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Abstract — Scattering-free assessment of resonantly absorbed electromagnetic field is highly important in nano-
photonics and plasmonics: nanostructures and metamaterials can be tailored to optimize absorption for applications
spanning from solar cells to efficient gas sensing. Photo-acoustic technique converts absorption-induced periodic
heating in an acoustic signal, giving powerful means of characterizing absorption in scattering-free and non-destructive
way. In this work, we use a widely tunable laser and tunable modulation frequency to perform photo-acoustic
experiment on nanowire ensembles. We study absorption in two samples: semiconductor and semiconductor-plasmonic
nanowires, both vertically standing on absorbing substrates. Increasing the modulation frequency from 54 Hz to 1225
Hz leads to a more precise discrimination of the resonant absorption modes of the nanowires, against the absorbing
substrate. We show this behavior for GaAs-based nanowires in the near-infrared range. Moreover, in the hybrid sample,
the asymmetric Au layer leads to extrinsic chiral response in the whole wavelength range.
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1. Introduction

Nanostructured materials can be engineered to exhibit specific resonant absorption modes, optimizing the behavior of
nanodevices from photodetectors [1] to molecular sensors [2]. Nanoscale structures are usually deposited on a much more robust
substrate layer. This layer, though, interferes with an accurate evaluation of the sample absorption or its resonances. Photo-
acoustic spectroscopy (PAS) is a non-invasive, contactless, photo-thermal technique that allows for a direct measurement of the
sample’s absorption without the scattering influence. In PAS, light, modulated at a frequency f, excites the sample in a closed
cell. This periodic sample absorption leads to periodic heating, creating thermal waves that can be detected by a sensitive
microphone. The electric signal is then compared with the modulation reference through a lock-in amplifier. Such extracted PAS
signal depends on the sample material properties: absorption and thermal diffusivity. For optically and thermally thick samples,
the absorption coefficient spectrum can be calculated from the normalized PAS amplitude [3], while the PAS spectrum follows
the form of the absorbance. By varying the chopper frequency, different depths along the sample’s height can be probed. This
tool was shown to be a promising in characterization of optical and photo-thermal properties of absorbing materials on substrates,
being those nanoparticles [4], thin films [5], periodic plasmonic structures [6] or ensembles of nanowires [7].

In PAS, the detected absorption signal arises from the material volume limited by the thermal diffusion length, which scales
with the modulation frequency as 1A/f. Therefore, increased modulation frequencies allow measurements of upper zones of the
samples that can be nanostructured to exhibit resonant absorption modes. Previously, we qualitatively showed that an increase
in modulation frequency can be used to access the resonant absorption in nanowires (NW) against their substrates, even if both
strongly absorb in the same wavelength range. In Ref. [8], we used white light lamp source to excite GaAs-based NW on Si
substrate, and we monitored the difference of the NW signal with respect to the one of the substrate, i.e. normalized PAS signal.
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When we changed the modulation frequency from 27 Hz to 225 Hz, the resonant leaky-waveguide modes appeared in the
normalized signal. However, due to the photo-acoustic cell design, the amplitude of the PAS signal decreases with the increase
of f [9], and the signal to noise ratio of the normalized signal deteriorates. Hence, to eliminate the influence of the substrate,
modern PAS set-ups require the power tunability of the excitation light beam. Moreover, polarization control of the absorption
in asymmetric NW in a wide wavelength range can be assessed if the lamp source is replaced by a widely tunable laser.

In this work, we apply PAS tunability in terms of light wavelength, and beam modulation frequency, to push the limits of the
mode detection in vertically standing NW ensembles. We investigate two samples: GaAs-based NWs, and the same sample
asymmetrically covered by Au (2 out of six NW sidewalls). The semiconductor-only sample supports a leaky waveguide
resonance at ~780 nm. We apply PAS with a laser, widely tunable in the (680-1000) nm range and in power, which allows us to
access higher modulation frequency. The normalized absorption signal sharpens when f is changed from 54 Hz to 1225 Hz, as
the influence of the substrate decreases. We further show that Au-covered sample exhibits extrinsic chirality in the whole
wavelength range.

2. Materials and Methods

Figure 1(a) shows schematic of the photo-acoustic set-up, with sketches of the two investigated samples. The photo-acoustic
cell is positioned on a rotation/translation stage. The laser wavelength is tunable in the (680-1000) nm range (including tunable
power), and the modulation frequency of the chopper frequency is tunable up to 2000 Hz. We enable the precise laser position
on the sample by a microscope. In this work, the light is focused to around ~300 um diameter.

The investigated samples are ensembles of vertically standing, coaxial GaAs-AlGaAs-GaAs core-shell-supershell NWs,
grown by molecular beam epitaxy on p-Si(111) substrates. This process starts with lithography-free Si/SiOx patterns defining
the nucleation sites for self-catalyzed growth of GaAs core [10]. Since the patterns were obtained by means of droplet epitaxy
of GaAs nanocrystals, the final ensemble has randomly positioned NWs. The GaAs core growth results in predominantly defect
free zincblende structure. Next, AlGaAs shell and GaAs supershell are grown using axial growth promoting conditions. As a
result, the NW ensemble has density of INW/um?, and a good uniformity of geometric parameters, as shown by detailed
statistical analysis of scanning electron microscope images in Ref. [7].

In the investigated Sample C, a single NW is 4.65 um tall, and has the overall diameter of 165 nm, which contains 11.6 nm
AlGaAs shell, and 5.9 nm GaAs supershell. The shell/supershell growth results in additional parasitic layers on the top of Si
substrate (25 nm and 5 nm of AlGaAs and GaAs, respectively). The investigated Sample C-Au has the same semiconductor base
as Sample C, on the top of which a thin Au layer was grown using electron beam evaporation. In order to break the symmetry in
the Au-covered NW sidewalls, the Au flux was tilted for 14° angle with respect to the nanowire axis. This resulted in around 17
nm of Au on two out of six NW sidewalls. Samples of thinner NW diameters, fabricated by the same technique, were previously
investigated by reflection spectroscopy [11].

Furthermore, we use finite-difference-time-domain simulations to predict the optical behavior of NWs in the same
wavelength range. We employ a commercial 3D solver of Maxwell’s equations by Lumerical [12]. Complex refractive indices
of GaAs and AlGaAs are taken from Ref. [13]. We use a broadband total-field-scattered-field source to excite a single NW in
the air or on the substrate, under normal incidence. This method separates the power absorbed by the medium from the scattered
one, which numerically mimics the photo-acoustic measurements, as shown later in the manuscript. The absorption cross-section
is defined by a box of monitors surrounding the NW (200 nm x 200 nm x 6 pm); the absorption efficiency #aps is then calculated
by dividing the absorption cross-section with the geometric cross-section.

3. Results and Discussion

A single GaAs NW with diameters in (60-200) nm range supports leaky resonant absorption modes below the GaAs bandgap
[14]. Figure 1(b) shows such mode in a single NW of the Sample C, peaking at 780 nm; the inset plots 3D absorption density at
that wavelength. When the NW is placed on the substrate, the same absorption cross-section box contains a small volume of the
absorbing substrate material; nonetheless, the presence of the substrate leads to the background absorption, slightly modifying
the spectral shape of the resonance. Sample C-Au is modelled by taking into account all Au material influences: the Au layer on
the two sidewalls, the Au layer present on the substrate, including the NW shadowing effect, and a plasmonic “cap” on the top
of the NW. This strongly reshapes the resonances of the semiconductor NW. In Figure 1(c), the absorption is red-shifted for the
NW with two sidewalls in the air; when such NW is placed on the substrate with Au, this substrate red-shifts and strongly
increases the absorption. Finally, the hybrid semiconductor-plasmonic nanowire has a prominent absorption for wavelengths
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greater than the GaAs bandgap, i.e. in the (870-1000) nm range. Dashed lines in Figure 1(b-c) present scattering cross-section
spectra of a single NW, without and with Au; at these NW dimensions, they differ in the spectral position of the resonances [15].
Hence, trying to characterize the resonant absorption by performing extinction measurements would be misleading, especially
in terms of ascribing the observed signal peaks to the electromagnetic field enhancement at the same wavelength, e.g. for
improved sensing or heat transport at the nanoscale [16].

We next apply PAS to detect the resonant absorption modes in the two samples; as a reference, we use the substrate of the
Sample C (Si, without Au). We excite them at normal incidence, with linear polarization, in the (680-1000) nm range, and tune
the chopper frequency f. Figure 2(a) plots PAS signal amplitudes, normalized to the incident laser power, for Samples C, C-Au
and the substrate. At 54 Hz, both nanostructured samples absorb more than the substrate, with no particular resonant features. In
our previous work [8], we observed the resonant absorption modes in similar samples at 225 Hz. In this work, the laser allows
for wider power tunability, so we choose higher frequencies of 408 Hz and 625 Hz. At both frequencies, starting from wavelength
of 820 nm, we observe a distinct absorption drop for Sample C; moreover, in that range, the difference between this sample and
the substrate decreases. This does not happen for Sample C-Au, as it absorbs in the whole investigated spectral range; instead,
for wavelengths larger than 840 nm, the absorption is increased with respect to both substrate and Sample C. In this sample,
apart from the Au layer on the NW, Au layer on the substrate also contributes to the absorption signal.

a ; o
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Fig. 1. (a) Photo-acoustic spectroscopy, allows for tunable polarization, power, modulation frequency, incidence angle; inset:
schematic of the two samples. Both have diameter of 165 nm and height of 4.6 um; Sample C-Au has two out of six sidewalls
covered by 20 nm Au. (b) Simulation of a single NW of Sample C, in the air and standing on the Si substrate, and the 3D
distribution of the absorption density at the resonance of 780 nm. The Si substrate widens the leaky waveguide mode resonance.
(c) Simulation of a single NW covered by Au, and the 3D distribution of the absorption density at 850 nm. Here, the substrate
strongly influences absorption as its parts contain absorbing material.
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(@) PAS experiment: signal normalized to laser power
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Fig. 2. (a) PAS signal amplitude of samples C, C-Au and the substrate (without Au), excited at normal incidence and modulated
with 54Hz, 408 Hz and 625 Hz chopper frequency; the excitation is at normal incidence with linear polarization. All the signals
are normalized to the incident laser power at the corresponding wavelength. (b) Normalized PAS signal for both nanostructured
samples is obtained by subtracting the substrate signal from the NW signal, and normalizing each spectra to its maximum. The
resonant modes appear at higher frequencies, and their bandwidth shrinks. (c) PAS difference between the NWs and the substrate
for Sample C and Sample C-Au agree with the NW modes predicted by simulations.

Next, to study the shapes of the resonant modes, we define the normalized PAS signal by subtracting the substrate signal
from the NW signal at each frequency, and normalizing it to its maximum, Figure 2(b). For both samples, the low modulation
frequency of 54 Hz results in poor discrimination of the NW resonant behavior with respect to the substrates. For Sample C, the
increase of modulation frequency leads to sharpening of the resonant modes. At 1225 Hz, the substrate behavior can be neglected,
as the normalized signal vanishes after the GaAs bandgap; this result is in great agreement with Figure 1(b). For Sample C-Au,
Au-substrate strongly influences the resonances at all frequencies, making the normalized spectra without prominent absorption
features. In Figure (c), we plot the difference in the PAS amplitude between the NWs and the substrate at 1225 Hz. For Sample
C-Au, this frequency allows to resolve the NW absorption, predicted in Figure 1(c), although the agreement with simulations is
worse than in the case without Au. This is likely due to the lower uniformity of the geometric parameters regarding shadows and
parasitic layers, resulting from the tilted evaporation of Au.

Polarization control of a photo-thermal set-up allow for monitoring the difference in the absorption when the nanostructure
is excited with left versus right circular polarization (LCP versus RCP, respectively), i.e. circular dichroism (CD). Photo-thermal
techniques that characterize CD can probe chirality from intrinsically chiral ensembles of vertically standing nanohelices [17],
to single nanostructures [18]. However, asymmetric Au layer does not make the sample 2D nor 3D intrinsically chiral, hence in
a perfectly aligned set-up, CD must be zero at normal incidence [19-22]. Oblique incidence, instead, leads to the phenomena of
extrinsic chirality for specific sample orientations. While being an artifact in intrinsic chirality measurements, extrinsic chirality
can be obtained in simpler geometries which include asymmetric layers without helical or gammadion shapes. Indeed, in similar
NWs, extrinsic chirality has been first demonstrated with single wavelength PAS [23], and then proposed for the tuning of GaAs
emission [24] and second harmonic generation [25]. Previously, we measured wavelength dependence of this effect in ensembles
of thinner NWs by reflection spectroscopy; the optical response was measured by placing a photo-diode at only one angle in the
space to observe the specular reflection [11]. This scattering-influenced signal characterizes reflection dissymmetry under LCP
and RCP excitations, but it should not be confused with the real, absorption-defined CD.
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Our PAS set-up allows for the broadband and sensitive characterization of chirality from absorption response. We next fix
the chopper frequency to 1225 Hz, and investigate Sample C-Au under oblique incidence, Figure 3. In the schematic, we show
the sample orientation which obeys the condition of extrinsic chirality: the non-planar triad of vectors between the light wave-
vector k, the surface normal 7, and the direction perpendicular to the Au sidewalls S. In Figure 3(a) we plot the PAS signal
difference between the NW and the substrate, when Sample C-Au is excited with LCP or RCP, at +20°. In a well aligned set-up,
substrate absorption is not dependent on the incident polarization, so the difference comes from the nanostructured part. At -20°
NWs better absorb RCP, while this behavior inverts at +20° across the whole wavelength range. Figure 3(b) plots PAS signal
differences between LCP and RCP excitation for Sample C-Au: as expected, ALcp-Arce are of the opposite sign between +20°
and -20° across the whole wavelength range, while at normal incidence, difference tends to zero. Next, the normalized absorption
difference is calculated as 100(ALcr-Arcr)/(ALcr+Arcr) [%]; Figure 3(c) plots this difference at two wavelengths, as a function
of angle. CD dependence on 0 is in line with our previous results, while we note that the signal can be enhanced by increasing
the NW surface density, as shown with single wavelength CD measurements in Ref. [23]. Figure 3(d) plots the simulated
absorption density when the single C-Au NW is excited at 720 nm, under +20° or -20°, with LCP and RCP. The Au layer confines
and enhances the absorption; its asymmetry leads to stronger coupling with LCP, thus revealing the nanoscale origin of the
extrinsic chirality. Therefore, PAS with a widely tunable laser and frequency is a scattering-free method able to detect
polarization response stemming from asymmetric structuring of a thin Au layer; even though it reveals the overall absorption
signal of the NW ensemble, the possibility of high modulation frequency allows to access the upper parts of the samples and
detect low chirality.

(a) 7 =500 7 — 1 (b) -8
4 2107 C-Au, §=-20°, 1225Hz7 4 x10 C-Au, §=+20°, 1225Hz : *x10 C-Au, 1225Hz —rr—m0s
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Fig. 3. Schematic of the excitation that enables extrinsic chirality in Sample C-Au (a) Sample C-Au is excited with LCP or RCP,
at +20° oblique incidence, and the difference between the NW signal and the substrate is measured at 1225 Hz. (b) Difference
of the PAS signal for LCP and RCP excitation for the incidence angles -20°,0° and 20°. (c) Experimental normalized absorption
difference as a function of the incidence angle, at 720 nm and 800 nm. (d) Distribution of the absorption density in a single NW
on the substrate, excited with LCP and RCP, at 720 nm and at +20° of incidence. LCP leads to stronger absorption in the Au
sidewalls than RCP for +20°, which inverts at -20°, in agreement with the PAS experiment.

Besides precise microscope positioning and beam-waist tuning on the nanostructured areas [26], the novelty of our set-up
lies in parallel chopper frequency and incident power tuning. Namely, with nanostructures on thermally insulating substrates
(such as commercial soda-lime glass), PAS is highly sensitive to the nanomaterial on the top, as the nanostructure absorption
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creates the heat wave which stays confined to the top. In this case, even with powers on the order of mW and at lower frequencies
(f=81 Hz), we were able to characterize absorption and extrinsic chirality in 20-50 nm of absorbing material [27]. However, with
substrates that are thermally conductive and absorbing, the heat sinks into the substrate, leading to the lower nanostructure signal
hidden by the substrate response. This can be partially solved by increasing f; however, the PAS amplitude decreases with the
f increase, thus deteriorating signal to noise ratio. Finally, the increase of the incident power at higher modulation frequencies
can be used to improve PAS sensitivity while discriminating the nanostructure response from the background substrate. All the
PAS signals presented here are normalized to the incident power at that frequency. Moreover, we anticipate that investigating
both PAS amplitude and phase while continuously tuning the frequency, and, in parallel, spectrally investigating the resonances,
could reveal the depth sensitivity, and lead to novel applications in heat transport at the nanoscale.

4. Conclusion

We have studied semiconductor and semiconductor-plasmonic NW ensembles by means of photo-acoustic technique with
modulation frequency in kHz range, and the laser light source in the near-infrared range. In semiconductor NW sample, the
increase of the chopper frequency from 54 Hz to 1225 Hz leads to the more precise discrimination of the resonant leaky-
waveguide mode peaking at 780 nm, in great agreement with numerical predictions. At 1225 Hz, the same sample,
asymmetrically covered by Au, has hybridized plasmonic-photonic mode, broadened and red-shifted to ~850 nm. Furthermore,
with this modulation frequency we were able to detect weak extrinsic chiral behavior arising from the asymmetric geometry of
Au on the NW sidewalls. We believe that tunable modulation frequency will become an important parameter for both revealing
of the depth sensitivity, and for accessing novel photo-thermal phenomena at the nanoscale. Furthermore, enriching the set-up
with photo-elastic modulators could allow for improved sensitivity of chiral sensing at much higher modulation frequencies, thus
discriminating the properties of thin surface layers of samples [18].
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