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Second-harmonic generation from single gold nanofabricated trast. The near-field nonlinear response is found to be directly
particles is experimentally investigated by a nonlinear scan- related to both local surface plasmon resonances and particle
ning near-field optical microscope (SNOM). High peak morphology. The combined analysis of linear and second-
power femtosecond polarized light pulses at the output of a harmonic SNOM images allows one to discriminate among
hollow pyramid aperture allow for efficient second-harmonic  near-field scattering, absorption and re-emission processes,
imaging, with sub-100-nm spatial resolution and high con-  which would not be possible with linear techniques alone.
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Second-harmonic generation from single gold nanofabricated
particles is experimentally investigated by a nonlinear scan-
ning near-field optical microscope (SNOM). High peak
power femtosecond polarized light pulses at the output of a
hollow pyramid aperture allow for efficient second-harmonic
imaging, with sub-100-nm spatial resolution and high con-

1 Introduction The rapid development of nano-
science and nanotechnology during the last years has
stimulated research on the analysis of electromagnetic
fields that show up at the nanoscale, and the development
of tools for studying and exploiting them in order to obtain
new compact and all-optical devices [1, 2]. The interaction
of light with metal nanostructures is known to produce
strong (up to several orders of magnitude) and spatially lo-
calized (on nanometer scale) field intensity enhancement.
These enhancements can be due to local coupling of light
with particular resonant structures (antenna effect) [3] or to
field concentration on structures with strong curvature
(lightning-rod effect) [4]. A further effect is the resonant
excitation of the so-called Localized Surface Plasmons
(LSPs) [5]; the resonance frequencies of the LSP can be
tailored in a broad spectral range according to the material
and shape of the nanostructure. Local field enhancements
(LFEs) are best observed exploiting nonlinear optical ef-
fects, such as Second-Harmonic Generation (SHG) [6-10]
or Two-Photon Photo-Luminescence (TPPL) [7, 11, 12]
which depend on the square of the light intensity. In order

trast. The near-field nonlinear response is found to be directly
related to both local surface plasmon resonances and particle
morphology. The combined analysis of linear and second-
harmonic SNOM images allows one to discriminate among
near-field scattering, absorption and re-emission processes,
which would not be possible with linear techniques alone.
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to observe a significant non-linear response, the samples
need to be illuminated by high peak intensities such as
those associated with very short laser pulses.

The nonlinear optical response of nanostructured sur-
faces has been studied both theoretically [13-15] and ex-
perimentally by confocal optical microscopy [16-18]. Far-
field techniques, however, are limited by diffraction, which
prevents the study of high density patterned samples and
do not allow for direct mapping of optical field distribu-
tions in the near-field, where they show the highest inten-
sity. A Scanning Near-field Optical Microscope (SNOM)
is a more suitable tool to such purpose, allowing one to
probe optical fields in the proximity of scatterers’ inter-
faces; moreover, it is able to overcome the diffraction limit
by confining the light on the nanometer scale [19, 20] and
to provide simultaneous information on the sample topog-
raphy.

In this paper we use a novel setup for nonlinear near-
field microscopy to map LFEs on metal nanostructures. In
this apparatus, femtosecond pulses are coupled to a SNOM
head employing hollow-pyramid aperture probes that ex-
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hibit the unique feature of preserving pulse duration [21]
and light polarization [22]. This enables the achievement
of high peak power in the near field, a prerequisite for the
efficient generation of nonlinear optical effects. We use
such a system to observe the nonlinear optical response of
nanofabricated gold ellipsoids with sub-100-nm spatial
resolution; in fact, nonlinear effects and in particular SHG
are well known to be very efficient probes for LFE detec-
tion.

The nanoellipsoids have different lengths in order to
tune their LSP resonance frequency with respect to the
fixed excitation wavelength of the laser pulses. Particular
attention is paid to discriminate between LSP-induced LFE
and other mechanisms (e.g. lightning rod effects) which
can as well provide large field intensities in the proximity
of the nanoparticle.

2 Experimental

2.1 Experimental setup A sketch of the experimen-
tal setup is shown in Fig. 1. The excitation light is gener-
ated by a standard asymmetric Ti:sapphire oscillator in a
stretched cavity configuration used to decrease the repeti-
tion rate down to 26 MHz. For a given average power, as
limited by thermal effects in the near-field probe, this al-
lows increasing the peak power by a factor of ~4 with re-
spect to a standard 100-MHz cavity, enhancing second-
order nonlinear optical effects by the same factor. The os-
cillator produces ~30 fs pulses with energy up to 20 nJ.
These are sent to a pre-compressor, consisting of a double
pass in a Brewster-cut fused-silica prism pair, to compen-
sate for the dispersion introduced by the optical elements
in the path to the sample, as shown in Fig. 1.

The beam is then coupled to our home-made SNOM
based on cantilevered probes, consisting of hollow pyra-
mids made of silicon oxide coated with aluminium with an
aperture at the apex ranging between 60 and 200 nm [23],
and throughputs up to 5x10~°. Tip/sample distance stabili-
zation is performed by measuring cantilever deflection
with the optical lever method, like in atomic force micros-
copy (AFM).

After the optical interaction with the sample, the trans-
mitted fundamental wavelength (FW) as well as the in-
duced SHG are collected by a 0.8-NA microscope objec-
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Figure 1 Schematics of our SNOM, with the ultrashort pulses
coupled to the measurement head, and detection path.
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tive, separated by proper filtering, and simultaneously
measured by two photo-multiplier tubes. The FW passes
through a pinhole to reject stray light in a confocal-like de-
tection configuration; SHG is reflected by a dichroic mir-
ror (reflectivity > 95% at A < 410 nm) and then selected
through an interference filter at 400 nm (AA= 30 nm). The
average incident power on the tip during scans was
~1 mW, below the probe damaging threshold. This allowed
us to efficiently induce nonlinear effects in the near field of
the probe [24].

2.2 Sample The sample under study consists of
square arrays of gold ellipsoids produced by electron beam
lithography (EBL) [25]. EBL is operated by a 30 kV Hi-
tachi S-3500N scanning electron microscope equipped
with a nanometer pattern generation system (J. C. Nabity
Lithography Systems, U.S.A.). The structures are fabri-
cated on a quartz substrate to suppress parasitic lumines-
cence. A high resolution polymethylmethacrylate resist is
spin-coated over the substrate and covered by 10 nm of
aluminium. After exposure, the patterns are developed us-
ing methylisobutylketone:isopropyl alcohol (1:3) and the
desired mass thickness of gold is evaporated on the sample.
Lift-off is then performed using acetone. The short axis of
the ellipsoids is ~70 nm long, the height is ~70 nm, the
long axis can be either 100, 150 or 400 nm long, and the
array period is I pm.

Extinction spectra of the ellipsoids (not shown here) were
recorded by a modified Jobin-Yvon confocal micro-Raman
spectrometer; the sample was illuminated from the bottom
side and the transmitted light was collected from a 70x70
pm? area by a 10x microscope objective with 0.25 N.A, with
the light polarized parallel to the long axes of the particles.
The 100-nm long ellipsoids show a strong extinction peak at
690 nm, which shifts to 810 nm for the 150-nm long ones
and to more than 1 pm for the 400-nm ones. Our excitation
laser is thus tuned to be resonant with the 150-nm particles.
Such peaks can be ascribed to surface plasmon resonances
(SPRs) in accordance to theoretical expectations [25].

3 Results and discussion The ability to preserve
pulse duration and polarization through the hollow pyra-
mid [21, 22] allowed us to obtain high-peak-power excita-
tion with polarization control of both resonant and non-
resonant ellipsoids. Figure 2 shows the topography of
nanoellipsoids of different size [Fig. 2(a), (d) and (g)],
their FW SNOM transmission maps [Figs. 2(b), (e) and
(h)], and SHG SNOM emission maps [Figs. 2(c), (f) and
(1)]. Incident light is polarized parallel to the long axis of
the particles. In the FW maps, all the 100-nm ellipsoids
appear bright, while almost all of the 150-nm ellipsoids
appear dark with strong extinction hot-spots, and 400-nm
ellipsoids are slightly darker than the background. In the
SH images, only few of the 100-nm long particles do emit;
most of the resonant 150-nm long ones emit uniformly
with high contrast (up to 170%); finally, the 400-nm long
particles appear darker than the substrate.
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The combined analysis of the FW and SH maps of gold
nanostructures allows distinguishing among diverse inter-
action processes occurring in the near field. The 100 nm
nanoparticles do not generally display SH emission be-
cause the excitation wavelength is not resonant with their
LSP, and therefore their extinction is low. They appear
bright in the FW image because the amount of partially-
evanescent incident FW light converted into a propagating

Figure 2 (a-d-g) Topography, (b-e-h) fundamental wavelength
transmission, and (c-f-i) SHG-SNOM images of a 5x5 array of el-
lipsoids of different major axis length: 100 nm (a-b-c), 150 nm (d-
e-f), 400 nm (g-h-i). Incident light is polarized parallel to such
major axis.

signal by near-field interaction prevails over their weak ex-
tinction. This near-field scattering phenomenon, at vari-
ance with standard far-field scattering, is able to reduce,
rather than to increase, light extinction. In addition, clear
signs of interference and near-field diffraction effects can
be seen, as a result of the spatial periodicity of the ellip-
soids, which is not far from the excitation wavelength. The
150 nm ellipsoids have a resonant extinction behaviour, in
agreement with far-field extinction spectra: they appear
dark with high contrast in the FW image; moreover, they
strongly emit SH as a result of the high field coupling pro-
duced by LSP excitation. The presence of a probe in the
near field could in general produce a shift in LSP reso-
nance with respect to far-field measurements. However SH
maps show that, in our case, the frequency shift is small
enough to still allow for efficient excitation of the LSP at
800 nm. Finally, the 400 nm ellipsoids strongly backscatter

WWW.pss-c.com

both the FW and the background SH produced by the alu-
minum rims of tip. This “shadowing” behaviour at both
wavelengths has to do with the size of the particle, much
larger than the aperture size in this case. The dark, well-
resolved features appearing in the FW image at the edges
of some of the 100- and 150-nm particles are artefacts pro-
duced by the aperture that “swallows” smaller particles due
to its larger size.

The fact that nominally identical particles display quite
similar FW emissions and very different SHG is a remark-
able phenomenon. In particular, particles that emit more
strongly the SH appear dark in FW images, but not all the
particles appearing dark in FW maps also display SH emis-
sion, in agreement with the theoretical predictions of Ref.
15. An explanation for this behaviour can be as follows.
Strong light extinction at the FW occurs when the excita-
tion wavelength is resonant with the LSP of the nanoparti-
cle. The resonance condition gives rise to a strong field
coupling, which promotes nonlinear effects on the surface
(SHG in our case). Moreover, lightning rod or other geo-
metrical effects provide LFE at specific sites of the
nanoparticle. Therefore, SHG efficiency strongly depends
on both particle fine structure and excitation of LSP related
to the particle size and geometry. On the other hand, the re-
lated re-emission process could arise only from symmetry-
breaking due to both confined illumination and local mor-
phology of the particles [18, 26], which in our case, display
remarkable variation (checked via AFM images) due to
fabrication imperfections.

The lightning-rod effect is also evident in the SH im-
age from some of the non-resonant 400 nm particles [Fig.
2(i)], where SHG due to local strong curvatures occurs
when the SNOM tip is located at the particle edges.

A further analysis of non-resonant particles shows the
effect of pure morphology-dependent SHG. In Fig. 3 the
comparison of FW extinction (a,b) and SHG produced by
mutually orthogonal excitation polarizations (c,d) is shown.
While illumination of the 400 nm-long particles with radia-
tion polarized parallel to the major axis shows a weak in-
teraction due to weak plasmon coupling, orthogonal po-
larization shows high-level and spatially confined SHG,
being very sensitive to strong curvatures (optical resolution
is below 100 nm with the 10%-90% criterion). This can
also be tentatively ascribed to the orthogonal polarization
being more confined than the parallel one at correspon-
dence with the particle high-curvature spots, thus resulting
in an increase of the LFE needed to promote nonlinear
processes.

Figure 3(e) allows for the comparison — by means of
chromatic superposition — between linear (black to red
scale) and nonlinear (blue to white scale) optical signals
and nanoparticle position (yellow dotted line). Here the
purpose is to give a qualitative picture of the perfect spatial
co-localization. Moreover, while particles on the left side
of Fig. 3(b) and (d) show a symmetrical response in both
extinction and SHG, the ones on the right have a very
strong extinction spot on the left-hand side, that however is
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not converted into strong SHG. The absence of SHG has to
be related to imperfections, also visible in the related to-
pographic image (not shown here). We finally remark that
the simultaneous acquisition of topography, FW extinction
and SHG allows for a complete picture of interactions be-
tween light and metal nanostructures at the nanometer

scale.
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Figure 3 The effect of different polarizations on non-resonant
particles (400 nm long). Excitation of long particles with polari-
zation along their major axis shows very weak interaction in both
FW (a) and SHG (c), while polarization parallel to the shorter
axis induces nonlinear effects that turn out to be more sensitive to
high curvature spots of the particle surface, as demonstrated by
the double lobe at the particles on the left of both FW (b) and
SHG (d) images. In (e) the lower-left particle in (d)-(b) (red and
blue dashed lines respectively) is plotted by means of a chromatic
superposition; subtraction of the two images’ data is obtained af-
ter proper normalization. On (a)-(d), image size is 2.2 pm x
1.5 pm.

4 Conclusion We performed nonlinear optical ex-
periments at the nanoscale by a hollow-pyramid aperture
SNOM coupled to a femtosecond laser. High peak power
light pulses in the near field allow us to locally excite SH
emission from the particles, with sub-100-nm resolution

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and high contrast. Simultaneous topography, linear scatter-
ing and SHG mapping at the nanoscale provide unique in-
formation on LFE distribution. In particular, near-field
SHG is shown to be very sensitive to LSP resonances as
well as to the nanoscale morphology. The complementary
acquisition of FW and SH maps allows us to correctly
evaluate intensity distributions and to address scattering
and absorption processes, that determine the total near-
field extinction.
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