Photo-acoustic spectroscopy reveals extrinsic
optical chirality in GaAs-based nanowires
partially covered with gold
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Abstract: We report on the extrinsic chirality behavior of GaAs-based NWs asymmetrically
hybridized with Au. The samples are fabricated by a recently developed, lithography-free self-
organized GaAs growth, with the addition of AlGaAs shell and GaAs supershell. The angled
Au flux is then used to cover three-out-of-six sidewalls with a thin layer of Au. Oblique
incidence and proper sample orientation can lead to circular dichroism. We characterize this
chiral behavior at 532nm and 980nm by means of photo-acoustic spectroscopy, which
directly measures the difference in absorption for the circularly polarized light of the opposite
headedness. For the first time to our knowledge, circular dichroism is observed both in the
amplitude and the phase of the photo-acoustic signal. We strongly believe that such samples
can be used for chiral applications, spanning from circularly polarized light emission, to the
enantioselectivity applications.
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1. Introduction

Chirality, a lack of the mirror symmetry, is an important property of our world; characteristics
of many important molecules, amino-acids, DNA, sugars, drugs are governed by it.
Specifically, two mirror images of a chiral object that cannot be superimposed onto each other
are called enantiomers. For example, two enantiomers of the same chiral drug can have
extremely different effects on human body, while having other physical properties equal (e.g.
melting point, density, vapor pressure). This makes their distinction difficult, and the modern
pharmacology still lacks sensitive systems for the enantiomer detection and separation. On the
other hand, the chiral properties can be probed with the circularly polarized light of different
headedness, as an enantiomer of a particular headedness reacts better with the circular
polarization of the corresponding headedness. It is therefore important to investigate the
artificial structures that can mimic the chiral response, tailor and control it.

Nanostructures with broken symmetry are good candidates for the different interaction with
circularly polarized light of the opposite headedness. They can differently transmit, reflect or
absorb the left circularly polarized light (LCP) from the right circularly polarized light (RCP);
the difference in absorption is called circular dichroism (CD). The engineered chiral
nanomaterials usually consist of unit cells that cannot be superimposed onto their mirror
images, thus possessing their own, intrinsic chirality. These span from plasmonic 1D to 3D
chiral elements [1-12], and mimic the properties of chiral molecules such as CD. Chiral
plasmonic nanostructures have been already proposed for applications in chiral sensing [13,14],
detection and characterization of biomolecules [15], enantioselectivity [16], negative refraction



[17,18] etc. Semiconductor nanostructures have also been found to give rise to CD [19-21].
Geometric features of these nanostructures are usually helix or gammadion like, and can be
complicated to fabricate and couple with a substance for chiral sensing.

In the past [22] it was shown that a proper experimental set-up combined with the sample
properties can provide chiral behavior even in the nanostructures that do not possess intrinsic

chirality. For CD in achiral elements, impinging light vector k, the average surface normal 7,
and the sample direction s need to form a nonplanar triad of vectors. Even if the sample itself
is achiral, such a nonplanar triad cannot be superimposed onto its mirror image, as there is no
translational or rotational transformation that can reproduce the original triad. It is then said
that the symmetry is broken, and CD can be expected [23]. This type of chiral behavior that is

governed by both the sample and k (defined by the experimental set-up) is called extrinsic
chirality.

In our previous works extrinsic chirality was investigated in disordered, metal-based
samples by means of reflection, absorption, and second harmonic generation measurements
[23-25]. Recently, we applied photo-acoustic technique to characterize the resonant absorption
properties in GaAs-based NWs [26]. Highly uniform self-assembled samples can be fabricated
by a lithography-free molecular beam epitaxy [27], and then covered by an asymmetric layer
of Au [28]; the breaking of the symmetry in the proper experimental configuration leads to CD.
Here we present this asymmetric geometry, and photo-acoustic CD characterization in both
amplitude and phase of the measured signal.

2. Asymmetric nanowire geometry

The investigated structure is a NW forest of self-assembled NW with GaAs core and hexagonal
cross section, sketched in Fig. 1(a). GaAs core is surrounded by AlGaAs shell thick ty,.; =
8.6nm, and GaAs supershell thick ts,,ersnen = 1.7nm; the overall diameter of this structure
is D = 2(7 + tyneu + toupersnen) = 151nm. The NW is asymmetrically covered by Au by
means of the angled Au flux, so that a thin Au layer of t; = 20nm is formed on the 1{110}
sidewall, while the Au on I11{110} sidewalls are thinner, t;,; = 10nm. The NW is L = 5.19um
long and it is vertically standing on Si substrate, Fig. 1(b). In addition to this substrate, there
are also three thin nanolayers formed during the fabrication of AlGaAs shell, GaAs supershell,
and Au cover. These layers have the following thicknesses: ts,p aigaas = 38nM, teyp Gans =
7.5nm, and t,,;, o, = 70nm. The Au cap on the top is 80nm thick. The xy cross section of the
sample is shown in Fig. 1(c), while the SEM image is shown in Fig. 1(d) [28]. As the NW
fabrication is lithography-free, the distribution of the distances between the neighboring NWs
is 747 £182nm, and it is obtained from the SEM analysis; the density of the NWs is
~8x107cm™2,
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Figure 1: (a) 3D schematic of the NW investigated: it is defined by GaAs core, the overall
diameter D = 151nm, the length L = 5.19um, the AlGaAs shell t,.;; = 8.6nm, and the GaAs
supershell tg,persney = 1.7nm. Itis then covered by t; = 20nm Au on 1{110} sidewall, by ¢, =
10nm Au on 11{110} sidewall, and by 80nm Au on the top; (b) xz cross section schematic of
the sample; (c) xy cross section schematic of the sample SEM image of the sample; (d) SEM
image of the sample [28].

3. Photo-acoustic spectroscopy and circular dichroism
The photo-acoustic spectroscopy (PAS) can directly characterize the absorption in the
nanostructures, and hence the differences of the absorption for different headedness (CD). The
thermal state of the sample is changed due to the absorption of the light [29]; if the light is
modulated, the pressure changes in PAS cell form an acoustic signal. The acoustic signal can
then be converted into electrical by a close and sensitive microphone, with no influence of the
scattered light. We applied PAS to detect surface plasmon polaritons in patterned nanohole
samples [30], as well as to measure absorption properties of disordered metallic NWs [31-33].
Here we apply it to measure CD in Au-functionalized NWs. However, under normal incidence
these structures are still symmetric. For the nonplanar triad of vectors and extrinsic chirality,
we need both oblique incidence (Fig. 2(a)), and the proper orientation of the sample. The first
condition is provided by connecting the PAS cell with a rotational cell. The second condition
is defined by the average surface direction, i.e. by the 1{110} sidewall normal, as the thinner
sidewalls cancel out in the normal direction. Only if this sidewall has y normal, the three
vectors are not in the same plane and CD can be measured. The proper configuration is shown
in Fig. 2(b), where the Au sidewalls are indicated by yellow lines. CD is then measured by
putting a polarizer and a quarter-wave plate on the light path. The light modulation frequency
is set to 225Hz to catch the effects arising from the NW volume, instead of the non-resonant



and non-chiral substrate behavior [26]. Therefore, CD is expected when there is a nonplanar
triad between the average Au surface normal 77 (in y direction), NW direction s (in z direction),

and the incoming circular polarization wavevector k (in xz plane): the NW will have different
absorption coefficients for RCP and LCP.
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Figure 2: Photo-acoustic spectroscopy experimental set-up: xz vuew; (b) 3D view of the CD
experiment with the oblique incidence and Au average surface normal in y direction.

4. Results and discussion

In the following we report on the two laser wavelengths that are chosen to investigate the
sample behavior in two different regimes: at 532nm both Au and NW materials contribute to
the absorption, while at 980nm NWs are transparent and Au strongly reflects light. The
quarter-wave plate angle rotation defines: linear polarization when it is 0°, LCP when it is
—45° and RCP when itis 45°. In Fig. 3 we show the PAS signal amplitude dependence on the
quarter-wave plate angle. Obviously, the system shows CD behavior at both wavelengths when
the incident angle is 8 = 18°; note the difference between LCP and RCP at 532nm, Fig. 3(a),
which is much higher than at 980nm, Fig. 3(b), where the NW does not efficiently absorb light.
In [28] a detailed study of the incidence angle influence on CD can be found.
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Figure 3:PAS amplitude dependence on the quarter-wave plate rotation angle under = 18° of
incidence, at (a) 532nm, and (b) 980nm.

Next, we investigate the CD critical points (RCP compared to LCP) by means of a
commercial simulator from Lumerical, based on 3D Finite Difference Time Domain (FDTD)
method [34]. A single NW is surrounded by a simulation region defined by perfectly matched
layers (PMLs) in all directions; the distance between the NW and PMLs must be at least half
the wavelength to prevent the simulation instabilities. The excitation is done by two total-field
scattered sources (TFSF) that possess a phase difference for a circular polarization; these
sources discriminate the simulation region with the total field from the one with the scattered
field, and the absorption can be then collected in the total field region. This is analogue to the
PAS signal as it does not catch the scattering field. To directly compare the simulation with the
experimental results, the same parameters are used (incidence under & = 18°); in Fig. 4 we
show the results at 532nm, where CD is higher. It is clear that at 532nm the absorption is
confined differently for RCP and LCP. For RCP, it is mainly concentrated in the part with Au
(indicated by yellow dashed lines), Fig. 4(a), while for LCP it is mainly concentrated in the part
without Au, Fig. 4(b). This is in agreement with PAS which shows much higher absorption for



RCP at this wavelength in Fig. 3(a). The other wavelength gives insignificant absorption in the
NW and it is not shown here.
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Figure 4:Absorption at 532nm and under 18° of incidence, for (a) RCP and (b) LCP.

Previous results show that PAS amplitude can serve as a characterization tool that measures
the macroscopic absorption properties of the NW forest. The other interesting part of PAS
signal is its phase, which is known to be sensitive to the positions in space where the absorption
takes place. In Fig. 5 we show PAS amplitude and phase for the sample at 532nm and under
18° of incidence. We note that PAS phase, too, shows CD behavior; we attribute this to the fact
that the light of the different headedness leads to different absorption distribution along the
NW, which PAS signal can measure even at um scale. Moreover, it follows the PAS amplitude
behavior in Fig. 3(a). This is another proof that PAS amplitude correctly measures the
absorption, as with the decreasing absorption, the PAS phase also decreases, i.e. the sample
becomes more transparent. However, the theoretical model is yet to be completed, and it is a
subject of ongoing research.
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Figure 5: PAS amplitude dependence on the quarter-wave plate rotation angle under 18° of incidence and at
532nm.

PAS can therefore be used to directly characterize CD; this is a macroscopic chiral behavior
that can then be used for many applications, spanning from circularly polarized light sources,
to chiral near field manipulation, proposed in similar samples [35,36]. Specifically, we
proposed a more efficient discrimination of the chiral molecules put in the NW vicinity [35].
Moreover, these NWs offer the possibility to control the absorption confinement in 3D by
changing the angle of incidence and polarization. This could lead to new applications in heat
direction manipulation, that can be measured by means of photo-thermal deflection
measurements [37].

Conclusion

The circular dichroism and extrinsic chiral behavior can be arise in the GaAs-based NWs
asymmetrically covered by Au. PAS technique was used here to directly measure the
differences in absorption for the opposite headedness of 532nm and 980nm light. PAS is non-
destructive, low-cost, sensitive and scattering-free method that directly provides the absorption
signal, without complicated post-processing required. For the first time to our knowledge,
efficient CD is reported also in the phase of the PAS signal. Therefore, we firmly believe that
PAS can be used as a highly sensitive tool to measure the chiral behavior in such nanostructures,
which is of essential importance for chirality applications such as enhanced enantioselectivity
and chiral light manipulation at the nanoscale.
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