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ABSTRACT 
We report our latest results on second harmonic generation (SHG) microscopy from arrays of G-shaped 
chiral gold nanostructures. The nanostructures are arranged in unit cells composed of four Gs, each rotated 
at 90° with respect to its neighbors. As it has already been demonstrated, for linearly polarized light, these 
unit cells yield a pattern of four SHG hotspots. However, upon increasing the pitch of the nanostructured 
arrays, extra hotspots can be observed at the edges of the unit cells. While the origin of these extra hotspots 
remains to be elucidated, their position indicates a relationship to coupling behavior between the unit cells.  
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INTRODUCTION 
The term "electromagnetic hotspots" designates regions where the electromagnetic energy is highly 
concentrated. These hotspots have attracted a lot of attention because they can lead to extreme enlargement 
of molecular optical response.1,2 A striking example is surface enhanced Raman scattering,3 whereby the 
Raman signal can be increased fourteen orders of magnitude.4,5 The hotspots themselves can originate in 
the electromagnetic lightning rod effect or in plasmonic local field enhancements. The latter constitute 
essentially a collective excitation of the conduction band electrons at a sample surface. The canonical 
example of surface plasmon excitation is the small (with respect to the wavelength) spherical gold 
nanoparticle, whereby the electron cloud can oscillate in response the electric field of light. While a single 
gold nanoparticle is conceptually very appealing to illustrate surface plasmon field enhancements, in the 
experimental studies of more complex systems, these field enhancements are often difficult to separate 
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from other optical phenomena, such as scattering, diffraction or antenna effects. However, recently, it has 
been demonstrated that second harmonic generation (SHG) provides the means for effectively mapping 
plasmonic hotspots while effectively filtering the unwanted signal.  

SHG refers to the processes whereby two photons at the frequency of illumination are converted into a 
single photon at the double frequency. This process is universal in the sense that it occurs through virtual 
energy levels, at any frequency of light, and does not require the presence of a particular resonance. Surface 
SHG is a nonlinear optical process that requires the use of high intensity incident light sources, such as 
ultrafast laser systems. High intensity can also be achieved within electromagnetic hotspots and, as a 
consequence, second harmonic imaging of such hotspots is obtained. Because the detected light is at the 
second harmonic of the incident light, all the linear optical "noise" is effectively filtered from the signal.  

Within the dipole approximation, the SHG process is forbidden in centrosymmetric systems. Symmetry is 
broken at the surfaces and interfaces of materials, which allows SHG to be surface/interface-sensitive down 
to the atomic monolayer.6 Symmetry is also broken by externally applied electric7 or magnetic8 dc fields, 
though, in the case of the latter, care should be taken in interpreting the results.9 These breaks in symmetry 
allow SHG to successfully image ferroelectric10 and ferromagnetic11 domains. Let us consider again a small 
gold nanoparticle. Gold has a face centered cubic crystal structure, which means that it is centrosymmetric. 
Moreover, the overall spherical shape is also centrosymmetric. It follows that, in the absence of externally 
applied electric or magnetic fields, the canonical example for plasmon local field enhancements should not 
give rise to any second harmonic signal. However, experimentally it has been demonstrated that surface 
plasmon resonances do give rise to an enhanced second harmonic signal.12 In this work, the authors have 
tuned the frequency of plasmon resonance in gold core silver shell nanoparticles, by varying the 
proportions of both metals. Additionally, strong second harmonic signal was observed from 4 nm large 
gold clusters,13 from gold colloids with sizes ranging from 5-22 nm,14 from gold nanoparticles with 11 nm 
diameter15 and from silver nanoparticles with diameter of 40 nm.16 Interestingly, in the latter work, 
polarization measurements demonstrated that, although forbidden in the dipole approximation, the second 
harmonic signal is of dipolar origin.  

The "forbidden" signal was attributed to small deviations in shape from the centrosymmetry of the 
nanoparticles, since in clearly noncentrosymmetric nanoparticles, such as nanorods17 or decahedra,18 the 
SHG signal is allowed. In fact, the latter investigation goes further and compares the SHG signal with that 
of spherical nanoparticles as a function of size, within the range 17 to 150 nm. The authors show that above 
50 nm, the SHG signal from spherical and decahedral nanostructures is comparable, which indicates a 
common origin - multipolar contributions and retardation effects. However, below that size, the difference 
in centrosymmetry plays an important role. The idea that different SHG mechanisms are at work depending 
on the size of plasmonic nanoparticles has also been experimentally confirmed upon studying gold 
nanoparticles within the range 10 to 150 nm19,20 and silver nanoparticles within the range 20 to 80 nm;21 a 
theoretical model, based on phenomenological parameters has also been proposed to account for this size 
dependence.22 To summarize: for smaller nanoparticles the SHG signal is of dipolar origin and it originates 
at the (non perfectly spherical) surface of the nanoparticles, where plasmon field enhancements also occur, 
while for larger nanoparticles, the SHG signal contains multipolar terms and has been attributed to 
retardation effects. We can already say that a similar behavior is encountered for continuous thin films 
made of centrosymmetric materials. Indeed, in such systems, a dipolar SHG signal is associated with the 
monolayer thick surfaces and interfaces, while a multipolar SHG signal is associated with the bulk of the 
films. However, before we speak about thin films, let us briefly address the sensitivity of SHG to plasmonic 
field enhancements as complexity builds up from single nanoparticles.  

When two plasmonic nanoparticles are placed in close proximity, plasmonic coupling takes place and can 
lead to SHG enhancements. Such enhancements were reported upon numerically simulating two silver 
nanorods separated by 28 nm23 and two gold nanorods separated by 30 nm.24 Moreover, it was theoretically 
shown that, in coupled plasmonic nanostructures, the overall SHG is related to the electromagnetic energy 
per unit length stored in the gap area between the nanostructures.25 Experimental work on nanowires has 
also demonstrated enhanced SHG due to plasmonic coupling between nanostructures.26,27 In particular, it 
has been shown that, upon aggregating gold nanoparticles by means of molecular binding, the second 
harmonic signal is significantly enlarged.28 While such an assembly of nanoparticles is random, more 
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ordered configuration have also been studied, such as nanocylinders.29 Besides direct coupling and possible 
retardation effects, an ordered chain of nanoparticles can support propagating plasmons, a phenomenon that 
has also been followed by SHG.30,31 An alternative geometry for studying the interaction of propagating 
plasmons with nanoparticles consists in using continuous films as support for the propagating plasmons and 
employing the nanoparticles as scatters.32 Strong local field enhancements are also present at rough 
surfaces of continuous films, and in these systems too SHG proves to be a successful probe.33 The reason 
for this success is that surface roughness can be regarded as an abundance of symmetry-breaking defects 
which are localized at the sample surface and such defects are well known sources of SHG.34,35 As 
complexity builds up from single particles to ordered arrays, second harmonic imaging microscopy offers 
an effective way to map the plasmonic hotspots.36,37,38  

While SHG microscopy can be employed for detecting single nanoparticles,39,40 where the hotspots 
coincide with the position of the nanostructures, the technique is particularly interesting in the case of 
ordered arrays, where the pattern of hotspots can differ significantly from that of the underlying 
nanogeometry.41,42 In this manner it is possible to experimentally determine in which part of the 
nanostructures are the hotspots originating.43 Although visualization is limited by the resolution limit, we 
have recently demonstrated that, for sufficiently high incoming light intensity, the hotspots can be 
imprinted onto the surface of the nanostructures themselves through nanobump and nanojet formation, for 
subsequent imaging with surface probe techniques.44,45 

Here we report our recent results on studying a nanostructured sample array, composed of G-shaped gold 
nanostructures. We find that upon increasing pitch of the array, more SHG hotspots appear. While the 
precise origin of these hotspots remains to be determined, their position on the edges of the unit cell seems 
to indicate a relation to coupling effects between unit cells.  

   

SAMPLE PREPARATION AND EXPERIMENTS 
The samples consists of G-shaped gold nanostructures arranged according to the pattern in Fig. 1a. During 
fabrication, a Si substrate covered with a thermally grown layer of silicon dioxide approximately 100 nm 

 
Fig.1. In (a), schematic diagram G-shaped gold nanostructures 
arranged in a unit cell for the nanostructured sample array. The 
dimensions correspond to the first sample at study, having a pitch of 
2.3 μm. In (b), the depth profile for the nanostructures is shown.  

 

thick was coated with a solution of poly(methyl methacrylate) (PMMA) dissolved in Anisole. The substrate 
was then spun at 2000 RPM for 45 seconds and then heated on a hotplate at 150 Celsius for 75 seconds 
producing a 100 nm thick layer of PMMA resist. The PMMA layer was then patterned using electron beam 
lithography (EBL) and the exposed areas of PMMA resist removed using a developer consisting of 1 part 
4-Methyl-2-pentanone (MIBK) to 3 parts Isopropyl alcohol (IPA). The EBL masked sample was then 
placed in a thermal evaporation chamber which was evacuated to a base pressure below 1x10-6 mBar. A 5 
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nm chromium adhesion layer was evaporated onto the sample using a resistively heated tungsten wire 
basket, followed by a 30 nm gold layer deposited from a resistively heated molybdenum boat. The coated 
sample was then placed in an acetone bath for several hours, sonication of the bath then removed the 
unexposed PMMA and its metallic coating leaving behind the metal features. The depth profile of the 
samples following this fabrication procedure is shown in Fig. 1b. Further details on fabrication can be 
found in Ref. [46].  

In order to study the possible coupling between nanostructures, three samples of nanostructured arrays were 
prepared with increasing pitch. More specifically, the pitch was set at 2.3 μm, 2.5 μm and 2.6 μm; scanning 
electron microscopy pictures of the corresponding sample arrays can be seen in Fig. 2a, 2b and 2c, 
respectively. Please note that, due to a slight difference in EBL dosage, the size of the nanostructures in 
Fig. 2a differs from the others. This difference could have important consequences and has been taken into 
account when interpreting the SHG results.  

 
Fig.2. Scanning electron microscopy images of the sample arrays. In 
(a), the pitch of the array is set at 2.3 μm. In (b), the pitch of the array 
is set at 2.5 μm. In (c), the pitch of the array is set 2.6 μm.  

 

Second harmonic generation microscopy is performed by adapting a Zeiss LSM 510 Laser Scanning 
Microscope (Carl Zeiss, Jena, Germany). During measurements the laser spot is scanned at adjustable 
speed and direction over the sample surface. The illumination itself is performed by means of a pulsed 
Ti:Sapphire laser (Mai Tai, Newport-Spectra Physics), with 800 nm wavelength. The laser pulses are at a 
frequency of 80.1 MHz and they are dispersion corrected by a Deep See module following the laser. The 
SHG-signal is separated from the incident light by a dichroic mirror (HFT KP650) and additional shortpass 
filter (KP660). Images were made with a 100x objective with numerical aperture of 1.46, the spot size on 
the sample is approximately 400 nm in diameter. Further details regarding the microscope configuration 
and procedure can be found in Ref. [47]. 

 

RESULTS 
Figure 3a shows the SHG hotspot pattern that is obtained, for linearly polarized light along the horizontal 
direction, from the nanostructured sample array with 2.3 μm pitch. The hotspots are indicated by purple 
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spots on the black background of the substrate. The unit cell response consists of four hotspots oriented 
along the main diagonal of the square unit cell; due to their proximity, the middle two hotspots are 
somewhat difficult to resolve. Almost no off diagonal hotspots can be seen in Fig. 3a. At variance, in Fig. 
3b, which corresponds to the nanostructured sample array with 2.5 μm pitch,  besides the four hotspots 
along the main diagonal, there are two off diagonal hotspots. The color coded intensity in this picture 
increases following the rainbow color order. High intensity spots are due to a combination of laser-induced 
damage on the sample and fabrication defects. It should be noted that in Fig. 3b, each individual unit cell is 
clearly distinguishable from its neighbors – the hotspot patterns of the unit cells are separated by clear 
black lines. Interestingly, upon increasing the pitch of the sample arrays from 2.5 μm to 2.6 μm, this 
distinction disappears. More specifically, in Fig. 3c, the hotspot pattern of the unit cell is composed of four 
hotspots along the main diagonal as in Fig. 3a, plus two off diagonal hotspots as in Fig. 3b, plus six 
hotspots at the exterior edges of the unit cells that are oriented along the direction of polarized light.  

 
Fig.3. Second Harmonic Generation (SHG) microscopy of the sample 
arrays at study. In (a), for an array with 2.3 μm pitch, four hotspots 
along the main diagonal of the unit cell can be observed. In (b), for an 
array with 2.5 μm pitch, two off diagonal hotspots appear. In (c), for 
an array with 2.6 μm pitch, additional hotspots can be seen. The 
color-coded intensities increase from black, through purple, to blue.  

 

OUTLOOK 
We have applied second harmonic generation microscopy to the study of G-shaped, gold nanostructures. 
This technique is showing increasing potential for mapping plasmonic hotpots in nanostructured arrays. 
Figure 3 shows a very clear trend in the experimental results – with increasing pitch of the sample arrays, 
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more hotspots become apparent. Although very promising these results are preliminary. More careful 
investigation of the increase in pitch will be undertaken by producing novel sample series covering a large 
range of pitch variation. Reproducibility of the results will also be checked against variation of the EBL 
dosage. The precise position of the extra hotspots will be determined by imprinting them on the sample 
surface, using plasmons-assisted sub-wavelength laser-ablation. The precise origin of these hotspots will be 
investigated with rigorous numerical simulations.  
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