, such as polar di-
electric (50) and plasmonic (51) metamaterials. Last, the laser-generated 
phononic wave packets can be used to study topological phononic 
structures and phonon localization (52) or phonon diodes with strictly 
directional phonon transport in topological structures (53), and to 
prove acoustic Anderson localization (54) for hypersound in 2D dis-
ordered materials.

MATERIALS AND METHODS
Sample
The Si membrane (Norcada) has a thickness of 260 nm and an area 
of ~2 × 2 mm2; it is suspended on a square Si support, and the sam-
ple holder is mounted on a translational and rotational stage. Silicon 
is lightly doped with boron, and the membrane surface is parallel to 
the (001) plane of Si.

-BLS measurements
The CW probe has a wavelength of 532 nm, and it is focused with a 
microscope objective (Nikon) with ×50 magnification, 0.40 numerical 
aperture (NA), and 22.00-mm working distance (WD). The -BLS 
measurements were carried out with the vertical-vertical or VV (ss) 
polarization of the incident and scattered light, respectively. For most 
measurements, the in- and out-coupling pinholes of the spectrometer 
(high-contrast tandem Fabry-Pérot interferometer) were 300 and 450 m, 
respectively; the interferometer mirror spacing was set to 5 mm, and 
the scanning amplitude was 490 nm, allowing us to measure in the 
±24.05-GHz frequency range. An exception to these is the CW-only 
spectrum in Fig. 3B, which was measured at a narrower frequency 
range (denser data points) to resolve more subtle peak asymmetries.

Pump
Pump pulses of 780-nm central wavelength (1.6-eV photon energy) 
emerge from a femtosecond laser system (TOPTICA Ultra 780) with 
150-fs pulse duration, 80-MHz repetition rate, and a maximum power 
of 500 mW. For the presently reported experiments, the maximum 
power was 157 mW. The pump pulses are focused on the Si membrane 
with a microscope objective (Nikon) of ×10 magnification, NA 0.22, 
and WD of 10.5 mm. For the measurements of the Stokes/anti-Stokes 
asymmetry, the optics for focusing the pump were displaced with a 
motorized linear stage (piezo stepping drive, NEXACT N565).

Fluences of probe and pump beams
The CW probe is focused with a microscope objective to a spot with 
radius (1.6 ± 0.5) m (4). For the pump-probe experiments, the 
incident CW power is (0.78 ± 0.01) mW, corresponding to a fluence 
of (4 ± 2) ∙ 104 W/cm2. The focus of the pump pulses has a Gaussian 
profile with radius (4.3 ± 0.2) m. The maximum, incident, pump 
power is (157.0 ± 0.1) mW, which corresponds to a maximum fluence 
of (12 ± 1) mJ/cm2. The uncertainties of the pump and probe flu-
ences stem mainly from the accuracy in measuring the focus areas.

Pump-BLS measurements
The measurement of Fig. 2A used a pump fluence of 12.3 mJ/cm2, a CW 
probe fluence of 3.8 ∙ 104 W/cm2, and an exposure time of 38 min. 
The measurement of Fig. 3A used a pump fluence of 12.8 mJ/cm2, 
CW probe fluence of 3.8 ∙ 104 W/cm2, and exposure time of 4 min 
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(maximum intensity, 3.5 counts/s). The measurement of Fig. 3B was 
carried out with long exposure time (9 hours) at a power of 2 mW 
(9.7 ∙ 104 W/cm2).

Statistics
For fitted quantities, the errors represent the 68.2% confidence in-
tervals (±) of the corresponding fittings. For values that are calcu-
lated from fitted quantities, the errors are propagated accordingly. 
For instance, the Fano couplings (1/||) have errors (1/||) = 
/2, where  are the fitting errors of the Fano asymmetry factor 
. When a quantity comes from averaging of n values, the error is the 
SD of these n values.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/51/eabd4540/DC1
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