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Summary

We report on an aperture scanning near-field optical
microscope in which femtosecond pulses are coupled to a
hollow-pyramid aperture sensor. Such probe displays high
throughput and preserves pulse duration and polarization,
enabling the achievement of sufficiently high peak power in
the near field to perform nonlinear optics on the nanoscale.
We use the system to observe the nonlinear optical response
of nanostructured metal surfaces with sub-100-nm spatial
resolution. We study second-harmonic generation from gold
nanoparticles both isolated and in high-density patterns,
highlighting a strong dependence of the generation efficiency
on the shape and on the fine structure of the nanoemitter. In
particular, we present results on closely packed gold triangles as
well as on nanoellipsoids with different local surface plasmon
resonances.

Introduction

The rapid development of nanoscience and nanotechnology
during the last years has stimulated research on the analysis
of nanoscale electromagnetic fields, and the development of
tools for studying and exploiting them to obtain new compact
and all-optical devices (Barnes et al., 2003; Bozhevolnyi et al.,
2006). One of the most remarkable effects in light interaction
with metal nanostructuresis the strong (up to several orders of
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magnitude) and spatially localized (on nanometre scale) field
intensity enhancement. This enhancement can occur because
of local coupling of light with particular resonant structures
(antenna effect) (Mtihlschlegel et al., 2005) or because of field
concentration on structures with strong curvature (lightning-
rod effect; Novotny & Stranick, 2006); another source of
huge field enhancements is the resonant excitation of the so-
called localized surface plasmons associated with individual
scatterers (Zayats & Smolyaninov, 2003). The resonance
frequencies of the localized surface plasmons can be tailored in
a broad spectral range according to the structure material and
shape. The nanoscale local field enhancement is best observed
exploiting nonlinear optical effects, such as second-harmonic
generation (SHG) (Smolyaninov et al., 1997; Jakubczyk et al.,
1999; Smolyaninov et al., 2000; Zayats et al., 2000; Shen et al.,
2001) or two-photon photo-luminescence (Jakubczyk et al.,
1999; Bouhelieretal., 2005; Imura et al., 2006) which depend
on the square of the light intensity; to observe a significant
nonlinear response, the samples need to be illuminated by high
peak intensity femtosecond light pulses.

The nonlinear optical response of nanostructured surfaces
has been studied both theoretically (Dadap et al., 1999;
Bozhevolnyi & Lozovski, 2002; Stockman et al., 2004) and
experimentally by confocal optical microscopy (Bozhevolnyi
et al., 2003; Beermann & Bozhevolnyi, 2004). Far-field
techniques, however, are limited by diffraction and prevent
a direct mapping of nanoscale optical fields; moreover,
such techniques are not effective for investigating single
nanostructures in high-density arrangements. The scanning
near-field optical microscope (SNOM) allows overcoming the
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diffraction limit by confining the light on the nanometre
scale (Pohl et al., 1984; Smolyaninov et al., 1997; Zayats
& Sandoghdar, 2000) providing simultaneously information
on the sample topography. In this paper we describe a novel
experimental setup in which femtosecond pulses are coupled to
a hollow-pyramid aperture SNOM, enabling the achievement
of sufficiently high peak power to perform nonlinear optics
in the near field. We use such a system to observe the
nonlinear optical response of tightly packed nanostructures
with sub-100-nm spatial resolution, presenting results on SHG
of single gold nanoparticles both in isolated and in high-density
patterns. The paperisorganized as follows: in section ‘Materials
and methods’ we describe the experimental setup and the
investigated samples; in section ‘Results and discussion’ we
present results of SHG optical imaging; finally, in section
‘Conclusions’, we discuss performances versus limitations of
our current setup and the envisaged improvements.

Materials and methods

Femtosecond laser system

A schematics of the laser system is shown in Fig. 1. It consists
of a Ti:sapphire oscillator in an asymmetric cavity for Kerr-
lens mode-locking. The cavity length is stretched by a 1:1
telescope (made of two R = 2000 mm mirrors) decreasing
the repetition rate down to 26 MHz. For a given average
power, as limited by thermal effects in the near-field probe, this
allows an increase in the peak power by a factor of ~4 with

respect to a standard 100-MHz cavity, and a corresponding
enhancement of nonlinear optical effects. The laser generates
pulses at ~800 nm central wavelength with 10 THzbandwidth
(corresponding to a transform-limited pulse duration of 27 fs)
and energy upto 20 nJ with an average power of ~500mW. The
pulses are sent to a pre-compressor consisting of a double pass
in a Brewster-cut fused-silica prism pair, then to a mechanical
chopper with 1:6 duty cycle. The chopper on the one hand
enables lock-in detection for stray light rejection, on the other
hand it reduces the average power by a factor of 6 for a given
peak power level, allowing an additional increase in nonlinear
effects. The beam, passing through a half-wave plate used for
polarization rotation, is then coupled to our homemade SNOM
head.

Hollow-pyramid near-field probes

Standard aperture SNOMs are based on tapered optical fibres
with nanometre-sized aperture tips confining the optical field
into a sub-wavelength region. In order to acheive a spatial
resolution comparable with the aperture size, the sample hasto
be kept at a distance from the apterture much smaller than the
wavelength, enabling sample excitation with the evanescent
component of the optical field (near-field). Typically, optical
fibre tips have a metal coating with a small hole of the order
of 50-100 nm. Such probes have a throughput in the range
10~°-10~*" and the input power is limited to 1-2 mW by
thermal damage of the metal coating. The powers available at
the tip output are therefore too low to enable the investigation
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Fig. 1. Experimental setup of the nonlinear SNOM. CCD, camera for alignment; MC, mechanical chopper; HWP, half-wave plate; BS, beam splitter; DM,
dichroic mirror; IF, interference filter; POL, polarizer; PMT, photomultiplier tube.
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ofnonlinear optical effects. In addition, pulse chirping because
of propagation in the fibre leads to severe temporal broadening
of ultrashort pulses, requiring pre-compensation techniques
and preventing coupling of very short pulses.

Recently, a novel class of near-field aperture probes has
been introduced (Werner et al., 1998), based on silicon nitride
cantilevers, similar to the ones used in atomic force microscopy
(AFM), with a hollow pyramid as the tip. The pyramid is
metal coated (usually by aluminium or gold) and a hole is
produced at the pyramid apex, with diameter ranging from
60 to 200 nm. As shown in continuous-wave experiments,
these cantilevered tips offer several advantages compared to
metal-coated tapered optical fibres, namely: (i) the larger
taper angle produces power throughputs higher by a factor
of ~10; (ii) the lower absorption allows coupling one order of
magnitude higher average power before the onset of thermal
damage. These improvements enable achieving two orders of
magnitude higher power in the near field of the tip, resulting
in greatly enhanced nonlinear optical response. In addition
tip/sample distance stabilization methods used in AFM, such
as the tapping mode, can be employed, ensuring longer probe
lifetimes and sample preservation. Moreover light polarization
is maintained in the near field of the aperture (Biagioni et al.,
2005) enabling polarization dependent experiments.

When used with femtosecond pulses, hollow pyramids
offer the additional advantage of avoiding pulse lengthening
because the pulses propagate through a very small optical
thickness. In previous experiments (Labardi et al., 2005)
we characterized femtosecond pulses transmitted by these
probes by second-order autocorrelation measurements. It was
demonstrated that transmission through probes with diameter
down to 65 nm has negligible effects on pulses with duration
down to 30 fs, thus allowing simultaneous strong energy
localization both in space and time.

Hollow-pyramid SNOM

Our SNOM setup is shown in Fig. 1. Ultrashort pulses from
the pre-compressor are coupled to an aspheric lens (N.A.
~0.5, completely filled) that is mounted on a three-axes piezo-
translator (Nanocube, Physik Instrumente, GmbH & Co. KG,
Karlsruhe, Germany) and focused into the hollow-pyramid
cantilever probe (Witec GmbH, Ulm, Germany). The piezo-
translators are needed to achieve the alignment accuracy
required for efficient coupling to the tip. The numerical
aperture of the lens is close to the taper angle of the pyramid,
optimizing coupling efficiency. CCD cameras are used to image
the back and the front sides of the pyramid to facilitate light
coupling. The employed tips are made of silicon and coated
with aluminium, and have an aperture varying between 100
and 200 nm. Throughputs at 800-nm excitation wavelength
range from 10~* for 100-nm apertures to 5 x 10~ for 200-
nm apertures in accordance with the expected scaling with the
sixth power of aperture diameter.
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Tip/sample distance stabilization is achieved through
a standard AFM configuration measuring the cantilever
deflection (sensitivity ~0.4 nN/mV); to avoid sample
degradation the tapping-mode technique is implemented
(although tests in ‘soft’ contact-mode show no sample
modification). The feedback loop is closed by a standard
analogue controller which drives the z-axis of a xyz piezo-
scanner stage (Physik Instrumente) on which the sample is
mounted; the xy raster scan is then produced by driving the
stage with a homemade software in Labview, and an ADC
input/output board (National Instruments, Austin, TX, USA).

Light transmitted by the aperture is collected by a
0.75-NA achromatic microscope objective; the fundamental
wavelength (FW) and the second harmonic (SH) are separated
by a dichroic beam splitter and are simultaneously detected
by two different photomultipliers (PMT, Mod. R7400U,
Hamamatsu, Japan). A band pass interferential filter is inserted
on the SH beam path to further reject the FW component
and the two-photon photo-luminescence from the sample; an
overall FW suppression of ~10~ 1! is thus achieved. In the FW
path stray light suppression is achieved by a focusing lens and
a spatial filter with a 50-um-diameter pinhole.

In our experiments we used high throughput apertures, with
diameters larger than 150 nm, and input powers of 1-2 mW;
under these conditions average power on the sample is less
than 1 ©W and the average intensity is ~1 kW/cm?. Tests on
the system show no evidence of tip and sample damage for
input powers below 5 mW. An integration time of 30-100 ms
per point during the scan is sufficient to ensure a good signal-
to-noise ratio.

Samples

We used two different types of nanostructured metal surfaces.
The first is a commercial (Kentax GmbH, Seelze, Germany)
metal latex projection pattern, also known as Fischer pattern
(Fischer & Zingsheim, 1981) that was chosen as a test
sample. It consists of approximately flat gold triangles,
with ~15 nm nominal height, faced tip to tip on a glass
substrate, in a hexagonal arrangement with ~453 nm
periodicity. The second sample typology consists of square
arrays of gold ellipsoids produced by electron beam lithography
(Grand et al., 2003). To achieve electron beam lithography,
we operate a 30-kV Hitachi S-3500N scanning electron
microscope (Hitachi Ltd, Tokyo, Japan) equipped with
a nanometre pattern generation system (J. C. Nabity
Lithography Systems, Bozeman, MT, USA). The structures
are fabricated on a quartz substrate to suppress parasitic
luminescence. A high-resolution polymethylmetacrylate resist
is spin coated over the substrate and covered by 10 nm of
aluminium. After exposure, the patterns are developed using
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
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Fig. 2. SHG from gold projection pattern: (a) topographic image; (b) SHG image and (c) SHG profile. Scan area 3.5 x 3.5 um.

~70nm long, the long axis can be either 100, 150 or 400 nm
long, the height is ~70 nm, and the array period is 1 wm.

Results and discussion

Figure 2a shows the topography of the Fischer pattern together
with the SHG optical image (Fig. 2b), acquired with a 150-
nm aperture tip. The lateral shift of the optical image with
respect to the topographic image denotes that tip/sample
stabilization resulted from a protrusion at one side of the
aperture rim. The topography shows the regular array of
Au triangles, whereas the FW image (not shown) is almost
featureless, because of the quite large diameter of the aperture.
Nevertheless, very strong and well-resolved SHG from the gold
triangles is detected. The background signal is attributed to
both the glass substrate and to SHG from the tip edges. There
are also some larger spots in the optical image, coming from
gold aggregates present in the sample, as it can be seen on
the topographic map. The signal displays a very good signal-
to-noise ratio and a remarkably good contrast. Defining the
contrast as: C = %[%], where I, is the light intensity
collected on the nanoparticle and I, that of the substrate,
we find C higher than 700%, as shown by the profile in Fig.
2(c). The optical resolution of the image, adopting the 10-90%
criterion, is around 95 nm. The SHG image shows a resolution
which is higher than the tip diameter, probably because of
the multiphoton process together with the field enhancements
localized at the aperture rims, as will be explained below. It is
interesting tonote that thereisno 1:1 correspondence between
the topography and the SHG image, because SH emission varies
strongly from one triangle to the other. This is a direct proof
of the absence of topographical artifacts. This conclusion is
further confirmed by other measurements (not shown here)
which show flat topography, due to the absence of sharp tip
protrusions, but still preserve high resolution in the SHG maps.
The strong variability of SHG efficiency at the triangles can be
attributed to differences in local field enhancement, which are
determined by the fine structure of the gold nanoemitters, e.g.
related to the sharpness of triangles’ apexes, not addressable

in our topographic image. Moreover, a comparison between
topography and the optical map shows that most of the signals
are collected when the tip is positioned above a single triangle,
rather than at the centre of the gap of the bow-tie structures
(Schuck et al., 2005) that are formed by a couple of faced
triangles. This is attributed to the local illumination mode
used in our experimental setup, which probably does not allow
efficient excitation of such resonant coupled structures.

Figure 3 summarizes the main properties of the gold
nanoellipsoid samples. Figure 3a displays the topography of
the nanoparticles and Figs 3(b) and (c) the far-field extinction
spectrathat are acquired exciting with light polarized along the
major axis of the ellipsoids. Extinction spectra are recorded on a
modified Jobin-Yvon confocal micro-Raman spectrometer; the
sample isilluminated from the bottom side and the transmitted
lightis collected froma 70 x 70 um? area by a 10 x microscope
objective with 0.25 N.A. The 100-nm-long ellipsoids show a
strong extinction peak at 690 nm, which shifts to 800 nm for
the 150-nm-long ones. These peaks can be explained as due
to surface plasmon resonances and correspond to theoretical
expectations (Grand et al., 2005).

The optical FW images and the corresponding SH images of
some nanoellipsoids are displayed in Fig. 4. Figures 4(a) and
(b) refer to the 100-nm-long particles whereas Figs 4(c) and
(d) to the 150-nm ones. Incident light is polarized parallel to
the long axes of the ellipsoids (horizontal in Fig. 4). FW images
of particles with different length give opposite contrast: short
ellipsoids appear bright because of the scattering of incident
light, whereas longer particles appear dark, probably because
of light absorption. This shows that the short particles are out
of resonance whereas the longer ones are resonant with the
800-nm excitation, in agreement with far-field extinction
spectra. The SH images also display a strong dependence on
the ellipsoid length: Short particles are hardly distinguishable
because they do not emit SH, whereas 150-nm-long particles
show a high SH emission with remarkable contrast (C =
110%). The lack of SHG from one particle in Fig. 4(b)
can be attributed to fabrication imperfections and gives
further evidence of the sensitivity of nonlinear processes to
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Fig. 3. Characteristics of the gold nanoellipsoids with length varying from 100 to 400 nm. (a) 3D AFM image of 400-nm-long particles acquired with the
hollow-pyramid near-field probe. (b) and (c) far field extinction spectra of 100-nm- and 150-nm-long particles, respectively. Dashed red line corresponds

to femtosecond laser excitation wavelength.
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Fig. 4. (a) FW image of 100-nm-long nanoparticles and (b) corresponding SHG image. (c) FW image of 1 50-nm-long nanoparticles and (d) corresponding
SHG image. Scan areas: 1.5 x 1.5 pm?.
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Fig. 5. Comparative images of 400-nm-long particle. (a) and (b) are, respectively, FW and SH images taken with ~90-nm-tip aperture. (c) and (d) taken
with a larger tip. Scan areas are 2.5 x 2.5 um wide; the first two are composed of 128 x 128 pixels, the latter two have half pixels. (e), (f), (g) and (h) line

profiles of corresponding upper images.

local morphology. Despite the poor spatial resolution of FW
absorption images, the SH image in Fig. 4(d) shows again an
unexpectedly high resolution (<100 nm).

Nano-ellispoids with 400-nm major axis are expected to
be out of resonance. Figure 5 displays the FW and the SHG
images of these particles. The relatively strong absorption of
the FW light (Figs 5a and c) is because of its bulky structure
with respect to the tip dimension, shadowing the aperture
emission. SHG in Figs 5(b) and (d) is attributed to local
imperfections along the border of the particles and to field
enhancements owing to the locally small radius of curvature.
Dark regions correspond to absorption of the SHG coming
from the tip edges and this confirms the hypothesis of bulk
behaviour.

Aninteresting feature of the nonlinear SNOM can be pointed
out by observing Fig. 5. Figures 5(a) and (b) are acquired with
a brand new tip (aperture of ~100 nm and throughput of
~107*) whereas Figs 5(c) and (d) are obtained after a great
number of scans. The wear-induced increase of the aperture
size is evident from the dramatic decrease of resolution in
the FW images. Eventually the tip has doubled its diameter
(throughput ~5 x 1073). It is interesting to note that the SHG
has preserved its original resolution. The profiles (Figs 5e—h))
show clearly the tip broadening and the resolution achieved.
We can thus conclude that the resolution of SHG is not directly
related to the aperture dimension; rather, we believe that
the higher resolution observed in the SH images, which goes
beyond the factor of v/2 expected between SH and FW intensity
distributions, could be ascribed to a tip-on-aperture-like field
enhancement mechanism (Frey et al., 2002), where the role of
the aperture is to convey energy to a sharp protrusion or to a

sharp bend at the rim of the metal coating that acts as a near-
field scattering centre. Field enhancements due to this effect
can be observed only in the SH images, which are essentially
background-free, with respect to the FW ones that reflect the
interaction with the total amount of light transmitted by the
aperture. Such mechanism is consistent with the fact that the
high resolution in the SHimage (<100 nm) ismaintained even
with the largest apertures (~200 nm).

Conclusions

In this paper we have presented an aperture SNOM based
on femtosecond light pulses coupled to a hollow-pyramid
aperture probe; this instrument enables to achieve sufficient
peak power in the near field to perform nonlinear optics on
the nanoscale. The system allows obtaining SHG from single
nanostructuresin closely packed arrangements with very high
resolution (down to 90 nm) and very high optical contrast
(up to ~800%), enabling researchers to characterize the local
field enhancements arising from metallic nanoparticles on the
nanometre scale.

The performances of the system can be improved by using
smaller tips, hence increasing resolution. This would imply a
reduction of the SHG signal; nevertheless, it would be possible
to increase the detection sensitivity by photon counting
detection and/or more sensitive detectors, such as a single
photon avalanche photodiode. It would be also possible to
increase the peak power at the tip apex at a given level of average
power below tip damage threshold by decreasing the chopper
duty-cycle or implementing a pulse picker on the laser beam.
Finally, we are presently testing a new promising generation of
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hollow-pyramid cantilever sensors which preserves resolution
while increasing throughput values.
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