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Abstract: While it has been demonstrated that, above its resolution limit,
Second Harmonic Generation (SHG) microscopy can map chiral local field
enhancements, below that limit, structural defects were found to play a
major role. Here we show that, even below the resolution limit, the
contributions from chiral local field enhancements to the SHG signal can
dominate over those by structural defects. We report highly homogeneous
SHG micrographs of star-shaped gold nanostructures, where the SHG
circular dichroism effect is clearly visible from virtually every single
nanostructure. Most likely, size and geometry determine the dominant
contributions to the SHG signal in nanostructured systems.
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1. Introduction

It has been almost two centuries since Jean-Baptiste Biot discovered the interaction of chiral
materials and polarized light. Since then, this interaction has played a considerably important
role in the studies of chemistry, biology and pharmacology. Recently, the prediction [1] and
subsequent observation [2,3] of negative refractive index in chiral (meta)materials have
triggered a substantial renewal of interest in the interaction between chirality and polarized
light. Consequently, optical techniques that are highly sensitive to chirality, to (meta)material
(nano)geometries and to their unusual electro-magnetic properties are sought after. As we
shall see, the Second Harmonic Generation (SHG) technique fulfills all these conditions and,
therefore, understanding the role of individual physical processes that contribute to the SHG
signal is of significant importance.

We begin with chirality. The SHG [4] technique exhibits great sensitivity to surfaces and
interfaces. For instance, it is capable of monitoring the filling process in a single atomic
monolayer during layer-by-layer crystal growth [S]. This sensitivity originates in the fact that,
within the dipole approximation, SHG is forbidden in centrosymmetric regions and can only
arise from breaks in symmetry. Such breaks in the centrosymmetry include surfaces,
interfaces, symmetry of crystalline lattices [6] and, of course, chirality. It has thus been
demonstrated that the second harmonic equivalents of optical rotation and circular dichroism
are orders of magnitude more sensitive to chirality than their linear counterparts [7-9].

Second, we look at electro-magnetic properties. The SHG process is also highly sensitive
to externally applied electric [10] or magnetic [11,12] dc fields; though care should be taken
while estimating the latter [13]. When combined with microscopy, SHG can successfully
image ferroelectric [14] and ferromagnetic [15] domains, as well as local field enhancements
[16-18]. One of the main sources of local field enhancements is attributable to surface
plasmon resonances, or “plasmons”. Plasmons are coherent oscillations of the charges at the
interface between two materials, provided that, within those materials, the real part of the
dielectric function changes sign across the interface. For example, gold-air interfaces can
support plasmons and those plasmons are readily excitable by the electric field of light.
Because SHG scales as the square power of the electric field, it is highly sensitive to plasmons
in particular and to local field enhancements in general.
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And third, we turn our attention to the nanoscale. Here the sensitivity of SHG presents a
double aspect. On the one hand, nanostructures have a very high surface-to-volume ratio; this
clearly favors the surface-sensitive SHG. On the other hand, local field enhancements are
readily excitable by light in nanostructures, which in turn leads to SHG enhancements.
Indeed, such enhancements have been reported from various structural geometries at the
nanoscale: nanostructures [19], nanoapertures [20] and pits [21] in metal film, shape
singularities [22], core-shell nanocavities [23], etc. These enhancements find a practical
application in tip-enhanced SHG scanning near-field microscopy [24], in further enhancing
the SHG in nonlinear optical materials, such as GaAs [25] and in the possibility to detect
single nanoparticles [26-27]. From the fundamental point of view, the local field enhanced
SHG allows the study of contributions to the signal from physical mechanisms that are
typically very small, namely multipolar contributions to the SHG [28-30] or electric dipole
contributions from the bulk [31]. Additionally, the plasmonic mechanisms themselves, such
as coupling between the charge oscillations, can be studied in the SHG enhanced signal [32—
35]. Moreover, the enhanced SHG brings insight into new optical and magneto-optical [36]
properties, and has lead to the development of several theoretical models [37-42].
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Fig. 1. Atomic force microscopy reveals numerous defects in the fabricated nanostructures.
The spiral arms of the stars exhibit discontinuities, variations in size and bumps, for both the
right-handed, in (a), and the left-handed, in (b), curved stars.

In the study of chiral metallic nanostructures, we have seen that the SHG signal contains
contributions from the chirality, the electro-magnetic properties and the geometry at the
nanoscale; it is therefore important to understand which contributions are dominant.
Previously, we demonstrated that, for sufficiently large nanostructures (chiral unit cells of 2.4
pm at A = 800 nm), SHG microscopy is capable of mapping the chirality of the local field
enhancements [33]. The contribution from chirality in these results is obviously large and
structural defects seem to play a negligible role. Unfortunately, the capability of mapping
chiral local field enhancements is lost below the resolution limit of SHG microscopy; where,
recently, it has been reported that, in ~300 nm large gold nanodimers at A = 1060 nm,
structural defects play an important role [43]. Structural defects, such as bumps, pits and other
small-scale structural deviations [44], are well known sources of SHG enhancement [45,46]
and it has been proposed that they contribute through effective higher order multipoles
[47,48]. However, between 2.4 um and 300 nm there is a wide range that remains unexplored.
Clearly, the wavelength size is an important limit for physical dimensions and the resolution
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limit of the technique is important when it comes to local field enhancements. What are the
relative contributions to the SHG signal from defects and from chirality in those regions?

Here, we have studied chiral local field enhancements below the resolution limit of SHG
microscopy. We report very homogeneous SHG microscopy pictures of chiral gold
nanostructures, where the contribution from chirality clearly dominates over that which is
attributable to defects. The SHG technique can therefore reliably recognize the handedness of
the nanostructures both through the circular dichroism and through absolute intensity
measurements. Our measurements are in good agreement with numerical simulations. The
precise reasons for the homogeneity of these results will be discussed later. However, we
should start by saying that our nanostructures differ both in size and in shape from those that
were studied in [32] and [44].

2. Experimental section

Because, at the nanoscale, curves are challenging to fabricate with electron beam lithography,
star-shaped gold nanostructures were prepared with curved wedge-shaped arms. Nominally,
the structures were 1 pm large and the width of the wedges proceeded from 200 nm to 0 nm.
For the preparation, a silicon substrate covered with a thermally grown layer of silicon
dioxide, approximately 100 nm, thick was coated with a solution of poly(methyl
methacrylate) (PMMA) dissolved in Anisole. The PMMA was then spin-coated on the
substrate (2000 RPM, for 45 s and heated to 150 °C for 75 s). Next, patterning of the PMMA
layer was produced by electron beam lithography (EBL), followed by resist removal by
means of a developer (1 part 4-Methyl-2-pentanone to 3 parts Isopropyl alcohol).

Sample .
Microscope I l
objective anr

A4 wave plate é

BG39

Dichroic mirror

Polarizer

A =800 nm

Fig. 2. Schematic diagram of the second harmonic generation microscopy technique in the
inverted geometry.

The EBL mask was then placed in a thermal evaporation chamber (1x10° mBar). An
adhesion layer (Cr 5 nm) was evaporated onto the sample using a resistively heated tungsten
wire basket, followed by a 35 nm gold layer deposited from a resistively heated molybdenum
boat. Finally, lift-off was performed in an acetone bath for several hours, in combination with
sonication, in order to remove the unexposed PMMA and its metallic coating leaving behind
the metal nanostructures. Because of fabrication defects, the actual structures are less than 800
nm large and the wedge-shaped arms exhibit discontinuities, variations in size and
nanobumps, see Figs. la and 1b.

A schematic diagram of the SHG microscopy technique in the inverted geometry is shown
in Fig. 2. For our measurements, we made use of a commercial Zeiss LSM 510 confocal
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microscope. This instrument is a scanning microscope, meaning that the laser spot is scanned
at adjustable speed over the sample surface. Consequently, both the intensity of laser light and
the scanning velocity offer a degree of control over the laser-induced (over)heating. The
illumination is performed with Ti:Sapphire laser pulses, approximately 120 fs long, at a
wavelength of 800 nm. The laser light is focused with a x100 objective, NA = 1.46 to a spot
of 330 by 440 nm. This spot size is larger than the regions of highest local field enhancements
on the nanostructures.

3. Results and discussion

Numerical simulations of the local currents in the nanostructures were calculated with the
MAGMAS Maxwell equations solver [49]. This “in house” developed numerical tool has
been consistently applied with success to the studies of metal nanostructures [18,36,50].
Figure. 3 shows the local currents at the surface of the star-shaped nanostructures in response
to 800 nm excitation light. Figures 3a and 3b correspond to illumination with left- and right-
hand circularly polarized light, respectively. More specifically, it can be seen that the
strongest enhancements are indicated with four red hotspots in Fig. 3a. These four hotspots
form a square with a side of 200 nm. We estimate that the resolution limit in our experiments
is larger than 200 nm and that therefore individual hotspots could not be resolved.

Fig. 3. Numerical simulation of the local currents induced at the surface of the “perfect”
nanostructures in response to left-hand, in (a), and right-hand, in (b), circularly polarized light.
The direction of rotation for circularly polarized light is indicated with the oriented white
circles.

The SHG microscopy pictures from the nanostructures are displayed in Fig. 4, where it is
immediately apparent that individual hotspots cannot be resolved. Nevertheless, the sub-
resolution limit chiral local field enhancements give rise to a pronounced Second Harmonic
Generation — Circular Dichroism (SHG-CD) effect. Namely, there is a clear difference in
SHG efficiency for left- (in Fig. 4a) and right- (in Fig. 4b) hand circularly polarized light.
Upon reversing the handedness of the nanostructures, this difference in SHG efficiency
reverses as well, see Figs. 4c and 4d. It is also immediately apparent that all four panels in
Fig. 4 are very homogeneous. There certainly are a few high intensity pixels, but those are
more likely attributable to contamination or resist rather than to defects. Indeed these isolated
pixels cannot be related to the structural defects at study here because numerous structural
defects are present in all the nanostructures, as can be seen from Fig. 1 and from the insets in
Fig. 4.
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Fig. 4. The Second Harmonic Generation (SHG) is sensitive to chirality and homogenous
throughout the arrays. SHG from the right-handed, in (a) and (b), and from the left-handed, in
(c) and (d), array of star-shaped nanostructures. SEM micrographs are shown in the insets. The
SHG response was recorded for left-hand, in (a) and (c), and right-hand, in (b) and (d),
circularly polarized light.

The SHG-CD response was evaluated by subtracting the SHG due to right-hand circularly
polarized light from the SHG signal due to left-hand circularly polarized light. This difference
is shown for the left-handed and the right-handed nanostructures, in Figs. 5a and 5b,
respectively. For the purpose of the calculations, each panel in Fig. 4 has been converted to
grayscale and pixel intensities were evaluated. Consequently, the color scale in Fig. 5
corresponds to pixel intensities. Because the SHG-CD is rather small, for clarity, a factor of
two has been added to the pixel intensities. It can be seen that both Figs. 5a and 5b are highly
homogeneous: every single nanostructure displays the expected sign of circular dichroism.
Structural defects, which are mostly situated on the wedge-shaped arms of the stars,
contribute as pixels of the “wrong sign”, close to the main SHG sources. For a more
quantitative comparison, we have evaluated the intensity of each pixel in Figs. 5a and 5b, see
Fig. 5c. The average pixel intensity in Figs. 5a and 5b are 131691 and —134845, respectively.
Because these values are close to equal and are of opposite sign they are characteristic of
“good” circular dichroism response. We find that the contribution that is due to structural
defects is significantly smaller than the contribution from chirality. Why is that?

One possible reason is geometry. Indeed, here, the defects are mainly situated on the arms
of the stars, while the main local field enhancements occur in the central region. Furthermore,
there is size. For instance, it could be that the relative contribution of defects increases with
decreasing dimensions of the nanostructures. Additionally, there is the possibility of laser
induced damage to the nanostructures during the measurements. In our case, after imaging
with left- and right-hand circularly polarized light, the samples were imaged again with left-
hand circularly polarized light, to ensure reproducibility. In other words, we explicitly
checked that no irreversible changes have occurred during measurement, i.e. the samples were
not damaged. We have established that above laser fluence of 2.7 mJ/cm’, laser damage to
individual nanostructures can occur. In practice, we have seen that upon increasing laser
intensity or upon slowing the laser spot scanning on the sample surface, individual
nanostructures suddenly and irreversibly become much brighter, yielding a very
inhomogeneous image.
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Fig. 5. Second Harmonic Generation — Circular Dichroism from the two arrays of star-shaped
gold nanostructures. The SHG signal due to right-hand circular polarization was subtracted
from the SHG signal due to left-hand circular polarization, for the left-handed and the right-
handed nanostructures, in (a) and (b), respectively. The scale represents the pixel intensity. In
(c), a histogram shows all the pixels in (a) and (b) with a given pixel intensity.

In order to understand the reasons why chiral contributions to the SHG signal dominate
over the structural ones, we could also look the local field enhancements at the fundamental
frequency of a “defective” nanostructure, see Fig. 6.
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Fig. 6. Numerical simulation of the local currents induced at the surface of the “defective”
nanostructures in response to left-hand, in (a), and right-hand, in (b), circularly polarized light.
The direction of rotation for circularly polarized light is indicated with the oriented white
circles.

We have performed numerical simulations whereby two types of imperfections (or
“defects”) were introduced — shortened star arms and cuts on the star arms. These simulations
show that the local field enhancements, associated with chirality in the “perfect” stars (bright
red hotspots), are more intense than local field enhancements resulting from imperfections. It
is very tempting to see a confirmation of our SHG results in the local field enhancements
simulations. However, caution is required for chirality and defects in metal nanostructures do
not necessarily follow the same SHG processes.
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4. Conclusions

To summarize, we have applied SHG microscopy to the study of star-shaped gold
nanostructures that were made chiral by curved, wedge-shaped arms. According to numerical
simulations, even though the size of the nanostructures is comparable to the wavelength of
light, the local field enhancements occur below the resolution limit of SHG microscopy. Upon
illumination with left- and right-hand circularly polarized light, we obtained very
homogeneous SHG micrographs, where the effects of circular dichroism are clearly visible for
practically every single nanostructure. Our design confines structural defects to the edges of
the star, where their influence on the SHG signal is shown to be smaller than the contributions
from the central, chiral, local field enhancements. Our results emphasize the importance of the
design, versus simply the scale, of nanostructures with respect to chiral local field
enhancements in plasmonic (meta)materials.
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