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ABSTRACT: Nonlinear chiroptical effects of precisely designed
chiral plasmonic nanomaterials can be much stronger than such
effects observed in the linear regime. We take advantage of this
property to demonstrate the use of circularly polarized second-
harmonic generation microscopy toward the efficient read-out of a
microscopic pattern encoded by an array of triangular gold
nanoprisms forming arrangements of adequate chiral symmetry.
Strong chiroptical effects are observed in the backscattered second-
harmonic generation intensity, enabling clear distinction of the
laterally arranged enantiomers, down to nearly 1 μm resolution, with
an overall intensity contrast of about 40% (second-harmonic
generation circular dichroism of 20%). Numerical simulations show a noticeable change in the spatial distribution of plasmonic
hot spots within the individual nanostructures under excitation by circularly polarized light of different handedness. This leads to
rather weak chiroptical effect in the linear backscattering (theoretical circular dichroism not exceeding 3%), in contrast with the
much more significant change of the second-harmonic generation in the far-field (second-harmonic generation circular dichroism
from 16 up to 37%). These results open the possibility of designing deeply subwavelength chiral nanostructures for encoding
microscopic “watermarks”, which cannot be easily accessed by linear optical methods, moreover requiring a nonlinear microscopy
setup for reading out the encoded pattern.

KEYWORDS: second-harmonic generation, chiral plasmonic nanostructures, meta-molecules, circular dichroism, gold nanoprisms,
nonlinear microscopy

Over the past two decades, research devoted to the second-
harmonic generation (SHG) from plasmonic nanostruc-

tures evolved from the investigation of hyper-Rayleigh
scattering in colloidal suspensions of metal nanoparticles1−3

toward the measurements of SHG from individual plasmonic
nano-objects.4−6 Far-field SHG radiation pattern has been
demonstrated as a highly sensitive probe of the nanoscale
optical field distribution,7 allowing for the investigation of
multipolar plasmon modes,8−10 the analysis of surface plasmon
polariton (SPP)-mediated interactions,11,12 refractive index
sensing,13 and precise characterization of the nanostructure
geometry.14−16 In parallel, advanced theoretical tools for SHG
modeling were developed, based on numerical methods such as
finite elements to solve Maxwell equations and yield the
scattered SHG radiation.17−19 Among the geometrical proper-
ties that can be addressed by SHG microscopy, chirality stands
out as one of the most interesting probes of light−matter
interactions, especially in the context of chiral plasmonic meta-
materials, which have been reported to exhibit giant optical
activity in the linear regime.20,21 Valev et al. have thus reported

extensive work on chirality in SHG from specially patterned
superchiral meta-surfaces.7,22−24 The location of plasmonic hot
spots and their influence on the chiroptical response have been
thoroughly addressed,22,23 leading to reports of nonlinear
chiroptical effects reaching magnitudes as high as 52%.24

However, the basic building blocks of the investigated meta-
materials were relatively large, with lateral sizes of the order of 1
μm, which is not compatible with the encoding of chirality-
based information below the typical diffraction limit of SHG
microscopy. Recently, many sophisticated fabrication techni-
ques were developed, including optical vortex laser ablation,25

DNA-assisted self-assembly of plasmonic nanoparticles,26

focused ion and electron beam assisted deposition,27 or hole-
mask lithography combined with tilted angle evaporation,28

enabling creation of deeply subwavelength 3D helicoidal metal
nanostructures exhibiting strong chiroptical effects in their

Received: February 27, 2015
Published: June 12, 2015

Article

pubs.acs.org/journal/apchd5

© 2015 American Chemical Society 899 DOI: 10.1021/acsphotonics.5b00090
ACS Photonics 2015, 2, 899−906

pubs.acs.org/journal/apchd5
http://dx.doi.org/10.1021/acsphotonics.5b00090


linear optical response. However, the nonlinear chiroptical
behavior of these nanostructures, potentially extremely high,
remains to be explored.
In this work, we demonstrate a strong chiroptical effect in

second-harmonic generation from simple 2D chiral arrange-
ments of gold nanostructures fabricated by means of electron
beam lithography (EBL). Our nanostructures are composed of
four gold nanoparticles: three gold nanoprisms arranged into a
“pinwheel” and a smaller gold nanoparticle in the center. The
structure and composition of our samples are presented in the
Figure 1a and b, respectively. Indeed, this blueprint is
characterized by 3-fold symmetry, where chirality is further
introduced by removing the three mirror planes starting from
the three apex of the nanoprism. Such symmetry lowering from
a high symmetry equilateral triangle, is obtained by adequate
mutual organization of the nanoprisms that lowers the
symmetry from C3v to C3, while ensuring interactions between
them. Such nanoscale engineering can be viewed, in terms of
symmetry, as the up-scaling of the earlier chiral octupolar
molecule concept,29,30 into the realm and scale of meta-
materials, leading us to consider such interacting and plasmon
sustaining nanoentities as “meta-molecules”. Here, the term
“octupolar” refers to the 3-fold symmetry and the related
rotational properties of the quadratic susceptibility tensor that
behaves under rotations as an octupolar charge distribution
tensor,30 and should not be confused with the multipolar
oscillation modes, often mentioned in the context of plasmonic
nanoparticles.31 A first theoretical investigation of such
octupolar meta-molecule blueprints in 2- and 3-D had
pointed-out the potentially high nonlinearity of such entities32

but did not consider the further implementation of chiral
features therein. On the other hand, chiral plasmonic meta-
molecules have recently been investigated by means of optical
transmission measurements, showing noticeable circular
dichroism in the linear regime.33,34 A smaller nanoparticle at
the center of the structure is intended to play different roles.
First, it demonstrates an implementation of the plasmonic
nanolens concept,35 one of the successful strategies proposed
for improving the SHG scattering efficiency. Second, the
nanoparticle is located at a position where the local electric field
enhancement is presumed to dramatically change under
different handedness of incident light polarization. Hence,
this central nanoparticle is expected to act as a near-field
nonlinear nanoprobe, giving rise to a significant enhancement

of the overall nonlinear chiroptical response of the nanostruc-
ture.
We investigate two enantiomers, chiral arrangements being

the mirror images of each other, further referred to as left- and
right-enantiomer based on their different SHG responses under
circularly polarized incident light. By convention, we will call a
left-enantiomer the entity that emits a more intense SH under
left-handed circularly polarized excitation and vice versa for the
right-enantiomer. The sample is irradiated by normally incident
circularly polarized light, with either right (R, clockwise) or left
(L, anticlockwise) handedness, defined according to the
convention: EL = (1,−i)exp(ikz + iωt) and ER = (1,+i)exp(ikz
+ iωt) (with propagation direction toward −z), as illustrated in
Figure 1c (the convention for handedness is chosen as seen
from the source). All components of the nanostructure are
following an equilateral triangle template, thus, displaying a
noncentrosymmetric shape. Whereas such a symmetry
condition is not applying strictly speaking to quadratic
nonlinearities when sustained by nonlocal plasmonic excita-
tions, a noncentrosymetric shape is known to enhance the
efficiency of the process, as shown in ref 6, where triangular
entities were shown to be more efficient than rectangles by 1
order of magnitude, thereby providing a sound starting basis
toward further introduction of chiral features. In the absence of
such features for individual triangular nanoparticles, the
observed chirality can only originate from near-field plasmonic
interactions that bond the nonchiral nanoparticles into a single
2D chiral entity. As a result, the locations of plasmonic hot
spots strongly depend on the handedness of the incident light,
causing strong chiroptical SHG response. Two enantiomers and
a nonchiral reference, arranged in distinct 10 × 10 square arrays
of “meta-molecules”, are set together and compared in a single
SHG imaging experiment. Additionally, we investigate arrays
composed of the left-enantiomers, in which some are replaced
by right-enantiomers, forming a microscopic pattern, further
referred to as a “watermark”, that can be efficiently read out
using SHG scanning microscopy with a circularly polarized
excitation beam. We compare the results of the nonlinear
optical measurements with the UV−vis extinction spectra
obtained on large arrays of nanostructures, showing that the
linear chiroptical effect is much weaker than its SHG
counterpart. This is confirmed by numerical finite element-
based simulations, performed at both fundamental and second-
harmonic frequencies, revealing the peculiar mechanism of the
chiroptical response of these nanostructures.

Figure 1. Geometry of the investigated nanostructures: (a) three parameters defining the lateral geometry, presented on the example of the left-
enantiomer: A ≈ 200 nm, side length of the gold nanoprisms, B ≈ 60 nm, side length of the smaller central gold nanoprism (referred to as “central
nanoparticle”), and the gap in-between nanoprisms equal around 40 nm; (b) cross-section of the sample, showing its layered structure: SiO2
substrate (blue), ITO layer (25 nm, gray), chromium adhesion layer (3 nm, red), and gold nanostructure (40 nm, yellow), surrounded by air; (c)
excitation configuration, showing the applied convention for defining the particular handedness (left of right) of the incident light. The images were
exported from a COMSOL Multiphysics software and correspond to the numerically modeled geometry.
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■ RESULTS AND METHODS

SHG Microscopy. An inverted nonlinear optical micros-
copy configuration is used to detect the backscattered SHG
emission from the investigated samples. A femtosecond laser
beam at 850 nm emission wavelength is generated by a Spectra
Physics Mai-Tai Ti:sapphire laser (100 fs, 80 MHz) to provide
the fundamental excitation. The polarization of the incident
light is precisely controlled by a tunable liquid crystalline phase
retarder (Thorlabs) with the aid of a half-wave plate mounted
on a motorized rotation stage. The two above elements are
adjusted so that after further reflection from a dichroic mirror,
the beam incident on the sample is either left-handed or right-
handed circularly polarized, with an absolute ellipticity not
exceeding 1%. Switching between the two polarization states is
achieved by simply rotating the half-wave plate by 45° (from
−22.5° to +22.5°) and can be performed with good
repeatability after initial calibration. The average power of the
beam at the entrance of the microscope is around 5 mW. The
incident light is focused by an air objective of numerical
aperture 0.7 and magnification 60× (Nikon). The same
objective collects the backscattered SHG radiation at 425 nm,
which is then transmitted through a dichroic mirror and a set of
filters, and finally measured by a single photon counting
avalanche photodiode (Laser Components GmbH). The SHG
images are performed by scanning the xy sample position, by
use of a piezoelectric translation stage (Piezojena), the
measured SHG photon counts being recorded as a function
of the sample displacement.
We began our investigation with 10 × 10 square arrays, each

array composed of objects of the same well-defined handed-
ness. The nanostructures were fabricated using top-down EBL
technique, followed by gold deposition using e-beam
evaporation technique (more details on fabrication are included
in the SI). The lattice period is 500 nm, which is below the
resolution limit of the objective used in the SHG experiment,
and therefore the arrays appear in the SHG images as
continuous bright areas. The pattern composed of three arrays
(left-enantiomers, nonchiral nanostructures, and right-enan-

tiomers) is shown in the SEM images in Figure 2a, and the
images of this pattern obtained by SHG microscopy using a
fundamental wavelength of 850 nm (SHG wavelength 425 nm)
are presented in Figure 2b. The top image was obtained by
excitation with the R polarization, whereas the bottom image
was recorded using L polarization. The chiroptical effect is
clearly seen in the changes of the recorded SHG intensity.
Under R polarization, the average SHG signal from the right-
enantiomer is significantly more intense than the signal from
the left-enantiomer. This situation is reversed when the
polarization is switched to L: this time the left-enantiomer
produces more intense SHG, while the right-enantiomer
appears much darker. In the same time, no significant changes
in the SHG intensity are observed in the nonchiral reference
array in the middle, when shining R- or L-polarized light.
Apart from the chiroptical effect, the SHG intensity

distribution within an individual array is not uniform: very
bright hot spots can be occasionally observed in some points
for each array. We attribute these hot spots to undesired
structural defects, such as surface roughness with sharp
features6 or nanoparticles getting in contact with each other.
SEM images presenting examples of such defects can be found
in the SI (together with a theoretical analysis of their influence
on the nonlinear chiroptical response). These imperfections
may result in large local field enhancements, affecting the SHG
intensity detected from these areas. On the example of
experimental results presented in Figure 2, the average signal
is in the order of 1000−2500 cts/s (counts per second), but it
can reach values from 4000 up to 12000 cts/s at the hot spots.
Despite this inhomogeneity in the nonlinear response of our
samples, their general chiroptical behavior appears clear-cut and
repeatable. We have also proved that the measured SHG comes
mainly from the nanostructures (Au surface, Cr surface and Cr-
ITO interface), as the SHG signal from the bare substrate (air-
ITO and ITO-glass interfaces) is at the level of a dark count
rate.
In order to quantify the magnitude of nonlinear chiroptical

effects, a parameter called SHG-circular dichroism (SHG-CD)

Figure 2. (a) SEM image of the three uniform arrays, composed of left-enantiomers (on the left), nonchiral reference nanostructures (in the
middle), and right-enantiomers (on the right); (b) SHG scanning microscopy images of the three arrays, obtained under excitation at fundamental
wavelength 850 nm with R (top) and L (bottom) circular polarization; (c) SEM image of the “watermark” formed by a mixture of right- and left-
enantiomers; (d) SHG images of the “watermark” obtained with R and L polarization (as indicated). The SHG intensity scale in between (b) and
(d) is common for all SHG images presented in the following figure.
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has been proposed.24 It is defined for a given sample as (IR −
IL)/(IR + IL), where IR and IL stand for the total scattered SHG
intensity, either under R-polarized or L-polarized excitation,
respectively. Due to the parity relation between the two mirror
cases, such a parameter is directly associated with the SHG
intensity difference between the two enantiomers under
excitation by circularly polarized light of a given handedness.
It is therefore adapted to account for the readout performance
of the investigated chirality-encoded patterns. It is estimated by
averaging the SHG signal from each array, taking into account
all pixels of the scans corresponding to the emission from a
given array. Under illumination by right-handed circular
polarization, the average SHG signal from the right-enantiomer
array amounts to 2300 ± 50 cts/s, to be compared to a slightly
weaker emission from the nonchiral array, 1850 ± 50 cts/s, and
an even weaker SHG from the left-enantiomer array, 1400 ± 30
cts/s. Under the left-handed polarization, the situation is
opposite, the right-enantiomer emits 1380 ± 30 cts/s,
compared to much stronger SHG emission from the left-
enantiomer, 2050 ± 50 cts/s, and a moderate intermediate
SHG intensity from the nonchiral array, 1900 ± 50 cts/s, close
to the previous value for right-handed circular polarization.
From the above numerical values, the SHG-CD equals 25 ± 2%
for the right-enantiomer array and −15 ± 2% for the left-
enantiomer array. These values are confirmed by additional
measurements of the emission spectra, which are presented in
the SI.
Apparently, the nonlinear chiroptical effect shows-up with

different magnitudes for the two opposite enantiomers. We
attribute the observed imbalance to a regular deviation from a
perfect mirror symmetry between the two enantiomers, as a
consequence of limited accuracy of the fabrication process. In
particular, the distortions responsible for this effect may be
related to nanoparticles getting in contact with each other, as
investigated in more details in the SI. Some contribution of very
bright hot spots at strongly defected nanostructures may also
occur; however, such distortions are random, contributing with
equal probability to SHG-CD of both enantiomers. Averaging
of |SHG-CD| of both enantiomers gives 20 ± 7%, which
corresponds to a total contrast of about 40%, when comparing
the SHG intensity from the two opposite enantiomers
irradiated either by L or by R polarization.
Building-up on this property, we switch from uniform arrays

to a mixture of two different enantiomers forming a chirality-
encoded “watermark”. A pattern shaped after the capital letter
“R” was chosen to indicate the R-polarized excitation, as in this
case the right-enantiomers form the “R” letter, whereas the left-
enantiomers constitute the background. Such a pattern may
serve as a reliable test for the read-out performance, providing
horizontal, vertical, diagonal, and rounded lines, as well as a
separated “island” of opposite chirality. The thickness of a line
in this pattern is between 3 and 4 individual enantiomers (1.5−
2.0 μm), and the entire array has a size of 21 × 21, that is
roughly 10 × 10 μm, as seen from the SEM image in Figure 2c.
Figure 2d shows two SHG images, the first one obtained using
R excitation, and the second one using L excitation. Here again,
the chiroptical effect appears clearly: in the first case the “R”
letter appears bright on a dark background, whereas in the
second case the situation is reversed.
Additionally, the readability of the pattern under three

different excitation wavelengths: 800, 850, and 900 nm, is
compared in Figure 3. Averaged |SHG-CD| calculated at 800
and 900 nm is 15 ± 4 and 27 ± 5%, respectively, compared to

previously determined 20 ± 7% at 850 nm. Despite higher |
SHG-CD| magnitude of the SHG excited at 900 nm, larger
inhomogeneity of the signal hampers the readability of the
“watermark”, making 850 nm a better wavelength for this
purpose. These results can be explained in terms of the spectral
location of specific localized plasmon resonance bands, to be
discussed in the next section.

Linear Optical Regime: Measurements and Simula-
tions. In order to better account for the above nonlinear
optical results, we compare them with the behavior in the linear
optical regime for the same nanostructures. We have
investigated the spectral dependence of the extinction
coefficient, using UV−vis spectroscopy with circularly polarized
light (see SI for more details) and we also performed numerical
simulations using the COMSOL Multiphysics software, based
on the finite element method to solve Maxwell equations in the
frequency domain. A realistic model of the sample was created,
as shown in Figure 1. Optical properties of ITO were taken
from the Sopra Material Database, whereas the properties of
gold and chromium were based on the experimental data of
Johnson and Christy.36,37 An individual nanostructure consists
of three equilateral triangular prisms of side-length 190 nm,
surrounding a smaller prism of side length 55 nm at the center.
The sharpness of cusps and edges is softened by introducing a
finite curvature radius of 10 nm. Three larger prisms are
arranged into a chiral pattern, with an apex-to-base gap equal 40
nm. The nanostructure is placed at the center of a spherical
simulation space, enclosed by a perfectly matched layer (PML)
of thickness λ/2 and of inner radius λ/2 + 250 nm. The
nanostructure is irradiated by a normally incident, uniform,
circularly polarized plane wave, which propagates from the air
side toward the glass substrate. The scattered radiation is
absorbed by the PML, and the electric field is constrained to
decay to zero at the outermost boundaries of the simulation
space.

Figure 3. Comparison between SHG images of the chirality-encoded
“watermark” for L- and R-circular polarizations, under different
excitation wavelengths. Numbers on the color bars (on the right)
indicate the SHG intensity in counts per second.
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Absorption and scattering cross sections are calculated
separately for each studied wavelength of the incident light,
using formulas given by Knight and Halas:38 the absorption
cross-section is calculated by integration of the resistive heating
over the volume of the nanoparticles, whereas the scattering
cross section is calculated by integration of the far-field over the
upper hemisphere of a spherical enclosure of the nanostructure.
In this last case, the integration accounts only for back-
scattering, because scattering in the forward direction
contributes to the transmitted light and, therefore, tends to
decrease the magnitude of the extinction measured in the UV−
vis experiment.
Extinction spectra obtained in the UV−vis measurements are

presented in Figure 4a, with the results obtained from

numerical simulations shown in Figure 4b for comparison.
Only two independent cases are to be considered: “case 1”
corresponding to the right-enantiomer under R polarization (or
its mirror counterpart: left-enantiomer under L polarization),
and “case 2”, when the right-enantiomer is irradiated by L-
polarized light (or the mirror image of this situation). Both
cases and their mirror images are illustrated in Figure 4c. In the
plots of the experimental and theoretical spectra, the data
corresponding to “case 1” are plotted in blue, whereas the data
plotted in red are associated with “case 2”.

Calculated backscattering spectra (Figure 4b, solid lines) are
very similar to the measured extinction spectra (Figure 4a),
except for the small peak around 550 nm, which appears only in
the calculated absorption spectrum (Figure 4b, dotted lines).
Both measured extinction and calculated backscattering spectra
evidence two strongly overlapping bands: one centered around
800 nm and a second one around 900 nm. These bands
originate from the near-field coupling between triangular
prisms, leading to hybridization of the dipolar plasmon mode
of a single gold nanoprism into bonding and antibonding
modes.39 Weak separation of these bands arises, due to the limit
put on the interaction, by the relatively large size of the gap
between nanoparticles (estimated around 40 nm), as compared
to the range of near-field interactions. These results can be
compared with the calculated absorption and scattering spectra
of a single small nanoparticle and a single nanoprism, as
presented in the SI. Additionally, the effect of the distance
between nanoprisms on the plasmon hybridization is also
investigated in the SI in a separate section.
The 850 nm wavelength, which optimizes the quality of SHG

images, is falling exactly in-between these two bands. Some
relatively faint chiroptical effect in the calculated backscattering,
showing up as a difference between the red and blue curves in
the spectrum, is observed within this spectral region. The
magnitude of this effect can be estimated by analogy with the
SHG-CD factor by identifying IR and IL, with the scattered
intensity now at the fundamental frequency. At 850 nm, this
backscattering-CD is predicted to be less than 1% (see Figure
4b, inset), whereas at 800 and 900 nm (close to the
backscattering maxima), it almost drops down to zero. This
could be the cause of the deterioration of the SHG images at
the fundamental wavelengths of 800 and 900 nm. Apart from a
lower CD in the linear regime, these wavelengths are also closer
to the plasmon resonance peaks. This may be associated with a
more resonant character of light−matter interactions, resulting
in stronger stimulation of defect-induced hot spots that are
prone to decrease the “watermark” image readability.
The chiroptical effect is slightly more pronounced at

wavelengths around 600 nm, backscattering-CD reaching 3%
(inset of Figure 4b), which gives a total contrast between the
two enantiomers of 6%. Therefore, one can predict that reading
the “watermark” using dark-field microscopy with an excitation
around 600 nm would be possible; however, in such case, the
contrast would be much lower than for SHG microscopy,
requiring some additional postprocessing of the obtained
images. Other linear optical techniques, such as transmission
measurements using circular dichroism imaging microscopy
(CDIM),40 would probably prove inadequate, due to opposite
chiroptical effects of the absorption and backscattering (see
Figure 4b), resulting in a vanishingly small extinction-CD.
The effect of chirality is more visible in the spectral

dependence of the average local field enhancement at the
surface of the central nanoparticle (Figure 4b, dashed lines). It
results from a significant sensitivity of the location of plasmonic
hot spots to the incident handedness, which is shown in Figure
4d: in “case 1”, the hot spots are moved to the outermost
corners of the three gold prisms (Figure 4d, on the right),
whereas in “case 2”, the electric field concentrates at the center
of the nanostructure, around the central nanoparticle (Figure
4d, on the left). One can presume that the spatial distribution
of the second order nonlinear polarization density will, to some
extent, follow the distribution of hot spots at the fundamental
frequency. This will affect the far-field SHG radiation pattern:

Figure 4. (a) UV−vis spectra of the right-enantiomer (“case 1”, blue
line) and the left-enantiomer (“case 2”, red line), both measured using
L-polarized light; (b) spectral dependence of the backscattering cross
section (solid lines), absorption cross section (dotted lines), and the
local field factor at the surface of the central nanoparticle (dashed
lines), calculated by COMSOL; the inset shows the backscattering-CD
spectrum; (c) illustration of the “case 1” and “case 2” configurations;
(d) calculated electric field distribution at 850 nm in the left-
enantiomer (cross section plane at the level of Cr−Au junction) under
R polarization (“case 1”, on the right) or L polarization (“case 2”, on
the left), plotted in logarithmic scale.
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in “case 1”, the sources of the scattered harmonic radiation will
be separated by a distance of ∼300−400 nm, thus, weakening
the buildup of constructive interferences in the far-field,
whereas in “case 2”, the sources will concentrate within a
small volume around the nanostructure center, resulting in a
more coherent SHG backscattering.
SHG Scattering Simulations. In order to confirm the

conjectured mechanism for the SHG chiroptical effect, we
performed numerical simulations of the SHG scattering at a
single wavelength 850 nm, following the two-step modeling
procedure in refs 17 and 18. In this computational approach,
the scattered radiation at the harmonic frequency is derived
from the spatial distribution of nonlinear currents generated by
the second-order polarization. The latter one is obtained in the
first simulation step (at fundamental frequency) from three
independent microscopic contributions to the nonlinear optical
susceptibility of gold: surface normal (P⊥

(2ω)), surface tangential
(P∥

(2ω)), and bulk (Pbulk
(2ω)) induced harmonic polarizations. These

contributions are accounted for separately, assuming Rudnick-
Stern parameters a, b, and d equal 1. The values of these
parameters affect only the absolute SHG efficiency, having no
qualitative effect on the far-field radiation pattern (hence, no
quantitative effect on SHG-CD), which is explained in more
details in the SI. The fundamental electric field is defined as a
uniform circularly polarized plane wave, which is a coarse
approximation of the focused laser beam used in our
experiment. The collected SHG intensity is calculated by
integration of the SHG far-field pattern over the acceptance
cone of the objective. More details on the SHG simulations can
be found in the SI.
Both the near-field distributions and the far-field intensity

patterns at second-harmonic frequency, obtained separately for
each microscopic contribution on the example of the left-
enantiomer are subsequently presented in Figure 5. As
expected, the SHG field distribution (Figure 5a) responds to
the incident polarization handedness in a similar manner as the
electric field at fundamental frequency: in the left-enantiomer,
under L polarization, the second-harmonic hot spots tend to

localize in the center of the nanostructure, whereas under R
polarization, they tend to withdraw to the outer corners. The
3D polar plots of the far-field (Figure 5b) clearly show that, in
the first situation, the SHG radiation builds-up via constructive
interferences in a more efficient way than in the second case.
However, what actually contributes to the detected SHG

intensity is the fraction of the scattered SHG that can be
eventually collected by the objective. This fraction is high-
lighted in the polar plots in light blue color. It shows that in all
cases, most of the SHG radiation is scattered sideways, leaving
only a small amount of SHG for backward emission. In other
words, it is only a small portion of the total emitted SHG which
is detected during the experiment, leaving therefore a margin
for increasing the efficiency of our experiments. One can indeed
expect that improving the SHG collection efficiency will further
significantly increase the quality of the obtained results, which is
one of the current goals of our ongoing research. Integration of
the |Efar

(2ω)|2 contained within the objective acceptance cone
gives the overall measured SHG intensity, which gives
theoretical SHG-CD of −16% for the surface normal, −37%
for the surface tangential, and +7% for the bulk SHG
contribution (where the ± sign is associated with the applied
SHG-CD definition). In the latter case, the chiroptical effect is
opposite with respect to the surface contributions. These results
are in agreement with experimental |SHG-CD| values equal in
the range of 20%, taking into account that the resultant SHG
originates from a coherent mixture of the discussed microscopic
sources. In the case of gold, the surface normal contribution is
commonly assumed to be dominant over the two other
tangential and bulk sources.18,31,41 Among them, the bulk
contribution may be more or less important, depending on
whether the metal is formed as a thin film or as a nanoparticle.
Comparison of the above theoretical results with the
experimental ones allows to infer that in our case, the SHG
signal originates mainly from surface normal currents, as the
obtained |SHG-CD| for this kind of nonlinear sources is very
close to the measured one. An additional increase of this factor
may be then attributed to a coherent interplay between strongly

Figure 5. SHG simulation results: (a) electric field distribution at the second-harmonic frequency (plotted in logarithmic scale); (b) 3D polar plots
of the far-field SHG intensity pattern. Data are plotted separately for each microscopic contribution (surface normal on the left, surface tangential in
the middle, bulk on the right), under incident circular polarizations of different handedness (as indicated). 3D polar plots are shown in top-view
(upper line, viewing direction normal to xy plane) and in side-view (lower line, viewing direction normal to the zx plane).
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positive surface tangential and negative bulk contribution,
involving the interference of these sources with the dominant
surface normal contribution.
Numerical simulations can be applied to investigate

theoretically the influence of various factors on the measured
SHG-CD, such as resulting from geometrical modifications.
Dependence on the distance between the nanoprisms, which
determines the strength of the plasmonic near-field inter-
actions, and the influence of the small central nanoparticle are
addressed in the SI. It is found that indeed the presence of the
central nanoparticle is crucial toward the SHG-CD efficiency:
without the nanoparticle, the value of |SHG-CD|, originating
from surface normal contribution, drops down from 16 to 6%,
whereas increasing the size of the nanoparticle from 55 to 100
nm is boosting the |SHG-CD| up to 50%. In another section of
the SI, we present the results of simulations for a defective
geometry, whereby the smaller central nanoparticle gets in
contact with one of the larger nanoprisms. Such defects are
found to increase the |SHG-CD| originating from surface
normal contribution up to 33%, which provides a plausible
explanation to the apparent asymmetry of the SHG-CD
magnitude between the two enantiomers due to different
fraction of the defected elements appearing in the enantiomer
arrays.

■ CONCLUSIONS

Strong chiroptical effects in the backscattered SHG from 2D
chiral arrangements of gold nanoprisms have been measured
using nonlinear microscopy and confirmed by numerical
simulations. The triangular motif of the investigated nanostruc-
tures, provide efficient dipole-allowed SHG due to lack of
inversion symmetry, as well as sharp corners prone to large
local field enhancements. Because the investigated nanostruc-
tures are built from nonchiral elements (triangular nano-
prisms), the observed chiroptical effects can be attributed to the
plasmonic near-field coupling between the nanostructures.
Subwavelength dimensions of the individual enantiomers
enable fabrication of a subdiffraction-limited chirality-encoded
pattern, which can be efficiently read-out by SHG imaging with
circularly polarized excitation. It is found that the optimal
excitation wavelength for such imaging lies in between two
plasmon resonance bands resulting from the sp2-like hybrid-
ization of the dipolar plasmon modes of individual nanoprisms.
These results open the perspectives of a new class of
superchiral metamaterials, composed of interacting nano-
particles making chiral nonlinear “meta-molecules”, where
chirality originates from the mutual arrangement and
interparticle plasmonic interactions and not from the shape of
nanoparticles. Such meta-molecular engineering approach
provides a strong SHG chiroptical effect even at the level of
2D chiral arrangement. Moreover, the strength of these
interactions can be controlled by the size of the gaps between
the nanoparticles. The nanostructure geometry could be further
optimized so as to minimize linear circular dichroism while
maximizing the SHG chiroptical efficiency. Such optimized
“meta-molecules” could serve as “meta-molecular” building
blocks toward a new type of “watermarks”, which could be
read-out only by way of a sophisticated nonlinear microscopy
setup with circular polarizations.

■ ASSOCIATED CONTENT
*S Supporting Information
Additional results including experimentally measured emission
spectra, computed optical properties of individual nano-
particles, SEM images of structural defects, and theoretical
analysis of their influence on the SHG-CD, as well as results of
numerical simulations performed for modified geometries,
including nanostructures without central nanoparticle, with
central nanoparticle of larger size, and with various sizes of the
interparticle gap. It also contains a detailed description of
methods used here, namely, nanostructure fabrication, UV−vis
characterization, and SHG simulations, with an alternative
simulation method for the surface normal contribution. The
Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acsphotonics.5b00090.
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