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ABSTRACT 
Scanning second harmonic generation (SHG) microscopy is becoming an important tool for characterizing 
nanopatterned metal surfaces and mapping plasmonic local field enhancements. Here we study G-shaped 
and mirror-G-shaped gold nanostructures and test the robustness of the experimental results versus the 
direction of scanning, the numerical aperture of the objective, the magnification, and the size of the laser 
spot on the sample. We find that none of these parameters has a significant influence on the experimental 
results.  
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INTRODUCTION 
In the last ten years, there has been a remarkable increase of interest in plasmonic nanomaterials.1,2,3 These 
materials, which can support coherent oscillations of surfaces charges, have been associated with 
revolutionary new applications, such as invisibility,4 negative refraction5,6,7 or super-lensing.8,9 Because 
nanostructures exhibit a very large surface-to-volume ratio and because surface-plasmons are readily 
excited with optical radiation, their study can greatly benefit from a surface-sensitive optical technique, 
such as second harmonic generation (SHG).  

SHG is a nonlinear optical mechanism, whereby two photons with the same energy are converted into a 
single photon having twice as much energy. The mechanism occurs via virtual energy levels and does not 
require the presence of specific resonances. For this reason, the SHG technique constitutes a very general 
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and powerful investigation tool. Moreover, within the dipole approximation, SHG is forbidden in 
centrosymmetric materials, i.e. it is only allowed in the case of symmetry breaking. Symmetry breaking is 
observed, for instance, at surfaces and interfaces of materials and, indeed, SHG exhibits surface/interface 
sensitivity down to the atomic monolayer.10 Additionally, SHG has been successfully employed to study 
symmetry breaking phenomena, such as externally applied electric11 or magnetic12 dc fields, though care 
should be taken while estimating the latter.13 SHG can also provide contrast for imaging ferroelectric14 and 
ferromagnetic15 domains.  
In the case of nanostructured materials, the coupling of incident radiation to surface-plasmons leads to local 
field enhancements that can greatly influence the SHG response. SHG has thus successfully been employed 
for the detection of single plasmonic particles.16,17 Additionally, plasmonic coupling,18,19,20 propagation of 
plasmons along a chain of particles21,22,23 and propagating plasmons scattered by metallic nanoparticles24 
can be probed by SHG. The SHG technique is also very sensitive to further symmetry breaking in the 
plasmonic nanomaterials. Externally applying a magnetic field to nickel nanostructures has been studied,25 
as well as chiral symmetry breaking.26 The latter has particularly been studied through the circular 
dichroism effect.27,28,29 In order to account for the influence of local field enhancements in the SHG signal 
from nanomaterials, several theoretical models have recently been developed.30,31,32,33,34,35  

In combination with microscopy, SHG can provide an accurate mapping of local field enhancements at the 
surface of nanomaterials.36,37,38 More specifically, the local field enhancements can be visualized as 
hotspots.39 Furthermore, for sufficiently high incoming light intensity, it has been demonstrated that these 
hotspots can be imprinted onto the surface of the nanostructures themselves through nanobump and nanojet 
formation.40,41 SHG microscopy is therefore becoming a very important tool for studying plasmonic 
nanomaterials. In this context, it is worth examining the influence of the various microscope specific 
parameters on the hotspot pattern. 

Here, we examine the influence of the scanning direction, numerical aperture of the objective, 
magnification, and the laser spot size on the second harmonic generation pattern of hotspots. The sample 
we have studied consist of chiral G-shaped gold nanostructures.42 We demonstrate that none of these 
parameters significantly affects the results.  

 

EXPERIMENTS 
The samples consists of G-shaped and mirror-G-shaped gold nanostructures (25 nm thick) deposited by 
electron beam lithography on substrates composed of SiO2 (100 nm thick) placed on top of a Si(001) wafer. 
The G-shaped and mirror-G-shaped nanostructures are arranged in unit cells composed of four Gs (or 
mirror-Gs), each rotated 90° with respect to its neighbors. The separation distance between the Gs (or 
mirror-Gs) is 200 nm. The Gs (or mirror-Gs) themselves are 1 μm large, with line width 200 nm. More 
details regarding the sample preparation can be found in Ref. [43].  

Scanning second harmonic generation microscopy is performed by adapting a commercial scanning 
confocal microscope. 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, with 800 
nm wavelength. In the case of the 100x objective with numerical aperture (NA) 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. [44]. 

 

RESULTS 
Numerical simulations of the electrical currents at the fundamental frequency in the G-shaped 
nanostructures were performed with the MAGMAS software, see Fig. 1a. MAGMAS is a numerical 
software tool, originally developed at the KU Leuven, for electromagnetic problems in the microwave and 
millimeter wave frequency bands.45,46 It has been extended to include the special features of plasmonic 
nanotechnology: (near) optical frequencies, strongly dispersive materials and the need for volumetric 
meshing. More specifically, Fig. 1a illustrates the distribution of local currents at the surface of the 
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Fig.1. In (a), the density of local electric currents at the surface of the 
nanostructures. In (b), the squared amplitude of electric near-fields at 
the surface of the nanostructures.  

 

nanostructures. Four hotspots oriented along the main diagonal of the unit cell can clearly be identified. For 
the sake of completeness, numerical simulations of the electric near-fields at the fundamental frequency 
were also performed, using RSoft’s Diffract MOD software, see Fig. 1b. The code implements a numerical  

 
Fig.2. Scanning Second Harmonic Generation microscopy of G-
shaped gold nanostructures shows that the pattern of hotspots is 
independent from the scanning direction. A 100x objective with 
NA=1.46 was used. In (a), the nanostructured array is scanned in 
rows, from left to right. The direction of polarization is indicated by 
the white arrow. In (b), the array is scanned along the diagonal, i.e. at 
45°. In (c), the array is scanned from top to bottom, i.e. at 90°. In (d), 
the array is scanned along the other diagonal, i.e. at 135°. Regardless 
of the scanning direction, the hotspot pattern remains the same, being 
only rotated.  
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method widely used in the analysis of optical properties of metallic and dielectric diffraction gratings, 
namely, the rigorous coupled-wave analysis method. The results shown in Fig. 1b are in remarkable 
agreement with those in Fig. 1a – four hotspots are clearly distinguishable and they are oriented along the 
main diagonal of the unit cell. 

Figure 2 shows the dependence of the SHG signal on the direction of scanning. To gather the data 
presented in Fig. 2a, the laser beam is scanned in rows, from left to right. The incident light is linearly 
polarized along the horizontal direction as it is indicated with the white arrow. The hotspot pattern in the 
unit cells is composed of four hotspots oriented along the main diagonal. The color coded intensities follow 
the rainbow color order, starting from violet and finishing with white. The latter color usually indicates 
saturation of the detector. Upon rotating the direction of scanning by 45°, the orientation of the hotspots 
changes accordingly, as can be seen in Fig. 2b. Rotating the scan by 90° and 135° also results in a 
corresponding hotspot orientation change; these changes can be seen in Fig. 2c and 2d, respectively. Figure 
2 demonstrates that besides the expected variation in the orientation of the hotspots, the hotspot pattern 
itself is not affected by the scanning direction. In other words, the SHG hotspot pattern does not depend on 
the scanning procedure. 

 
Fig.3. Scanning Second Harmonic Generation microscopy of mirror-
G-shaped gold nanostructures depending on the magnification and the 
numerical aperture (NA) of the microscope objective. In (a), upon 
using a 100x objective with NA=1.46, a clear hotspot pattern, 
composed of four bright spots along the diagonal, can be seen. In (b), 
a micrograph that was obtained with a 40x objective, NA=1.3. In (c), 
a micrograph that was obtained with 20x magnification objective 
having NA=0.75. With decreasing magnification and NA, the pattern 
of hotspots remains essentially the same. The direction of polarization 
is indicated by the white arrow. 

 

In Figure 3, the robustness of the SHG hotspot pattern is tested against variations of the magnification, 
numerical aperture, and the size of the focal spot on the sample. To show that these results are valid 
regardless of the chirality in the sample, we now turn our attention to the mirror-G geometry. In order to 
make the data easily comparable to those in Fig. 2a, we rotate the direction of linearly polarized light by 
90°. The combination of 90° rotated polarization and mirror image of the unit cell yields a pattern of 
hotpots that are again oriented along the main diagonal. In Fig. 3a, we show a micrograph that was obtained 
with a 100x oil objective with NA=1.46. For this numerical aperture and for linearly polarized light the spot 
at the focus is an ellipse with semi-axes of 440 nm and 330 nm. These dimensions are clearly smaller than 
the size of Gs, which is 1 μm. As can be seen in Fig. 3a, the hotspot pattern is similar to that in Fig. 3a, 
except for the fact that it is less intense. The reason for this is that we used less laser power, to avoid 
saturating the detector. Next, an image was made using a 40x oil objective with NA=1.3; this image can be 
seen in Fig. 3b. Although the magnification is significantly smaller, the pattern of four hotspots in each unit 
cell is still clearly distinguishable. Figure 3c presents a micrograph that was taken with a 20x air objective 
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with NA=0.75. At this low magnification, the four individual hotspots are no longer resolved, yet the 
general local field enhancement in each unit cell is clearly reproduced. Because the spot size at the focus 
scales with the numerical aperture, in Fig. 3c the spot size is approximately two times as large as that in 
Fig. 3a. We can therefore conclude that the pattern of SHG hotspots is not significantly affected by the 
magnification of the objective, the numerical aperture or the laser spot size in focus of the sample.  

 
Fig.4. Scanning Second Harmonic Generation Microscopy of mirror-
G-shaped gold nanostructures dependence on defocusing. In (a), the 
image is in focus (Z=0) and the laser power is 0.3 mW. In (b), for 
same laser power, defocusing the pictures by 4 μm leads to a dramatic 
loss of hotspot intensity. In (c), the hotspot intensity in the defocused 
image can be recovered by increasing the incident laser power to 0.8 
mW. In (d), a hotspot pattern can still be distinguished upon 
defocusing by 7μm , for incident laser power of 1.5 mW. Although the 
images are defocused, the pattern of hotspots remains essentially the 
same, only the image becomes blurry, i.e. out of focus. The direction of 
polarization is indicated by the white arrow.  

 

The dependence of the SHG image on laser spot size at the sample can also be investigated by defocusing 
the light. Figure 4a shows a SHG micrograph that was obtained for vertical linearly polarized light 
illuminating the mirror-G-shaped nanostructures. The microscope objective used was the 100x oil objective 
with NA=1.46. The color-coded intensities evolve from black, through purple, blue, green and yellow to 
red. The picture is at the focus, i.e. the microscope objective is positioned at z = 0 μm, and the illumination 
intensity is 0.3 mW. Moving away from focus increases the spot size and consequently there is a drop in 
the SHG signal. This is illustrated in Fig. 4b, where the objective is positioned at z = -4 μm for the same 
laser power. The figure shows that the pattern of hotpots is barely visible. The SHG intensity from the 
hotspots can be recovered though by increasing the incident laser power, see Fig. 4c. Indeed, upon 
positioning the objective at z = -5 μm, increasing laser power to 0.8 mW allows the visualization of the 
four individual hotspots in each unit cell. Further defocusing (z = - 7 μm) with laser power of 1.5 mW does 
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not resolve the individual hotspots, although the general trend is still clear. Consequently, Fig. 4 
demonstrates that, in this case, increasing the laser spot size on the sample by the defocusing the objective 
does not significantly affect the pattern of SHG hotspots.  

 
CONCLUSION 

We have examined the effect of varying the scanning direction, magnification, numerical aperture, and the 
laser spot size on the SHG hotspots pattern produced by scanning SHG microscopy. We find that the SHG 
results are robust against varying these parameters. Our findings are of particular importance not only for 
scanning SHG but also for the general use of scanning microscopy techniques for the purpose of imaging or 
manipulating local field enhancements.47  
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