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We describe an aperture scanning near-field optical microscope �SNOM� using cantilevered hollow

pyramid probes coupled to femtosecond laser pulses. Such probes, with respect to tapered optical

fibers, present higher throughput and laser power damage threshold, as well as greater mechanical

robustness. In addition, they preserve pulse duration and polarization in the near field. The

instrument can operate in two configurations: illumination mode, in which the SNOM probe is used

to excite the nonlinear response in the near field, and collection mode, where it collects the nonlinear

emission following far-field excitation. We present application examples highlighting the capability

of the system to observe the nonlinear optical response of nanostructured metal surfaces �gold

projection patterns and gold nanorods� with sub-100-nm spatial resolution. © 2009 American

Institute of Physics. �DOI: 10.1063/1.3095556�

I. INTRODUCTION

The rapid development of nano-optics and plasmonics

during the last years led to great interest in the investigation

of optical fields localized around nanostructured metal sur-

faces and to the development of tools for studying and ex-

ploiting them.
1

Among the most remarkable effects in light

interaction with a metal nanostructure are the strong �up to

several orders of magnitude� and spatially localized �on the

nanometer scale� field intensity enhancements. These en-

hancements are due either to lightning-rod effects
2

occurring

at sharp curvatures of the metal or to the resonant behavior

of suitably designed nanostructures �e.g., localized surface

plasmons �LSPs� �Ref. 3� or optical resonant antennas
4
�. The

resonance frequencies of the nanostructures can be tailored

over a broad spectral range according to their material and

shape. Local field enhancements are best observed by ex-

ploiting nonlinear optical effects, such as second harmonic

generation �SHG� or two-photon photoluminescence �TPPL�,

which depend on the square of the light intensity. Therefore,

to observe a significant nonlinear response, the sample needs

to be illuminated by ultrashort laser pulses that possess high

peak power.

A number of studies theoretically addressed the

nonlinear response of nanoparticles and nanostructured

surfaces.
5–8

However, the experimental observation of such

response is usually limited by diffraction, which prevents

from focusing light to dimensions much smaller than the

wavelength. Near-field optical microscopy overcomes the

diffraction limit by confining light on the nanometer scale. In

its standard implementation a scanning near-field optical mi-

croscope �SNOM� is based on a nanometer-sized aperture

confining the optical field in the form of a nonpropagating

wave.
1

Interaction with this field is possible when the sample

is approached to the aperture at a distance much smaller

than the wavelength and comparable to or smaller than the

aperture size �near field�.
9

The combination of aperture

SNOM with ultrashort light pulses enables performing non-

linear optics as well as time-resolved experiments at the

nanoscale. Several such configurations have been reported in

the literature;
10–15

in all of them, the SNOM aperture probe

consisted of a tapered optical fiber with a metal coating leav-

ing a small hole at the tip with diameters of the order of

50–100 nm. Tapered fiber SNOM probes, however, suffer

from a number of problems which become even more serious

when they are used in combination with femtosecond pulses.

They typically have low throughput for visible light, of the

order of 10−5, and their maximum input power is limited to

1–2 mW by thermal damage of the metal coating.
16

In addi-

tion, pulse chirping due to propagation in the fiber leads to

severe temporal broadening of ultrashort pulses, requiring

precompensation techniques and making the coupling of

very short pulses hard to achieve. Therefore, the peak power

available at the tip output is usually very low and the inves-

tigation of nonlinear optical effects rather difficult. For this

reason, only few SNOM applications in the subpicosecond

regime have been reported
11,12,17,18

and a very limited num-
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ber of experiments successfully demonstrated near-field

TPPL from single metal nanostructures
19,20

and near-field

SHG from rough metal surfaces.
21,22

A SHG near-field mi-

croscope based on uncoated silicon tips for atomic force mi-

croscopy �AFM� �Ref. 23� and a tip-enhanced TPPL

microscope
24

have also been proposed as apertureless ap-

proaches for the study of local field enhancements at metal

nanostructures.

Recently, a novel class of near-field aperture probes has

been introduced, based on a silicon cantilever, similar to the

ones used in AFM, and with a hollow pyramid as the tip.
25–27

The pyramid is metal coated �usually by aluminum or gold�

and a hole is produced at its apex, with the diameter ranging

from 50 to 200 nm. As demonstrated in continuous-wave

�cw� experiments, these cantilevered tips, which are now

commercially available, offer several advantages compared

to metal-coated tapered optical fibers. �i� The larger taper

angle produces power throughputs up to an order of magni-

tude higher. �ii� The lower absorption allows coupling sig-

nificantly higher average power before the onset of thermal

damage. �iii� Tip-sample distance stabilization methods used

in AFM, such as the contact and the tapping mode �TM�, can

be employed, ensuring longer probe lifetimes. Moreover, as

in this case light mainly travels in air and traverses a negli-

gible optical thickness, both dispersion-induced temporal

broadening of ultrashort pulses
28

and birefringence-induced

depolarization
29

are effectively avoided. Such probes are

thus able to preserve both the polarization state and the tem-

poral duration of the input pulses with high fidelity, as illus-

trated further below. Near-field microscopes employing

hollow-pyramid probes are nowadays commercially

available
30

and many SNOM investigations making use of

such setups have been described in the literature.
29,31–35

In

previous works we demonstrated that hollow-pyramid probes

coupled to femtosecond pulses allow one to efficiently per-

form nonlinear optical experiments in the near field, demon-

strating SHG from resonant gold nanostructures
36–38

and

TPPL from polymer blends.
35

In this paper we provide a detailed description of the

home-made SNOM setup based on hollow-pyramid probes

coupled to femtosecond pulses, optimized for the near-field

excitation or detection of the nonlinear response of nano-

structured surfaces. The instrument can operate in two differ-

ent configurations: �i� illumination mode, in which the hol-

low pyramid is used to excite the nonlinear optical response

of nanostructured materials, and �ii� collection mode, in

which the hollow pyramid is used to collect the nonlinear

response in the near field of a sample after far-field illumi-

nation. Both configurations allow for mapping nonlinear ef-

fects with sub-100-nm spatial resolution. The paper is orga-

nized as follows: in Sec. II we provided a detailed

description of the instrument, in Sec. III we presented ex-

amples of its application to nonlinear optical imaging of

nanostructured metal surfaces, both in illumination and col-

lection modes, finally, in Sec. IV, we concluded by also dis-

cussing possible modifications and improvements of the

instrument.

II. EXPERIMENTAL SETUP

A. Femtosecond laser

We employ a home-made Ti:sapphire mode-locked laser

to generate femtosecond pulses that provide very high peak

power while keeping a reasonably low average power. The

laser oscillator is designed in a standard asymmetric cavity

for Kerr-lens mode locking. The 5-mm-long active material

�0.15% Ti doping� is pumped by a cw frequency-doubled

Nd:YVO4 laser �Verdi V10, Coherent� and the cavity

length is stretched by a 1:1 telescope �consisting of two

R=2000 mm mirrors� decreasing the repetition rate down to

26 MHz.
39

For a given average output power, this allows an

increase in the peak power by a factor of �4 with respect to

a standard 100 MHz cavity and a corresponding enhance-

ment of nonlinear optical effects. For a 5 W pump power, the

laser generates pulses at �800 nm central wavelength with

10 THz bandwidth �corresponding to a transform-limited

pulse duration of 27 fs� and energy up to 20 nJ �correspond-

ing to an average power of �500 mW�. Pulses are sent to a

precompressor consisting of a double pass in a Brewster-cut

fused-silica prism pair, with 40 cm apex distance, to com-

pensate for positive dispersion accumulated in the optical

path toward the microscope. The pulse train is amplitude-

modulated by a mechanical chopper with 1:6 duty cycle and

1 kHz frequency, thus further increasing the ratio between

the peak and average power, as well as enabling lock-in de-

tection of the SNOM signal. The beam, after passing through

a zero-order half-wave plate used for polarization control, is

coupled into the SNOM apparatus.

B. Hollow-pyramid based aperture SNOM

Our SNOM employs commercial cantilever-based

hollow-pyramid probes.
40

Figure 1 shows a series of scan-

ning electron microscope �SEM� pictures of a typical probe:

the hollow pyramid is fabricated on top of a wide silicon

cantilever �700 �m in length, 200 �m in width, and 5 �m

in thickness�, in turn, sustained by a silicon chip. A thin

aluminum coating is evaporated on top of the cantilever and

a hole is produced at the pyramid apex, with the diameter

ranging from 50 to 200 nm. In our setup the silicon chip is

glued to a metal washer, which is held in position by a small

magnet, thus allowing easy and nondestructive probe re-

placement.

Tip-sample distance control is based on an “optical le-

ver” detection scheme �see Fig. 2�. A long optical lever path

has been designed in order to increase detection sensitivity. A

FIG. 1. Hollow-pyramid near-field probes. �a� SEM image of the pyramidal

tip mounted on the cantilever. A zoom of the entire pyramid is shown in the

inset. �b� Further zoom on the apex. The aperture diameter is about 120 nm.
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cw laser diode with emission wavelength at 980 nm is

weakly focused on the metallic coating of the cantilever and

the reflected light is detected by a four-quadrant photodiode

in order to monitor real-time cantilever position. Indeed, one

of the main advantages of the hollow-pyramid-based SNOM

is that it can employ either a static distance stabilization

technique �contact mode �CM��, based on the detection of

cantilever deflection due to repulsive contact forces, or a

dynamic technique �TM�, based on the detection of the lever

oscillation, which is subject to a damping and a resonance

frequency shift upon approaching the sample. When using

CM the voltage signal obtained from the detector is propor-

tional to the cantilever deflection. In TM the probe can be

dithered at its resonance frequency with a given amplitude

and the detector output provides a sinusoidal voltage accord-

ing to the cantilever oscillation. The signal amplitude, ampli-

fied by a home-made electronics, is then demodulated via

lock-in technique �EasyPLL, Nanosurf AG, Switzerland�. A

proportional-integral-derivative amplifier �PID� and control-

ler unit �SIM960, Stanford Research Systems, USA� adjusts

the z-axis of a linearized piezoelectric scanning stage �P-

517.3CL, Physik Instrumente, Germany�, which holds the

sample, in order to maintain the desired lever deflection or

oscillation amplitude when tip-sample interaction is estab-

lished. Optical and topographic maps are obtained by raster

scanning the xy-axes of the same stage with a LABVIEW-

based software �National Instruments, USA� and acquiring

the signals from the photodetectors and the z-axis encoder

with a multifunction input/output board �PCI-6221, National

Instruments, USA�.

Cantilever designs are available with optimized spring

constant k, both for the CM and the TM. In particular,

for the CM we employ cantilevers with lower spring

constant �k�3 N /m�, while for the TM stiffer ones

�k�10–50 N /m� are used;
40

the latter are mounted on

shorter and slightly narrower cantilevers in order to increase

stiffness.
41

Our setup allows detecting reasonably low repul-

sive forces in the CM �down to �3 nN� as well as small

enough oscillations in TM �minimum operative oscillation

amplitude of �1 nm�. Hence, cantilevered hollow-pyramid

probes can be placed in the optical near field of the sample

while exerting sufficiently low forces to avoid sample dam-

age. Such distance stabilization methods, together with the

tip inherent robustness, considerably increase probe lifetimes

with respect to standard tapered-fiber probes.

C. Illumination mode

The illumination setup is depicted in Fig. 2. Light is

coupled into the hollow pyramid through an aspheric lens

�Thorlabs, model C240TM-B, 8.0 mm clear aperture and 6.0

mm working distance�, whose numerical aperture �NA

=0.5� is chosen to properly match the acceptance angle of

pyramidal probes ���72° corresponding to NA�0.6�. The

lens is completely filled by the laser beam, giving a focused

spot size of �2 �m, much smaller than the pyramid base.

Coupling light into the hollow pyramid is the most critical

part of the instrumental alignment. To this purpose, the as-

pheric lens is mounted on a three-axes piezoelectric transla-

tor �NANOCUBE, Physik Instrumente, Germany� and

charge coupled device cameras are used to image the back

and front sides of the pyramid to facilitate laser alignment.

The light transmitted through the sample is collected

by a long-working-distance high-NA objective �Zeiss,

100�, 0.75 NA�. The width of the cantilever ��200 �m�

ensures very good screening of the sample from background

light. Typical throughputs of hollow-pyramid probes at 800

nm excitation wavelength, measured in the far field, range

from 1�10−4 for 100 nm apertures to 1�10−3 for 150 nm

apertures, in good agreement with the expected dependence

on the sixth power of the aperture diameter. In our experi-

ments, we used typical average powers of 1–2 mW into the

tip, but no evidence of tip or sample damage was observed

for input powers up to 5 mW. A dichroic beam splitter �cutoff

wavelength of 415 nm, CVI� is used to separate the transmit-

ted fundamental wavelength �FW� and the TPPL emission

from the SHG signal. The FW and the TPPL signals can be

further spectrally filtered by a suitable combination of

interference and bandpass filters �detailed in Secs. III B and

III C�. This allows one to simultaneously detect FW and

SHG �or TPPL and SHG� through two photomultipliers,

with sensitivity extended, respectively, to the near-IR

FIG. 2. �Color online� Schematics of the experimental setup for illumination mode SNOM. � /2 WP: half-wavelength waveplate, DBS: dichroic beam-splitter,

PMT: photomultiplier tube.
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�Hamamatsu model R7400U–01� and the near-UV

�Hamamatsu model R7400-P�. When detecting the FW sig-

nal a confocal-like geometry with a 50 �m pinhole placed in

the image plane of a 100 mm lens is used in order to reject

residual background light.

We performed a near-field temporal characterization of

the femtosecond pulses transmitted by hollow-pyramid

probes. To this purpose the pulses, before entering the

SNOM, have been coupled into a balanced Michelson

interferometer, the end mirror on one arm of which is

mounted on a loudspeaker enabling real-time autocorrelation

measurements.
28

Figure 3�a� shows a fringe-resolved auto-

correlation trace, obtained by using a thin �-barium borate

nonlinear crystal as the sample and recording the SHG signal

arising from it. Such trace shows a pulsewidth of �35 fs,

the same as the input one, demonstrating the actual preser-

vation of pulse duration beyond the 100-nm-diameter

hollow-pyramid probe.

We further performed cw experiments to characterize the

light polarization state in the proximity zone beyond the ap-

erture. To this purpose we used a thin ��500 nm� dichroic

layer of oriented fluorescent molecules, used as a near-field

polarization analyzer. Figure 3�b� shows the fluorescence

signal for a given excitation polarization focused on the hol-

low pyramid back side and depicted with a red arrow. A set

of such measurements for a number of orientations of the

dichroic sample demonstrates that light in proximity of the

tip apex beyond the aperture reproduces with high fidelity

the direction of linear polarization which is fed into the

probe. This polarization preserving property in the near field

of hollow-pyramid probes has been demonstrated both for

circular and elliptical apertures.
29

D. Collection mode

In the collection mode configuration �Fig. 4�, the system

is operated under far-field illumination from the back side of

the sample through an inverted objective, providing also a

back-collection path for simultaneous reflection scanning

confocal microscopy. Excitation and emission paths in the

inverted microscope are split through a beam splitter, while a

set of two spectral filters �detailed in Sec. III C� selects the

desired detection band for the nonlinear signal. In this con-

figuration, light is detected by an avalanche photodiode

�APCM-ARQ 13, Perkin-Elmer, USA�, which effectively re-

jects background stray light thanks to a 170 �m wide active

area. On the front side of the sample, near-field collection of

sample emission is achieved through the hollow-pyramid

probe by keeping it in contact with the sample surface, as

already described. The aspheric lens used to focus the exci-

tation beam in illumination mode �NA=0.5� is now used to

collect the light from the hollow-pyramid aperture and colli-

mate it to the detection path, while two color filters �see Sec.

III C� are again inserted along the optical path to reject the

FW background. Light is finally focused onto the detector

through an iris, whose 100 �m diameter acts as a spatial

filter to reject stray light. As a detector here we use a photo-

multiplier tube �PMT� �Model H6240–01, Hamamatsu, Ja-

pan� in single-photon-counting mode. This increases the de-

tection efficiency and allows improving tip alignment

optimization. The system is therefore capable of simulta-

FIG. 3. �Color online� �a� Interferometric second-order autocorrelation of

ultrashort pulses transmitted by a 100-nm hollow-pyramid probe. �b� Polar

graph of the emission pattern of near-field excitation obtained by an oriented

fluorescent polymer thin film below the tip. The double arrow indicates the

orientation of the incident electric field polarization on the hollow probe.

FIG. 4. �Color online� Schematics of the experimental setup for collection mode SNOM combined to a confocal microscope. The confocal setup works in a

back-reflection scheme on the back side of the sample, while the SNOM probe collects light emerging from the front side. BS: beam splitter. PMT:

photomultiplier tube. SPAD: single photon counting avalanche diode unit. The size of the SPAD active area serves as a spatial filter.
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neously detecting nonlinear emission from the sample,

generated by far-field illumination, both in confocal far-field

geometry as well as in collection-mode near-field operation.

This is particularly useful in order to precisely locate the

desired emission site and analyze its properties with the con-

focal setup before the high-resolution near-field collection

experiment is performed.

III. APPLICATIONS TO NONLINEAR IMAGING OF
NANOSTRUCTURED MATERIALS

A. Test samples

In order to test the performances of our hollow-pyramid

based femtosecond SNOM, we imaged the nonlinear optical

response of some nanostructured metal surfaces detailed in

the following. The first example is represented by a commer-

cially available metal projection pattern �Kentax GmbH,

Germany� studied with the illumination setup. It consists of a

periodical hexagonal arrangement of triangular gold islands,

obtained by evaporation of gold on top of a monolayer of

453-nm-diameter latex spheres which are subsequently re-

moved by sonication.
42

The resulting surface consists of tip-

to-tip facing gold triangles with side dimension of about

150 nm.

The second example consists in arrays of nanofabricated

gold rods obtained by electron beam lithography.
43,44

Their

height is �60 nm, the short axis is �70-nm-long, while the

long axis is �150-nm-long, and the array period is 1 �m.

These elongated metal nanoparticles commonly display two

separate LSP resonances �LSPRs� that depend on the orien-

tation of the excitation beam polarization with respect to the

particle principal axes.
45

In our case the LSPR is expected to

be below 600 nm when illuminating with polarization paral-

lel to the minor axis.
44

On the other hand, far-field extinction

spectra acquired while exciting with a white-light source po-

larized parallel to the major axis display a LSP peak around

813 nm, hence almost resonant with our excitation beam.
38

This particular sample geometry is chosen in order to probe

nonlinear processes induced by LSP and activated by illumi-

nation polarization.

As an example of collection mode imaging, we report

about nonlinear emission detection from coupled gold nano-

rods; these are produced by focused-ion beam milling from a

polycrystalline gold film, arranged in an antenna-like

geometry.
4

Each rod is roughly 130 nm in length, 40 nm in

height, and 30 nm in width, with a gap between the two rods

of approximately 30 nm. Local field enhancements for these

structures result from the interplay between lightning-rod ef-

fects, plasmon resonances localized on each rod, and, finally,

antenna resonances that are able to effectively confine fields

within the gap volume.

B. Illumination-mode nonlinear imaging

Figure 5 displays the topography �Fig. 5�a��, of the metal

projection pattern together with its SHG optical image �Fig.

5�b��, obtained in illumination mode by placing an interfer-

ence band-pass filter �405 nm, 30 nm bandwidth� in front of

the detector.
46,47

The topography shows the regular array of

gold triangles. In the FW image �not shown� triangles appear

dark, with a resolution limited by the aperture diameter,

which is �150 nm. Nevertheless, a highly contrasted and

well-resolved SHG map is detected �Fig. 5�b��, in which the

triangles are bright. The background signal is attributed to

SHG both from the glass substrate and the probe edges. In

order to evaluate the maximum resolution achievable by the

system, we zoomed on a single hexagonal structure. Figure

5�c� shows a line profile taken across two triangles of the

hexagon plotted as a three-dimensional image in the figure

inset �white dashed line�. This line profile demonstrates the

excellent spatial resolution �better than 60 nm by the 10%–

90% criterion� achievable by the system. Furthermore, it

gives evidence of a remarkable signal to background ratio

�contrast of �6:1� and of a very high signal to noise ratio.

Figure 5 demonstrates the unique capability of nonlinear

SNOM to image SHG from closely packed metal nanostruc-

tures. It is interesting to note that some triangles display an

intense second-harmonic emission �see solid circle�, while

others are nearly dark �see dashed circle�. Based on this ob-

servation we rule out spurious influence of topography track-

ing on SNOM optical signals �topography artifacts
48

�. This

conclusion is further confirmed by well-resolved SHG im-

ages �not shown� obtained with tips yielding poor topo-

graphic resolution. We attribute the strong variability of the

SHG signal to differences in the shape of the nanotriangles,

which result in strongly varying resonances and field

enhancements.

Taking advantage of the linear polarization control at the

sample obtainable by hollow-pyramid probes, it was possible

to map the polarization-dependent nonlinear response of the

nanostructures by simply rotating the half-wave plate placed

FIG. 5. �Color online� Metal projection pattern: �a� topography and �b� SH

SNOM image. The solid circle indicates a SH emitting triangle, while the

dashed one indicates a nonemitting structure. �c� Line profile taken from a

zoomed scan within the SH image. R is the resolution and C is the contrast

�signal to background ratio�. Inset: single hexagonal pattern from which the

line profile is taken �dashed line�.
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before the beam coupling to the tip. Figure 6 shows three

subsequent SHG maps acquired from the same hexagonal

pattern with different polarization directions of the excitation

beam. In each panel the solid circles indicate some of the

triangles with higher SHG, the dashed ones some weakly

emitting structures, and the dotted circles some nonemitting

triangles. The localization of such structures clearly shows

the strong polarization dependence of the signal from the

pattern. Indeed, for each incident polarization, we notice that

different particles are lit up. This observation can be related

to the lightning-rod effect, which is sensitive to the align-

ment of the sharpest tips of each triangle with respect to the

incoming polarization.
2,49,50

As a further test of polarization selectivity and nonlinear

imaging capabilities of our instrument, we measured arrays

of nanofabricated gold rods. Figure 7 reports images re-

corded onto an array of elongated �70�150 nm2� nanorods,

with excitation polarization oriented along both axes. We

show topography �Figs. 7�a� and 7�d��, FW SNOM transmis-

sion �Figs. 7�b� and 7�e��, and SHG SNOM emission �Figs.

7�c� and 7�f��, while illuminating with two orthogonal polar-

izations �i.e., along the short and the long axes, respectively�.

The optical images at both the FW and the SHG strongly

depend on the polarization orientation with respect to the

particles. In particular, in FW maps with excitation beam

polarized along the short axis, particles appear bright, while

when excited parallel to their long axis they appear dark. In

SHG images, on the other hand, when illuminated nonreso-

nantly �short axis excitation� nanorods do not emit, while

when resonantly illuminated �polarization parallel to the long

axis� they emit with high contrast. The contrast reversal in

the FW images between the two polarization orientations can

be explained by the fact that, in these two configurations,

illumination frequency is slightly higher than the LSPR fre-

quency associated with the long axis, while it is much lower

than the LSPR frequency associated with the short

axis.
36,43,44

The LSP for both the short and long axis excita-

tions can be modeled as a simple oscillator. This means that

the light re-emitted by the particles strongly depends also on

the phase associated with the LSP oscillation. In particular,

these two different configurations can lead to a phase shift

difference which is up to �.
51,52

This gives rise to construc-

tive and destructive interferences between the incident and

radiated fields, respectively. Furthermore, the SHG signal is

stronger for the resonant illumination than for the nonreso-

nant one, due to the activation of LSPs that create a strong

field enhancement. As already noticed for the projection pat-

tern, we observed a strong variability of the SHG efficiency.

Indeed, nominally identical particles display quite similar

FW signals, but rather different SH ones. In particular, the

particles that more strongly emit the SH appear dark in FW

images, but not all the FW dark particles also display SH

emission, as confirmed by the study of larger ensemble of

particles.
35

We conclude that SHG efficiency depends not

only on the LSPR, but also on the particle fine structure,

including local imperfections �“hot spots”�, which determine

FW field enhancements.

Figure 8 reports a comparison between TPPL �Fig. 8�a��

and SHG �Fig. 8�b�� induced in the near field of a 150 nm

gold nanorod after illumination with polarization along the

major axis. The two signals are compared by extracting two

line profiles from the corresponding images �Fig. 8�c��. The

dichroic mirror �reflectivity �90% below 415 nm, CVI� se-

lects the SHG and the FW is further filtered out from the

TPPL by two colored filters �Schott Glass BG39�. The TPPL

plot is reduced by a factor of 2 to allow a better comparison

with the SHG plot. By considering signal levels before fil-

tering, we found that the TPPL arising from the gold nano-

particle is higher than SHG; nevertheless the background in

the TPPL image is much stronger. Hence we can achieve a

SHG contrast that is at least twice better than the one of

TPPL maps.

C. Collection-mode nonlinear imaging

The TPPL emitted by the antennas described in Sec.

III A has been collected while exciting with polarization

along the antenna axis. By inserting two color filters �Schott

Glass BG39� along the near-field collection path, we com-

FIG. 6. �Color online� Polarization-dependent SHG maps from the same

metal projection hexagonal pattern. The linear light polarization is indicated

by the arrows. Solid circles indicate strongly emitting structures, dashed

circles point out weakly emitting triangles, and dotted ones show structures

with almost no emission.

FIG. 7. �Color online� Nanorods: ��a� and �d�� topography, ��b� and �e�� FW

transmission, and ��c� and �f�� SH emission SNOM images. ��a�–�c�� Inci-

dent light is polarized parallel to the minor axis. ��d�–�f�� Polarization is

oriented parallel to major axis.
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pletely rejected the FW excitation light. The same result is

achieved for far-field by a similar filter arrangement

�1�Schott Glass BG39 and 1�Chroma Technology

SP600�. Figure 9 shows simultaneous topography, far-field

TPPL, and near-field TPPL maps acquired from one of such

coupled nanorods. The topography map �Fig. 9�a��, being the

convolution of the actual morphology with a large probe ra-

dius, does not allow us to resolve the gap separating the two

nanorods. The far-field TPPL map �Fig. 9�b�� is also mainly

featureless due to the poorer resolution of the confocal ar-

rangement. Instead, the SNOM collection map �Fig. 9�c��

clearly shows three well-resolved peaks �see line profile in

Fig. 9�d��, which are attributed to emission spots correspond-

ing to strong local field enhancements at the two ends of the

structure as well as in the gap.
53

Although contrast is limited

by background TPPL, such hot spots are clearly resolved

only in the SNOM collection map.

IV. CONCLUSIONS AND FUTURE PERSPECTIVES

In this paper we presented an aperture SNOM coupled to

femtosecond light pulses, allowing effective nonlinear imag-

ing in the near field. The system uses as near-field probes

cantilevered hollow pyramids, which have several key ad-

vantages with respect to the commonly used tapered optical

fibers: higher throughput, higher optical damage threshold,

and greater mechanical robustness, resulting in longer probe

lifetime. Additional advantages of such probes, crucial for

the present application, are the preservation of both duration

and polarization of the coupled short pulses. This instrument

can operate both in the illumination mode, in which the

SNOM probe is used to excite the nonlinear response of the

sample �SHG and/or TPPL� in the near field, and in the col-

lection mode, in which it is used to collect the nonlinear

emission following far-field excitation. We presented ex-

amples of its application to nonlinear imaging of metal nano-

structures, both isolated and in densely packed arrangements.

The described instrument is flexible and can be easily

adapted to a number of different configurations, including

time-resolved imaging. For example, it can be used to reso-

nantly excite fluorescence from molecular films, which can

be then time-resolved either by time-correlated single-photon

counting
54

or by frequency up conversion. Alternatively,

pump-probe spectroscopy can be performed by exciting the

system under study either through the hollow pyramid �local

pump
15

� or by backward far-field illumination through the

collection objective �global pump
11

� and probing through the

near-field aperture. All these configurations take decisive ad-

vantage of the favorable properties of hollow-pyramid

probes.
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