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Abstract: Semiconductor nanowires made of high refractive index materials can couple the
incoming light to specific waveguide modes that offer resonant absorption enhancement under
the bandgap wavelength, essential for light harvesting, lasing and detection applications.
Moreover, the non-trivial ellipticity of such modes can offer near field interactions with chiral
molecules, governed by near chiral field. These modes are therefore very important to detect.
Here, we present the photo-acoustic spectroscopy as a low-cost, reliable, sensitive and
scattering-free tool to measure the spectral position and absorption efficiency of these modes.
The investigated samples are hexagonal nanowires with GaAs core; the fabrication by means
of lithographyfree molecular beam epitaxy provides controllable and uniform dimensions that
allow for the excitation of the fundamental resonant mode around 800 nm. We show that the
modulation frequency increase leads to the discrimination of the resonant mode absorption
fromthe overall absorption of the substrate. As the experimental data are in great agreement
with numerical simulations, the design can be optimized and followed by photo-acoustic
characterization for a specific application.
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1. Introduction
Semiconductor nanowires (NWs) with high refractive index and high aspect ratio can couple
the incoming light to the set of waveguide modes, similar to the ones defined in infinite



cylindrical dielectric waveguides [1]. Under the bandgap wavelength, these modes experience
loss and lead to the resonant absorption, leading to many fields where they can be applied:
photovoltaics [2–5], light sources [6, 7], photodetectors [8], waveguides [9] etc. Especially
important are the reports on NW lasers working at room temperature [10], their integration on
Si [11] and highly efficient NW solar cells [12]. Numerically, the NW waveguide modes have
been vastly investigated [13–17]. The properties of the confined fields have also recently lead
to some new prospects in spin angular momentum formation [18], and near chiral field
manipulation [19, 20]. Finally, semiconductor NW hybridization with metallic layers has
recently shown effects such as circular dichroism [21].

The conventional characterization of the NW absorption usually relies on the measurements
of transmission/reflection [22], photoluminescence [23–25] or photocurrents [26]. However,
these techniques require post-processing as they do not directly provide the absorption
efficiency. Moreover, the results can be affected by the vast scattering in the disordered
samples. Recently, the photo-acoustic spectroscopy was applied to measure the absorption edge
in disordered GaAsBi/GaAs NWs [27]. In  [17] we showed, for the first time to our knowledge,
that highly uniform NW samples can couple light to the discrete absorption modes in the visible
and that their spectral position and efficiency can be reliably characterized by this technique.
Here, we discuss the influence of the substrate on the absorption in photo-acoustic
measurements, and the numerical set-up which gives great agreement between the theory and
the experiment.

2. Nanowire waveguide modes and resonant absorption
Firstly, we present the numerical approach for the investigation of the resonant absorption
modes of GaAs-based NWs.We define the geometry following the real samples’ properties
from [28] that will then be photo-acoustically characterized. The samples were fabricated by
means of a recently developed, lithography-free molecular beam epitaxy (MBE) that provides
high quality and uniformity GaAs NW ensembles on p-Si(111) wafers. As there is no periodical
pattering of the NW position, the overall optical response of the sample is predominantly due
to the interaction of a single NW with light; here, we investigate this interaction in the visible
part of the spectrum.

The simulated structure is a single GaAs-based NW with hexagonal cross section, sketched
in Fig. 1(a). It consists of GaAs core, Al0.3Ga0.7As shell thick = 8.6 , and GaAs
supershell thick = 1.7 ; the overall diameter is then defined as as =
2 + + = 151 . The NW is = 5.19  long and it is vertically
standing on Si substrate, Fig. 2(a). These properties are obtained from the growth parameters
and SEM analysis explained in detail in [17]; a SEM image of the NWs that we model is shown
in Fig. 1(c). Note that during the fabrication there are also thin AlGaAs and GaAs layers formed
on the substrate, that arise from the shell and supershell formation, respectively; their
dimensions are , = 38 , and , = 7.5 , and are taken into account in the
simulation.

If the light is impinging under normal incidence, the scattering from the end-facets allows
for the weakly guided waveguide mode excitation. The energy of these modes is confined on
the borders of the NW, thus leading to significant absorption enhancement under the bandgap
wavelength. This can be simulated by using a commercial simulator from Lumerical, based on
3D Finite Difference Time Domain (FDTD) method [29]. Firstly, a single NW is surrounded
by a simulation region defined by perfectly matched layers (PMLs) in all directions. The special
care must be taken to ensure the stability of the simulations. Namely, PMLs are artificial
absorbing layers conventionally used in open boundary simulations to truncate the simulation
region. Ideally, they should not reflect any electromagnetic field, but due to the computational
errors in their proximity, small reflections could lead to errors and instabilities of the



calculation. Specifically, if the PMLs are reflecting evanescent fields back into the simulation
region, the results will be completely unreliable. Therefore, a special care must be taken to
define PML position at least half the maximum wavelength from the surface of the
nanostructure. Since the subject here are the visible and near-infrared electromagnetic
properties of the NWs, the wavelength range is 300− 1100 , therefore PMLs are at least
550  distant from the NW borders. In order to discriminate the simulation region with the
total field from the one with the scattered field, a total-field scattered source (TFSF) is used to
illuminate NW in this spectral range. For a single, stand-alone NW the typical quantity that can
provide the mode wavelength excitation and efficiency is the absorption cross section ,
defined as the ratio of the power absorbed by the NW , and the source intensity ; the
nanoscale geometries  is usually expressed in .  can be calculated by surrounding
the NW with a box of monitors in the total field region, i.e. “inside” the TFSF source; these six
monitors calculate the power flow in the box across the spectral range.

Figure 1: (a) 3D schematic of the NW investigated: it is defined by GaAs core, the overall
diameter = 151 , the length = 5.19 , the AlGaAs shell = 8.6 , and the GaAs
supershell = 1.7 . (b)  cross section of the modelled sample, with the FDTD
region. (c) SEM image of the sample [17].

In Fig. 2(a) we show the simulated dependence of  on the NW radius (defined as ~ /2),
by keeping the parameters ,  and  constant. The analytical approach with
Bessel functions was previously applied for the infinite GaAs cylinders, and the first two mode
dependence on the radius is superposed onto the Fig. 2(a) (red and blue dots). We see that the
enhanced absorption from FDTD simulations perfectly follows the dispersion relation of
and  modes from the analytical approach, even though this approach does not include the
hexagonal cross-section, the finiteness and the existence of shell and supershell. Therefore, we
can attribute the enhanced absorption to the excitation of the resonant modes in GaAs NW;
these modes under bandgap wavelength are lossy, with the electric field confined on the NW
borders [14,15,17]. For the given ≈ 75 , the resonant absorption of  is around =
800 , while  is excited around = 450 . The latter leads to weaker absorption and



has 2 maxima in the radial direction (in the waveguide theory, a mode  is defined by −
ℎ  order of the Bessel or Hankel function  maxima in the radial direction). Next, the

waveguide mode excitation dependence on the NW height is investigated by varying the NW
length from 0 to 6 , while keeping the other parameters constant. There is a height threshold
under which there is no sufficient phase matching to support the waveguide modes; this is
expected due to the transition from the disk to the waveguide [18]. Spectral peaks do not shift
considerably as . It should be also added that for thicker and longer NW there is a large spectral
gap between the two modes, meaning that these GaAs-based NW show high spectral selectivity.
This was underlined before for Si NWs [13], and can be generalized for other semiconductor
NWs.

Figure 2: (a) Absorption cross section spectral dependence on the NW radius defined as /2;
the superposed dots are the dispersion relations in GaAs infinite cylindrical waveguide, which
were obtained by analytically solving the Maxwell equations (not shown here); (b) Absorption
cross section spectral dependence on the NW length .

Finally, for the already fabricated sample one should expect high  absorption
enhancement at 800 , and lower  absorption enhancement at 450 .

3. Photo-acoustic spectroscopy
Here, we apply the photo-acoustic spectroscopy (PAS) to directly characterize the expected
resonant absorption peaks in the sample. PAS is a photothermal technique where the light
absorption leads to the heat generation, thus changing the thermal state of the sample [30, 31].
The modulation of the light by a chopper heats up and cools down the sample; the
corresponding pressure changes in PAS cell are an acoustic signal that can be converted into
an electrical signal by a close and sensitive microphone, hidden from the scattering by a tunnel.
The models of low-noise preamplifier and microphone are Brüel & Kjær 2639 and 4166,
respectively. The system gives a flat frequency response in the 20 Hz–200 kHz range. In Fig.
3, our PAS set-up is shown; the light from Xe lamp is directed to the monochromator that allows
for 300−1100 nm range of excitation; the beam diameter is around 300 μm. The light is then
shined on the sample under normal incidence (i.e., for the configuration where we expect HE11
and HE12 from Sect. 2). The collected signal directly shows the absorption amplitude and phase,
regardless of reflected, transmitted, scattered or diffracted light. Moreover, the chopper is close
to the light source and more than 50 cm distant from the PAS cell; the noise produced by the



chopper alone (with the light source switched off) had been previously shown to be negligible,
i.e., two orders of magnitude lower than the PAS signal with the light on.

Figure 3: Photo-acoustic spectroscopy experimental set-up; inset: top SEM image of the sample.

We had previously applied similar PAS set-up to characterize absorption properties of
metal-based samples; in [32] we detected surface plasmon polaritons, while in [33-35] we
investigated metallic NWs, and helices [36]. Recently, we applied it to measure circular
dichroism in similar GaAs-based NW samples that were functionalized by an asymmetrical
layer of Au [21]. This has lead us to the idea that also semiconductor samples and their resonant
behavior can be characterized by means of the set-up from Fig. 3.

4. Results and discussion
NWs in our sample have insignificant volume compared to the absorbing substrate; this means
that the overall absorption will dominantly be flat (non-resonant) over the whole spectral range,
if the signal is coming from the whole sample. However, one of the advantages of PAS is that
modulation frequency can decide the part of the sample from which the absorption is being
collected. This comes from the fact that the thermal diffusion length is inversely proportional
to the square root of the modulation frequency [37]. At lower modulation frequencies thermal
signal takes high non-resonant contribution of Si substrate (and thin AlGaAs and GaAs layers),
while for high frequencies the thermal diffusion length catches the influence of the NW over
its length. In [17] we investigated the PAS spectra dependence on the modulation frequency,
and we saw that for the frequencies above 81  the resonant peaks arise for the similar
samples.

In Fig. 4a, we show the PAS signal measured for the NW sample previously investigated.
First, Si substrate does not show any resonant feature at neither of frequencies (red lines). For
the NW sample at 25 Hz, the resonant contribution is low and the peaks cannot be clearly
observed. However, at 225 Hz, both resonant modes appear: HE11 at around 800 nm, and HE12
at around 450 nm. In Fig. 4(b) the simulated absorption efficiency is defined as =

/ , where  is geometrical cross-section of the single NW. We see that the
resonant modes provide high absorption efficiency, and that their spectral positions and relative
intensities match PAS results very well. However, the experimental peaks are much broader.



In [17] we investigated the possible reasons for this broadening: the NW tapering, the
fabrication tolerances of the parameters, and the interaction between close NWs. We did similar
FDTD simulations of two close NWs, with distance distribution from the top SEM analysis
(inset of Fig. 3). These simulations can catch the close NW interaction to some extent, and are
found to be the main reason for the broadening.

Figure 4: (a) PAS signal in arbitrary units at low frequency (25 Hz) and high frequency (225
Hz) for the NW sample (blue) and Si substrate (red); (b) the absorption efficiency of the single
NW.

PAS can therefore directly characterize the spectral position and the efficiency of the modes.
For a specific application, one can optimize the geometric parameters e.g. by using methods in
[38] or [39]. One of the subjects of ongoing work is the use of the resonant modes for chiral
near field formation. Namely, in the points of the confinement, electric and magnetic field
possess components that are parallel and out-of-phase. In [19] we shown that the same NW
geometry can lead to the near chiral field manipulation by means of the angle of incidence span.
Moreover, the NWs can be easily hybridized by thin layers of Au; PAS was used to characterize
the absorption spectra of these samples in [21] and the results were in agreement with numerical
results from Section 2, keeping the same (although broader) waveguide mode peaks. Breaking
the symmetry by Au can lead to new perspectives in heat direction manipulation in such
samples; the PAS characterization and photo-thermal deflection measurements are subject of
future work [40].

Conclusion

The resonant absorption in GaAs-based NWs fabricated by lithography-free was investigated
numerically and by means of PAS technique. The results are shown to be in great agreement,
meaning that PAS can be used as a non-destructive, low-cost, sensitive and scattering-free
method that directly provides the absorption signal. Moreover, there is no complicated post-
processing required. Therefore, we firmly believe that PAS can be used as a highly sensitive
tool to measure the resonant absorption in nanostructures, for the applications spanning from
NW lasers to chirality applications in the samples with broken symmetry.

Funding

Academy of Finland Project NESP (294630).


