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Abstract—Specific features of optical second harmonic (SH) generation in arrays of chiral helical nanoholes
in a silver film are studied experimentally. An increase in the intensity of the second-order nonlinear optical
response is observed in the region of anomalous resonant transmission. The significant role of the rotational
symmetry of the array of nanoholes in the formation of the SH response is revealed, which determines the
azimuthal dependence of both the intensity of the second-order optical signal and the SH circular dichroism.
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1. INTRODUCTION

Optics of metallic nanostructures has become an
important and rapidly developing area of world sci-
ence in the last decade [1]. This is associated, on the
one hand, with significant progress in the manufactur-
ing technologies (explosive, colloidal lithography,
etc.) for nanostructures and, on the other hand, with
the possible applications of the studied phenomena in
functional nanophotonic devices for the control over
the parameters of optical radiation, sensorics, and
optical switching. As is known, in metal particles of
subwavelength size, localized surface plasmons can be
excited in the optical range; this fact is used to improve
the efficiency of interaction of light with such parti-
cles. Optical properties of metal nanoparticles of vari-
ous shapes (spherical, cylindrical, chiral, “core—
shell,” etc.) have been studied theoretically and exper-
imentally in [2—7]. A significant disadvantage of these
structures is a substantial decrease in light transmis-
sion in the spectral region of excitation of a local plas-
mon, which, in turn, reduces the efficiency of the con-
trol over the parameters of optical radiation. A funda-
mentally different design of the structure is an inverted
structure, namely, a lattice of cylindrical nanoholes
with the diameter of 150 nm in a 200-nm-thick silver
film, which was first proposed by Ebbessen in 1998
[8]. It was found that, upon excitation of surface plas-
mons at the inner boundary of subwavelength nano-
holes, the whole structure exhibits the so-called
anomalous light transmission, when the transmittance
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exceeds the value determined by the total area of the
holes in the structure. The mechanism of this effect is
that the excited plasmons lead to an increase in the
evanescent field near the film surface, and, after this
enhanced field tunnels through the holes, the reverse
transformation of the surface plasmons into the radia-
tion field occurs [9].

Subsequently, various research groups used various
metals [10] and shapes of nanoholes (square [11], H-
shaped [12], X-shaped [13], I-shaped [14], etc.) to
achieve the most effective field enhancement and to
maximize the transmittance. These works were stimu-
lated by possible applications of hole structures in sen-
sorics based on the sensitivity of the resonant proper-
ties to the refractive index of the surrounding dielectric
medium or on the selective enhancement of Raman
scattering [ 15—18]. In addition, a design of planar chi-
ral nanoholes (in the form of a gammadion) in a metal
film was proposed; in this case, different localizations
of the electric field in the structure are observed for
right and left circular polarizations of the probe radia-
tion, which leads to a change in the polarization state
of light transmitted through the structure [19]. Thus,
the analysis of the electromagnetic field localization in
a structure is important for evaluating the efficiency of
the excitation of local plasmons in metallic nanostruc-
tured films and their functional properties.

The method of second harmonic (SH) generation
is highly sensitive to the resonant properties of nano-
structured materials [20]; therefore, it is widely used to
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study plasmon structures and metasurfaces, including
arrays of nanoholes of various shapes, in which an
increase in the SH generation intensity is observed in
the range of anomalous transmission [21—23]. For
example, in [24], the authors calculated the linear
optical spectra of square arrays of triangular nanoholes
in a metal film and observed an increase in the sec-
ond-order nonlinear optical response in the region of
excitation of localized and surface plasmon polaritons
due to the enhancement of the fundamental field in
the near-surface area of the film.

As a rule, the chirality effects manifest themselves
much stronger in the nonlinear optical response as
compared to the linear one. This was demonstrated for
arrays of planar chiral nanoelements of various shapes
[25—28]. In addition, in the nonlinear optical
response, fundamentally new effects may appear due
to the chirality of metasurfaces, that do not have lin-
ear-optical analogs; these effects include the asymme-
try of the SH generation and the so-called inverse
dichroism [29]. It was also shown that, based on the
analysis of the parameters of the nonlinear optical
response, it is possible to distinguish the type of enan-
tiomers, i.e., the sign of the chirality of a metasurface.

In the case of three-dimensional nanostructures,
one can expect a significant enhancement of the sec-
ond-order nonlinear optical effects due to chirality.
Thus, large values of the angle of rotation of the polar-
ization plane of the SH radiation up to 45° were found
in metal nanohelices [30, 31]. At the same time, simi-
lar experiments have not been carried out on inverted
structures. In the present study, we consider the effects
of the SH generation in arrays of three-dimensional
chiral nanoholes in a silver film of submicron thick-
ness.

2. SAMPLES

The arrays of nanoholes were fabricated by focused
ion beam (FIB) etching of gallium Ga+ ions using an
FEI Scios DualBeam electron microscope [32]. The
structures were formed in a 250-nm-thick silver film
deposited by thermal evaporation in vacuum (10> Pa)
onto a 80-nm-thick supporting silicon oxide mem-
brane. The arrays of chiral holes were fabricated at a
screen magnification of a scanning electron micro-
scope X7000, an accelerating voltage of 30 kV, and an
ion beam current of 0.1 nA. Complex three-dimen-
sional shape of the nanoholes was provided by the
controlled movement of the FIB in accordance with
digital templates. All templates were designed as cir-
cles with a diameter of 3600 pixels, which provided
arrays of holes filling identical circular areas with a
diameter of 35 um. We fabricated and investigated four
arrays of chiral holes (see Fig. 1): arrays with rotational
symmetry of the third and sixth orders (with point
symmetry groups C; and Cy, respectively), which con-
sisted of C; and Cg symmetry holes located at the
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nodes of a triangular lattice; an array with rotational
symmetry of the fourth order (with point symmetry
group C,), which consisted of C, symmetry holes
located at the nodes of a square lattice; and an array of
Cs symmetry holes located at the nodes of the Penrose
mosaic, which had (as a whole) rotational symmetry
of the fifth order (point group Cs). In what follows, we
will denote the arrays by the type of their point sym-
metry group, respectively, as C;, C,, Cs, and Cg. The
through parts of all screw-shaped nanoholes have a
diameter of about 200 nm. The subwavelength period-
icity of the samples C;, C,, and C; made it possible to
exclude the diffraction of visible light. In the quasipe-
riodic array Cs, the mean distance between the holes is
also subwavelength.

3. EXPERIMENTAL SETUPS, MEASUREMENT
METHODS, AND RESULTS

3.1. Linear Optical Response

The transmission spectroscopy of the samples was
carried out by two independent methods: by a modi-
fied confocal laser scanning microscope (CLSM) and
by a setup based on a spectroscopic ellipsometer (SE).

When carrying out measurements, we first used an
Olympus FluoView FV1000 CLSM, which is based on
an Olympus IX81 inverted optical microscope and
equipped with a scanning device with a spectral detec-
tion system. As a source of transmitted light, we used a
Schott ACE I illuminator with a 150 W halogen lamp
and radiation output through a fiber optic bundle. To
expand the spectral range of the source, we removed
the built-in heat-shielding light filter from the light
source before measurements.

Alternative studies were carried out on a setup
based on a UVISEL 2 Horiba Jobin-Yvon spectro-
scopic ellipsometer and an Ocean Optics USB4000
fiber-optic spectrometer, which replaced the standard
spectrometer included in the ellipsometer, thus sig-
nificantly reducing the measurement time of the spec-
tra. The light source was a 150 W short-arc xenon
lamp. This setup made it possible to measure the
transmission spectra of light with a given linear polar-
ization depending on the orientation of the polariza-
tion plane of light (the azimuthal angle). In both
methods, the light intensity was normalized to the
spectrum of a hole of 33.7 um in diameter that was
specially made near the arrays of chiral nanoholes. It
should be noted that the features in the transmission
spectra obtained by two independent methods coin-
cided with high accuracy.

The transmission spectra of the samples are pre-
sented in Fig. 2a and demonstrate regions of anoma-
lously high light transmission in the optical range, the
amplitude and the spectral position of the maximum
depending significantly on the symmetry of the array.
The effect is most pronounced for the sample C;, for
which the transmission increases to 60% in the wave-
Vol. 131
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length range of 680—690 nm. In the sample C,, the
anomalous transmission is much less pronounced. To
study the circular dichroism of the structures, we mea-
sured the transmission spectra of light with right and
left circular polarizations, which were formed by a
Moxtek UBBO1A ultrawideband (wire-grid) polarizer
in combination with a Thorlabs AQWP05M-600 ach-
romatic quarter-wave plate. Radiation with circular
polarizations of opposite signs was obtained by chang-
ing the mutual orientation of these elements. The
measurements were carried out using a modified
CLSM. The magnitude of the circular dichroism of
optical radiation transmitted through the samples was
calculated by the formula

Tright _ Tleft

where 7Meht and 7 are the transmission coefficients
for the right and left circular polarizations of the light
incident on the structure. The corresponding results
are shown in Fig. 2b; they confirm that the magnitude
and sign of the circular dichroism of transmission
depend significantly on the symmetry of the nano-
holes and their packing in the array. The sample C;
with the elements located at the nodes of the Penrose
mosaic shows almost no circular dichroism in the
entire visible wavelength range. Other arrays show an
up to 60% increase in circular dichroism.

CD =

3.2. Second Harmonic Generation

Nonlinear optical experiments were carried out
using a setup based on a tunable pulsed titanium—sap-
phire laser with a wavelength range of 740—900 nm, a
pulse repetition rate of 80 MHz, a pulse duration of
60 fs, and an average power on the sample of 20 mW,
which was used as a source of probing radiation. Laser
radiation was focused by a lens to a spot with a diame-
ter of about 30 wm on the surface of the structure, thus
illuminating more than 10000 nanoholes. A photo-
multiplier was used to detect the intensity of the SH
radiation transmitted through the sample at normal
incidence of laser radiation on the structure. The
polarization of the probing radiation was set by half-
wavelength or quarter-wavelength plates, and the
polarization of the nonlinear optical signal was
detected by an analyzer (a Glan—Taylor prism).

We carried out experiments to investigate the SH
generation for circularly polarized radiation at the fun-
damental frequency and the detection of the total
intensity of the second-order nonlinear optical
response. From the data obtained, we calculated the
spectra of the SH intensity and the circular dichroism
of the SH:

Lo =" + 1)/2,

right left

— 220 T 0

SHGCD = Iright Ileft ’
20 + 20
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Fig. 1. SEM images of the structures. (left) Full sample C3
and a quarters of samples C,, Cs5, and Cg. (right) SEM
images of fragments of the corresponding samples
obtained at higher magnification with 1 wm marks.

where ;2" and I,o are the SH intensities for the right
and left circularly polarized incident radiation. The
corresponding results are demonstrated in Fig. 3. One
can see that different samples exhibit qualitatively sim-
ilar SH spectral dependence; a decrease in the SH sig-
nal is observed when the wavelength of the probe radi-
ation is shifted to the long-wavelength region. The
most effective SH generation occurs in the sample C;.
Vol. 131
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Fig. 2. Linear optical properties of the arrays of nanoholes:
(a) transmission spectra and (b) circular dichroism spec-
tra. The spectral regions of tuning of the Ti:Sa laser and the
generated SH are highlighted in pink and blue.

As follows from Fig. 3b, the sign and magnitude of
the circular dichroism of the SH field substantially
depend on the symmetry of the sample. Maximum
dichroism of about 10—12% is observed in the sample
C,. In the considered spectral range, the circular
dichroism of the structures C;, Cs, and Cg passes
through zero once or twice and, accordingly, changes
its sign.

The measurements of the azimuthal anisotropy of
the SH intensity upon irradiation of the structure with
linearly polarized light were carried out for a fixed
sample for a synchronous rotation of the polarization
plane of the probe radiation (rotation of the A/2 plate
through an angle 6/2) and the SH radiation (rotation
of the analyzer through an angle 6). The experiments
were carried out on the samples C; and C, for two
combinations of polarizations of the laser and SH
radiation: when the polarization planes of the incident
and detected radiation were parallel and perpendicular
to each other.
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Fig. 3. (a) SH intensity spectra from arrays of holes of dif-
ferent symmetry for circularly polarized probe radiation.
(b) Spectra of circular dichroism of the second harmonic
generation.

As follows from the experimental results, in the
case of linear polarization of the laser radiation, the
SH signal from both samples is anisotropic. The SH
intensity spectra for different azimuthal orientations of
the polarization plane of the incident radiation in
sample C; are shown in Fig. 4. For both parallel and
perpendicular orientations of the polarizations of the
fundamental and the SH radiation, the azimuthal
dependence of the SH radiation has six maxima; the
angular position of the maxima in the first case
(Fig. 4a) coincides with the position of the minima in
the second case (Fig. 4b). This is more clearly seen in
the left panels, where the experimental azimuthal
dependence of the SH intensity in polar coordinates is
superimposed with the position of the sample. It
should be noted that the SH intensity averaged over
the azimuthal position of the sample increases with
decreasing laser wavelength in accordance with the
data in Fig. 3a.
Vol. 131
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Fig. 4. SH generation intensity spectra for different azi-
muthal positions of the C; sample for parallel (a) and
orthogonal (b) linear polarizations of the probe and SH
radiation. In the right panels, the color indicates the SH
intensity. The left panels demonstrate the experimental
schemes and the orientations of the azimuthal positions of
the SH maxima relative to the structure at a laser wave-
length of 820 nm.

The results of the anisotropy of the SH intensity in
the sample C, are shown in Fig. 5. For both parallel
and perpendicular orientations of the polarizations of
the incident and detected radiation, the azimuthal
dependence of the SH has four maxima, but the angu-
lar position of the maxima in the first case (Fig. 5a) is
shifted clockwise relative to the edge of the holes’ lat-
tice by approximately 5°—10°, while, in the second
case, it is shifted in the opposite direction (Fig. 5b).
This also follows from the graphs shown in the left
panels, where the experimental azimuthal dependence
of the SH intensity in polar coordinates is superim-
posed on the sample position. It should also be noted
that, in this case, the SH intensity averaged over the
azimuthal position of the sample increases with
decreasing wavelength of the probe radiation, just as in
the case of circularly polarized fundamental radiation.

4. DISCUSSION

First of all, note that, in the samples under study,
the distances between the nanoholes are comparable
to their lateral dimensions, and the observed optical
properties are due to collective effects in the arrays of
holes upon irradiation with light. For metallic nano-
structures, of key importance are the plasmon reso-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

KOLMYCHEK et al.

740 780 820 860 900

Wavelength, nm

0 e
740 780 820 860 900
Wavelength, nm

Fig. 5. SH generation intensity spectra for different azi-
muthal positions of the C, sample for parallel (a) and
orthogonal (b) polarizations of the probe and SH radia-
tion. In the right panels, the color indicates the SH inten-
sity. The left panels demonstrate the experimental schemes
and the orientations of the azimuthal positions of the SH
maxima relative to the structure at a laser wavelength of
800 nm.

nances that are localized directly near the metal sur-
face and significantly depend on its profile. This
explains the qualitative difference between the linear
and nonlinear optical properties of the arrays of holes
of similar shape in an identical silver film but with dif-
ferent orders of rotational symmetry.

It is known that plasmons are responsible for
anomalously high light transmission through arrays of
nanoslits and nanoholes [8, 9]. A characteristic feature
of the anomalous transmission is the presence of a
weak background and a strong resonance contribu-
tion, whose interference gives the transmission spectra
an asymmetric shape of the Fano-type resonance type
[33]; therefore, the spectral positions of the absorption
and transmission maxima are slightly shifted both rel-
ative to each other and relative to the plasmon reso-
nance wavelength, as was shown earlier in similar
structures [34]. It follows from the data shown in
Fig. 2a that both the position of the anomalous trans-
mission band and its maximum essentially depend on
the shape of the holes and the symmetry of their
arrays.

Apparently, the chirality of the linear optical
response of screw-shaped metal holes is also of plas-
monic nature [34, 35]: these holes exhibit a decrease
in the magnitude of the circular dichroism in the plas-
Vol. 131
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mon resonance region (600—800 nm) under the con-
ditions of anomalously high transmission, which is
associated with an increase in the denominator in the
corresponding formula. At the same time, at the short-
wavelength edge of the anomalous transmission
region, the enhancement of circular dichroism is
observed, which is due to the noticeable difference in
the absorption of left and right circularly polarized
radiation (in all structures except for the quasiperiodic
array Cs). It is also interesting that the sign of the cir-
cular dichroism depends on the symmetry of the array,
while, in two-dimensional chiral structures, this sign
is determined by the handedness of the chiral structure
and is opposite for enantiomers [36].

The nonlinear optical response is significantly
enhanced by plasmon resonances, as well as by many
other resonances of different nature [1]. For most con-
densed media, the resonant enhancement of the bulk
nonlinearity is adequately described by simple Miller’s
empirical rule, which implies the proportionality of
the nonlinear susceptibility to the product of linear
susceptibilities at the frequencies of all interacting
waves [37]. Although the high localization of the non-
linear optical response of metallic nanostructures
immediately near their surface leads to noticeable
quantitative deviations from such a simple proportion-
ality [38], the excitation of plasmons significantly
increases the field amplitudes near the surface, which
appreciably enhances the SH generation [20, 24].
Such enhancement also takes place in the considered
case of arrays of subwavelength holes in a metal film:
one can see that the SH intensity increases by more
than an order of magnitude as the laser radiation wave-
length approaches the plasmon resonances at wave-
lengths of 600—700 nm (Fig. 3a).

The analysis of the SH intensity spectra for differ-
ent structures (Fig. 3a) implies that C; array exhibits
several times higher SH generation efficiency than the
others arrays. A simple explanation of this effect is
that, in the case of normal incidence of the fundamen-
tal plane wave on infinite arrays of scatterers, only the
C; structure (point symmetry group C;) can generate
SH in the electric dipole approximation [39], i.e., it
has nonzero components of the second-order nonlin-
ear susceptibility, while the arrays of other symmetries
have no such components.

Indeed, in the absence of the normal component of
the electric field, the SH generation in the direction
perpendicular to the surface originates from the com-

ponents of the second-order susceptibility tensor Xffk)

with indices x and y of the coordinate axes in the plane
of the structure. The analysis of the symmetry of the
second-order nonlinear optical response of an array of
nanostructures shows that such components are pres-
ent only in planar structures with third-order rota-
tional symmetry (the point group C;) and are deter-
mined by the following susceptibility components:
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Aox = _Xxyy _nyy _nyx and nyy _nyx =
—xﬁf,jy = _Xifv)x [40]. For parallel linear polarizations of

the fundamental and SH waves, the dependence of the
SH intensity on the angle y between the electric field
of the incident wave and the x axis in the plane has the
form
2 2) . 2
Lo(W) o [k cos 3y — 5, sin 3y,

For crossed polarizations of the incident and SH
waves, a similar dependence is described by the
expression

Lo(W) o< [x20, sin 3y + ), sin 3y,

The experimental data shown in Fig. 4 fully corre-
spond to these dependences, and the fact that the azi-
muthal dependences of the SH intensity in Fig. 4
approximately coincide in amplitude and are rotated
through 30° relative to each other indicates the equal-

ity of the components, ngx = X(yzy)y A small isotropic

background corresponds to incoherent SH scattering
(hyper-Rayleigh scattering) by the structure.

In the array of holes C, (the point symmetry group
C,), nonzero components of the second-order suscep-
tibility tensor, which do not have the z index, are
absent in the electric dipole approximation [40]. Nev-
ertheless, the experimental data (Fig. 3a) indicate the
presence of a noticeable SH signal, which, according
to Fig. 5, is also coherent and reflects the fourth-order
rotational symmetry. In this case, different mecha-
nisms of SH generation are possible. First, both the
spatial inhomogeneity of the laser beam and the pres-
ence of structures inclined to the plane of the sample
surface (“thread” in screw-shaped holes) can lead to
locally nonzero values of the z component of the pump
field; in this case, the electric dipole components of
the second-order susceptibility tensor will contribute
to the nonlinear optical response [40]:

@ _,o _.,.,00 _ .0 @ _,®
Xxxz - szx - nyz - Xyzy’ szx - Xzyy’

@ _ ., _ 2 _ @ .,
Xxyz = szy - _Xyzx - _Xyzx’Xzzz‘
Second, an electric quadrupole term can contrib-
ute to the SH generation, which is attributed to the
nonlinear polarization of the form [41, 42]

P’Q = ijzk)IQEleE/ + kaszk)/QElEl’

induced in the structure, and the fourth-rank tensor

xffk),Q in the case of the fourth-order symmetry has suf-

ficiently many nonzero components:

@0 20 .20 .20 20 .20
Xxooes Xxxxy! Xxxyy: Xxyxx! Xxyxy: Xxyyy’

@0 ., @0 ,,20 ., @0 .20 .20

Xym’ nyyy> nyyx’ nyxx’ nyyy’ nyxy‘
Both of these mechanisms require the inhomoge-
neity of the laser radiation field in the plane of the
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structure [41], which undoubtedly takes place in a real
experiment, where inhomogeneity of the intensity of
the probe radiation within the focal spot is inevitable.
The small size of the arrays of holes also makes the
contribution of the edge regions, to which simple sym-
metry relationships do not apply, significant.

Chirality of the nonlinear optical properties of
arrays of holes of different symmetry is quantitatively
expressed in the circular SH dichroism, whose spectra
are shown in Fig. 3b. The lowest nonlinear optical chi-
rality is characteristic of the quasiperiodic Cs array,
which also exhibits the weakest linear optical chirality
(see Fig. 2b). Presumably, this is due to the lowest sur-
face density of chiral nanoholes in the sample Cs. The
C, array is clearly distinguished by the doubled values
of the SH circular dichroism and by the fact that it
retains this level of dichroism in the long-wavelength
region of the tuning range of the laser.

5. CONCLUSIONS

We have experimentally studied the specific fea-
tures of the optical and second-order nonlinear optical
response in various arrays of three-dimensional chiral
nanoholes in a silver membrane of subwavelength
thickness. We have found a strong SH anisotropy,
which significantly depends on the symmetry of the
structure. The sign and magnitude of the circular
dichroism in both the linear and nonlinear optical
response is determined by the rotational symmetry of
an array and, at the SH frequency, reaches approxi-
mately 13% in the sample with a fourth-order symme-
try axis (the point symmetry group Cy).
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