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Observation of Fano resonances in various physical phenomena is usually ascribed to the coupling of discrete
states with background continuum, as it has already been reported for various physical phenomena. Here, we
report on Fano lineshapes of nonthermal GHz phonons generated and observed with pumped Brillouin light
scattering in gold-silicon thin membranes, overlapping the broad zero-shift background of yet questionable
origin. The system’s broken mid-plane symmetry enabled the generation of coherent quasi-symmetric and quasi-

antisymmetric Lamb acoustic waves/phonons, leading to the four orders-of-magnitude enhancement of Brillouin
light scattering. Notably, the membrane asymmetry resulted also in the mode-dependent Stokes and anti-Stokes

Fano lineshapes asymmetry.

Fano resonance theory is one of the most general models for
describing resonance phenomena. Ugo Fano developed it in 1961 to
explain asymmetric spectral lineshapes observed in the inelastic scat-
tering of electrons by helium atoms [1], and his explanation was based
on earlier work by Ettore Majorana [2]. Nevertheless, it can be applied
to any phenomenon where discrete resonances energetically overlap and
couple with a broad continuum of states. The shape of the Fano reso-
nance curve depends on the phase of the oscillator and spans from the
standard Lorentzian curve through a derivative-like shape to even
anti-resonance (valley in the background signal). To date, numerous
studies have reported Fano resonance lineshapes observed for various
nanostructures (both synthetic and biological), showing interactions of
charge carriers, plasmons, photons, and phonons [3-11]. Recently, the
Fano lineshapes were captured by pumped Brillouin Light Scattering
(pumped-BLS) for light inelastically scattered on nonthermal GHz pho-
nons populated by femtosecond pulsed laser in ultrathin Si membranes
[12]. Generally, sub-micrometer-thick membranes are an excellent
platform for studying spatially confined acoustic phonons, called Lamb
waves, spanning frequencies from sub-GHz to sub-THz regimes [13].
Investigation of such phonons can lead to a solution of analog pre-
processing of high-frequency signals in long-range telecommunications
and new GSM technologies, such as 5 G and 6 G [14]. Predictable
enhancement and efficient detection of such signals, achieved by
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pumped-BLS, is a crucial step toward this technology’s applicability
[15].

In this work, we present experimental results of pumped-BLS per-
formed on ultra-thin metal-semiconductor membranes. Our results
reveal a generation of a discrete set of GHz nonthermal quasi-symmetric
and quasi-antisymmetric acoustic Lamb waves (phonons) manifested as
Fano lineshape peaks in the BLS spectra. Furthermore, the photo-
generated phonons enhance the BLS signal by nearly four orders of
magnitude compared to conventional spontaneous BLS. Notably, the
broken mid-plane symmetry of the studied system leads to the unprec-
edented breaking of the Stokes-anti-Stokes lineshapes symmetry in BLS
spectra and mode- (frequency-) dependent magnitude of Fano coupling.

Yet, the small scattering volume and poor light-induced heat dissi-
pation of ultra-thin membranes limit the BLS signal vastly. At the same
time, complicated carrier-lattice and anharmonic phonon-phonon in-
teractions rapidly deplete the acoustic signals. To tackle these chal-
lenges, we recently developed a transducer-free, all-optical method,
termed pumped-BLS, for generation, frequency- and momentum-
resolved detection of nonthermal Lamb waves. We used pumped-BLS
combining femtosecond laser excitation (A,ump=780 nm, 150 fs pulses
at 80 MHz repetition rate, 50x objective, NA=0.4) of GHz phonons with
an inelastic light scattering of a continuous wave (CW) laser
(Aprobe=532 nm, 20x objective, NA=0.4) — see Fig. 1 and Supplementary
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Fig. 1. Experimental system. Scheme of the pumped-BLS backscattering experiment in one of the measured configurations (pump on Au, probe on Si) with depicted
mechanisms of scattering: moving interface (MI) and photoelastic effect (PE). The depicted expansion of the Au layer and contraction of Si layer are caused by the
pump through thermal expansion (TE) and deformation potential (DP) mechanisms, respectively. BS — pellicle beam splitter.
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Fig. 2. BLS signal enhancement. (a) BLS spectra at fine free spectral range with the probe beam hitting at Au and pump beam at Si layer at exemplary pump powers.
(b) BLS gain as a function of pump power calculated from the amplitude of single-Fano fit. Solid lines are fits with the power function. (c) Coupling efficiency as a

function of the pump power. Solid lines are guides to the eye.

Material. The backscattering configuration at 6 =0° was utilized,
restricting all observed modes to standing waves. The nonthermal
phonon excitation is based on the deformation potential (DP) mecha-
nism and thermoelastic (TE) effect. At the same time, the inelastic light
scattering detection originates in the moving interface (MI) and pho-
toelastic (PE) effects [16,17], with the MI effect being the dominant
contribution for nanostructures with plasmonic properties [18]. Here,
we apply pumped-BLS on a bi-layer membrane made of 50 nm of Au
sputtered on a single crystal (001) 200-nm thick Si membrane (AuSi
MBs).

Fig. 2a displays the experimental pumped-BLS spectra obtained for
the membrane pumped from the side of Si and probed from the side of
Au layer using three exemplary powers of the pulsed laser. For the
nonthermal spectra (15 and 36 mW), we can notice discrete spectro-
scopic peaks on top of a continuum of background excitations symmetric
around zero BLS frequency shift. Those peaks can be assigned to the
quasi-symmetric 1st-order Lamb wave (qS1), while their lineshapes can
be represented as Fano resonances of the form:

(g+e)

Tre W

1(f) = Is(f)
where: I(f) - signal intensity at the frequency f, Iy — background in-
tensity, ¢ — Fano parameter defining peak asymmetry, ¢ — reduced en-
ergy, defined as ¢ = (f —f;)/(I'/2), where f; — resonant frequency, I' —

peak width parameter. The unpumped (thermal, 0 mW) spectrum re-
veals the low intensity and symmetric Stokes and anti-Stokes peaks
(Fig. 2a, blue curve), while the peaks at lower frequencies are CW laser
side bands. Switching on the pump leads to significant changes in the
spectra (Fig. 2a, black and red curves). First, the signal is strongly
enhanced at both the peaks and the background. Peak fitting with Eq. (1)
yields a maximum BLS amplitude gain of about 8000 (see Supplemen-
tary Materials for fitting procedure). This significant BLS enhancement
concerning our previous work on pristine Si membrane [12] can be
attributed to the presence of the additional Au layer. Moreover, the
dependence of the BLS gain on the pump power (Fig. 2b) is clearly
nonlinear, with the exponent value 2.3 + 0.1 suggesting multiphoton
characteristics of the pumping process.

The observation of Fano lineshape is associated with the coupling
between the continuum and discrete state. The magnitude of this
coupling can be described as 1/|q| [12]. This value is shown in Fig. 2¢c
and shows weak dependence on the pump power at a gain big enough so
that the thermal phonon scattering is negligible.

The situation described above gets more complex for higher order
Lamb modes and with varying the configuration of pump and probe.
Fig. 3 gathers pumped-BLS spectra recorded for all four possible
experimental geometries at the spectral range extended to 68 GHz. The
observed peaks were identified based on the measured (thermal pho-
nons) and calculated (finite element method, FEM) dispersion relations
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Fig. 3. Complexity of modes. (a) Displacement fields of four first observable
Lamb modes as calculated by FEM, with quasi-symmetric (qS,) and quasi-
antisymmetric (qA,) ones. Color scale: green — low, yellow — medium, red —
large. (b-e) Overlayed Stokes and anti-Stokes branches of BLS spectra for
different configurations of pump and probe (see notes in each panel). Solid lines
are experimental data fits. (f) Experimental (colored map) and calculated (lines)
thermal phonon dispersion of the studied sample. Red-line branches are active
in the pumped-BLS experiment. The dashed horizontal line depicts a range of
measured wavenumbers due to the probing objective lens NA.

plotted in Fig. 3f, as well as their calculated displacement fields (Fig. 3a).

The Fano lineshape spans over all peaks on the broader frequency
range, and its extent varies with three different factors: Stokes/anti-
Stokes side of the spectrum, frequency, and pump/probe configura-
tion, evident in spectra presented in Fig. 3b-e. Note that Stokes parts of
the spectra were mirrored horizontally for convenient comparison.
Fitting of spectra by a sum of Fano peaks interfering with a background
(see Supplementary Materials for details) proves that this variability is
caused by the g factor, which can be attributed to the difference in the
initial phase of the excited phonon ¢ = arctan( —1/q) [19]. Typically,
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Fig. 4. Background signal lineshape. Comparison of lineshapes of BLS spectra
taken for bare Si membrane and AuSi membrane at wide free spectral range.
The inset shows shapes of theoretical Lorentzian and Gaussian functions in
logarithmic scale for comparison.

spontaneous BLS spectra of thermal phonons are symmetric due to the
low energy of oscillations in relation to the thermal energy. However,
the asymmetry in amplitude has already been reported when the pho-
nons are generated either by a thermal gradient [20] or are excited as
coherent ones [12,16]. Nevertheless, the asymmetry of the shape of the
peaks at Stokes and anti-Stokes sides presented here is an entirely new
phenomenon. Furthermore, for the higher frequency modes, the peaks
took even the shape of anti-resonance for specific configurations, a
unique feature for BLS experiments, revealing a strong coupling of the
discrete mode with the continuum.

The observations described above suggest that the probed phase, as
extracted by the Fano coupling parameter, is affected by the phonon
phase but also by the inelastic CW light scattering mechanisms. Notably,
the phase of the scattered light is altered during reflection, and this
phase shift depends on the refractive indices at the interface (Au, Si, or
air). Moreover, which side is pumped affects the relative contribution of
thermoelastic and deformation potential excitation and, thus, the
phonon phase. Therefore, each geometry of pump-probe experiments is
expected to give different Fano resonances.

An understanding of the background continuum signal is crucial for
an accurate description of the observed Fano coupling. The shape of the
background reported here for AuSi MB is significantly different from
that reported earlier for bare Si membranes (Fig. 4) [12]. The back-
ground for the AuSi MB exhibits a Gaussian-like shape, while that for
bare Si MB is Lorentzian-like. In the following, we will discuss a few
possible sources of the background signal.

The background signal shape can be attributed to the Fourier
transform of the scattering signal decay after each pump pulse. In more
detail, the train of pulses generates a frequency comb in the BLS spec-
trum, albeit unresolvable, with employed spectral resolution and pump
repetition rate (80 MHz) [21]. Thus, only the envelope of the comb
given by the Fourier transform of individual pulse response is observ-
able. For example, the exponentially decaying signal would lead to the
Lorentzian background, whose width depends on the decay lifetime.
Analogously, Gaussian decay would lead to the Gaussian background
with a width dependency on the lifetime [22]. This interpretation is
independent of the physical nature of the signal decay, which is yet to be
determined.

The spectral shape of the background (Fig. 4), emerging from the
way of sample relaxation from the state excited by a fs-laser pulse to-
ward equilibrium, can reveal the transport properties of the (quasi)
particles responsible for it. The theory of quasi-elastic scattering
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described by Bern and Pecora associates the Lorentzian profile with
diffusing species and the Gaussian profile with their ballistic movement
[23]. In the case of bare Si MB, we have attributed the emergence of
Fano resonances to the coupling of the Lamb waves with the photoex-
cited electron-hole plasma [12]. For a 50 mW power of 780 nm pulses
focused on an area of 4.4 ym?, the density of photogenerated carriers is
estimated to be ~10%° ¢cm™, meaning that Si has transient optical
properties very different than in equilibrium conditions. In comparison,
the density of photogenerated carriers of a 260 nm thick Si membrane
irradiated with a fluence of 12 mJ/cm? was estimated to be 3-10'° cm™,
while THz spectroscopy gave a slightly smaller value of ~1.4-10*° ecm™®
[12]. The density of photogenerated carriers is difficult to estimate
because it is affected by complicated processes like Auger recombina-
tion, carrier multiplication, and surface recombination, as well as carrier
injection and multiphoton absorption in plasmonic-semiconducting
heterostructures [24]. Photoexcited charges are known to produce a
background in inelastic light scattering spectra [25]. In the case of a bare
Si membrane, electron-hole pairs are generated in the whole volume of
the semiconductor. Subsequently, charge carriers equilibrate with each
other and with the lattice via electron-electron and electron-phonon
interactions in the picosecond timescale [26]. The homogeneous exci-
tation and the rapid thermalization cause charge carriers to diffuse
randomly. This explains the Lorentzian shape of the background. In the
case of the silicon-gold membrane, the situation is more complex. At the
junction between gold (metal) and silicon (semiconductor), we have the
formation of a Schottky barrier, causing band bending in silicon close to
the interface and, thus, a potential gradient for excited charge carriers.
Independently of the generation mechanism (multiphoton photoemis-
sion from gold or direct excitation of semiconductor through a band
gap), the charge carrier movement is determined by the potential
gradient. Therefore, their movement is ballistic, which can explain the
Gaussian shape of the continuum background.

Yet, it is possible that the hot phonon gas created by electron-phonon
coupling is also contributing to the continuum signal. Here, the unequal
light absorption and electron-lattice thermalization timescales of Au and
Si may cause interfacial phonon transport with ballistic characteristics,
causing the Gaussian background [27]. Furthermore, the thermalization
between charge carriers occurs in sub-picosecond timescales [28]. In
contrast, the carrier-lattice thermalization time constant is in the order
of 1 ps for Si nanomembranes [12] and ~4-5 ps for gold nanostructures
and thin films [24,29].

Even though the conclusion on the source of the background signal
cannot be drawn based on the obtained results, the most important fact
is that this background is coupled with nonthermal phonons, manifest-
ing both in substantial BLS gain and in a Fano lineshape. It lays a basis
for further experiments on this system, such as momentum-resolved BLS
to eradicate varying reflectance input, time-resolved BLS to explore
time-evolution of background and peaks, use of dielectric-gold mem-
branes to get rid of electron-hole pairs generation or switching towards
bulk samples with gold layer to look for similar phenomena in surface or
bulk waves.

Conclusively, for metal-semiconductor heterojunction, the fs laser
excitation offers an unprecedented 8000-fold enhancement of the BLS
signal (Fig. 2), with the previous record being a 300-fold enhancement
for pure Si. Moreover, the symmetry lowering of AuSi MBs, compared to
pure Si, enables the detection of multiple Lamb modes with both sym-
metric and antisymmetric character (Fig. 3). Moreover, we observed
high variability of the coupling parameter depending on the pump and
probe geometrical configuration, mode frequency and Stokes/anti-
Stokes side of the spectrum. These findings prove that pumped BLS
has strong potential for the characterization of phononic metamaterials,
such as phononic crystals and topological phononics, especially in the
presence of plasmonic components. These practical technical de-
velopments are accompanied by many intriguing observations that
suggest exotic optomechanical interactions between ultrashort photon
pulses, continuous wave light, and nonthermal coherent phonons.
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Future theoretical investigations will benefit from the detailed mapping
of novel spectroscopic signatures concerning scattering geometry car-
ried out in this work.
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