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Abstract We present a cantilever-based near-field probe
with integrated Mie scattering dielectric SiO, micro-
sphere (MSDM) for near-field optical imaging as well as
femtosecond spectroscopy applications. In contrast to the
state-of-the-art transmissive near-field probes, the MSDM
reveals a transmission of almost unity known from far-field
microscopy configuration. For proper handling, the micro-
sphere is integrated at the apex of a conventional pyrami-
dal aperture tip carried by an atomic force microscopy
cantilever. It proved to be mechanically robust during the
scanning process even if operating it in the contact mode.
The spherical symmetry provides on the one hand a well-
defined mechanical contact point with the sample irre-
spective of its inclination angle to the sample surface. On
the other hand, the symmetry of the device preserves the
polarization of light proving to be useful for the investiga-
tion of the polarization dependent behavior of plasmonic
nanostructures. The high transmission combined with low
dispersion renders spectroscopic investigations on the fem-
tosecond timescale with a moderate lateral resolution. Sec-
ond order autocorrelation experiments on a BBO crystal

This article is part of the topical collection “Ultrafast Nanooptics”
guest edited by Martin Aeschlimann and Walter Pfeiffer.

> C. A. Gonzilez Mora
mora@rhrk.uni-kl.de

E. Oesterschulze
oester @physik.uni-kl.de

! Department of Physics and Research Center OPTIMAS,
University of Kaiserslautern, Erwin Schroedinger Str. 46,
67663 Kaiserslautern, Germany

Department of Physics, Physics and Technology
of Nanostructures, University of Kaiserslautern, Erwin
Schroedinger Str. 46, 67663 Kaiserslautern, Germany

reveals a time resolution well below 100fs at 191 nm spa-
tial resolution.

1 Introduction

The concept of near-field microscopy with nanoaper-
ture based probes has been under continuous evolution
since the first realization by Pohl et al. in the early 1980s
[1]. The probe design has evolved from tapered fibers made
by the pulling and heating method [2] to chemically etched
fibers [3] and later on to atomic force microscopy canti-
lever probes with integrated hollow pyramidal tips [4, 5].
Common to all these probes is a light-guiding metallized
tapered waveguide with a tiny aperture at its end. For aper-
tures distinctly smaller than the wavelength of light, the
lateral resolution outperforms that of conventional micro-
scopes. However, there are still important drawbacks like
the extreme low transmission (e.g., 107 for an aperture
of 100 nm [6]). The metal grains that define the rim of the
aperture affect the polarization and emission characteristics
and thus may modify the near-field optical signal [7].

In the first transition, from pulled fibers to etched ones,
the main goal was to improve the reproducibility and the
throughput of the device by tuning the angle of the fiber,
leading to the enhancement of the transmission through
the aperture. However, the microscopical roughness of the
walls of the fiber was the main problem which was reduced
by the method of tube etching [8]. On the other hand, the
design of probes based on atomic force cantilevers consists
of a pyramid with fourfold symmetry made of a thin SiO,
or SiN layer coated with a thin aluminium layer to avoid
light leakage. The dimension of apertures was typically in
the order of 100 nm diameter. Their large opening angle of
approx. 70° substantially reduced the taper length and thus

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00340-016-6359-2&domain=pdf

86 Page?2of 8

C. A. Gonzalez Mora et al.

Cantilever

|
Metal layer e :

SiOq
Al

Substrate

(a)

l%. ObjeCtiVe 8102 Sphere

™~

FIB deposited
material

(b)

(c)

Fig. 1 a Scheme of the near-field cantilever probe installed into a
transmission microscope. b Cross section of the hollow tip showing
the dielectric microsphere clamped at the rim of the aperture. Scan-
ning electron microscope (SEM) images of ¢ the cantilever (scale

improved the throughput with respect to the fiber based
probes [9]. Although microfabrication techniques were uti-
lized for manufacturing, the reproducibility of the aperture
still is an issue due to the aperture-opening process. The
aperture that is expected to be round and placed exactly at
the apex of the pyramid often reveals merely an elliptical
shape and sometimes is shifted tens of nanometers out of
the apex position introducing additional polarization pin-
ning effects [10]. Due to these issues, every single pyrami-
dal tip is still unique and has only limited reproducible
properties. Even though this structure is robust and capable
to endure the mechanical stress applied to keep it in contact
with the sample, it is not rigid enough to withstand abra-
sion during ongoing scanning processes in the near-field
microscope. For this reason, a single cantilever probe can
practically not be used for more than a single scan without
affecting its lateral resolution.

In this paper, we present a new type of cantilever for
near-field optics with a Mie scattering dielectric micro-
sphere as sensing part integrated into the hollow pointed
tip of a cantilever, Fig. la. This imaging scheme based
on scattering dielectric microspheres for near-field optics
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bar 200 um), d the hollow tip (scale bar 10 um) and e a fixed sphere
(scale bar 3 pm). To withstand larger forces during the scanning pro-
cess, the microsphere was fixed by ion-assisted deposition of a small
spot of Pt-C material at the rim of the aperture

was first introduced by Wang et al. and was named “nano-
scope” [11]. It was successfully applied for parallel imag-
ing of 50 nm objects in a conventional microscope dispens-
ing microspheres randomly onto the sample surface. Using
white light from a halogen lamp with a peak wavelength at
A =600nm, they were capable to surpass the diffraction
limit of far-field microscopy [11]. One of the beneficial fea-
tures of such a device is the capability of the microsphere to
focus light on areas smaller than at least half the wavelength
providing simultaneously an excellent transmission which
is comparable to that of conventional microscope set-ups.
This renders their application for femtosecond (fs) spectros-
copy with improved spatial resolution possible. In contrast
to nanoscopy, fs experiments require to consecutively gather
optical information point by point while scanning the probe
across the sample to establish temporal image formation.

2 Design and construction of the probes

For practical applications in a near-field microscope,
it is necessary to integrate the Mie scattering dielectric



Microsphere-based cantilevers for polarization-resolved and femtosecond SNOM

Page30f 8 86

microsphere into a mechanical holder that allows to address
a certain position on the sample surface [12]. Therefore,
we have fabricated atomic force microscopy cantilever
probes with an integrated hollow pyramidal tip following
the process described in [4]. In detail, the hollow pointed
tip consists of a 300 nm thin silicon dioxide layer coated
by a 200nm Al film to block the optical transmission
through the four side walls of the pyramid. For the instal-
lation of a single microsphere (Bang laboratories, silica
spheres with diameters: 4.5, 2.5 and 1.2 pm), the pyrami-
dal tip was opened by slicing it from the side by focused
ion beam milling (FEI Helios 650). The size of the aperture
was chosen to be roughly 100 nm smaller than the diam-
eter of the desired sphere. The microsphere attachment to
the tip was initiated by dropping a dilute solution of the
sphere dispersion onto a glass slide. After drying, most of
the attached microspheres were removed in a nitrogen gas
stream to ensure that enough free-lying spheres were avail-
able for installation. Then the glass slide was installed into
a modified commercial scanning near-field optical micro-
scope (¢-SNOM, WiTeC), see Fig. 2. Illumination from
the top allowed to identify a certain sphere on the surface
with a CCD camera. The stage of the microscope was posi-
tioned such that the sphere was centered exactly on the
screen. Afterward the same sphere was imaged from the
bottom with an objective and a second CCD camera catch-
ing up all the light transmitted through the microsphere.
The image was also centered on the screen by moving the
bottom objective with a 3D stage. Later on, the cantilever
with the sliced tip was positioned with a 3D microman-
ipualtor stage (Kammrath and Weiss) from the top while

micromanipulator
(x,,2)

Fig. 2 Image of the set-up used for the mounting process of the
microspheres: A three-dimensional translational micromanipulator
with a mechanical brass holder is used to position the cantilever’s tip
atop a single sphere on the glass slide. The microsphere is picked up
by moving the cantilever downwards clamping the sphere into the
slightly smaller aperture of the tip

centering the tip exactly above the desired sphere. For large
distances between tip and microsphere, the light was suf-
ficiently obstructed by the tip. While approaching the canti-
lever in z-direction with the stage, the transmitted intensity
through the sphere increased when continuously centering
the tip and aperture by the motion of the xy-stages carry-
ing the cantilever. To avoid any mechanical damage of
the tip, the approach was ceased when the light transmit-
ted through the sphere was almost at the original intensity
obtained without cantilever. By then retracting the cantile-
ver tip in z-direction in most cases the sphere adhered to
the rim of the aperture finalizing the MSDM. However,
AFM contact mode experiments revealed that adhesion
was not always sufficient because there are only four con-
tact points between the rim of the square aperture and the
sphere. Therefore, we deposited a roughly 200 nm dot of a
Pt-C compound by ion assisted chemical vapor deposition
in the FIB at one side of the aperture rim to fix the micro-
sphere reliably, see Fig. le. The presence of the Pt-C com-
pound did not show any undesirable optical signal since
it is located in the region shaded by the Al coating of the
pyramid which avoids the direct illumination by the laser.

3 Experimental results

The optical performance of the sensors was investigated
imaging plasmonic nanostructures with the main attention
on three properties: transmission, spatial resolution, and
the preservation of the near-field polarization. The sample
itself consisted of a two-dimensional array of rings made
from a stack of a 40 nm gold layer deposited onto a 100 nm
100 nm indium tin oxide (ITO) coated glass substrate. In
each row of the array, the inner radius was systematically
increased going from left to right for a preserved outer
radius while in each column the outer radius was decreased
from top to bottom for a given inner radius. This sample
configuration was chosen because of its almost negligible
topography but also because it supports the excitation of
localized surface plasmons (LSPs) at certain wavelengths
for an adapted ring geometry.

Prior to each near-field measurement, the intensity of
the light needed to be reduced and adjusted to avoid satura-
tion of the photomultiplier tube used to amplify measured
signal. The saturation is a consequence of the huge trans-
mission of the MSDM that is almost unity [12]. After this
adjustment, the metal ring structures were first investigated
in the off-resonance regime at a wavelength of 532nm
using a microsphere with a diameter of 4.5 pum. The opti-
cal transmission measurements were performed in contact
with the surface at a speed of 5 um/s. In the measurement
shown in Fig. 3b, the structures are visible as dark rings
corresponding to a decrease in the transmission due to the
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Fig.3 a SEM image of the sample consisting of an array of Au ring structures (scale bar 10 um). b SNOM image taken at a wavelength
A = 532 nm, the scanned area corresponds to the frame indicated in a and the scale bar represents intensity in hundreds of counts by a PMT
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Fig. 4 Linescans through a SEM image (red) and the corresponding
SNOM measurements (blue) taken at the marked position in Fig. 3b

presence of the ring. We also observed vertically displaced
shadow rings of lower contrast whose origin is not yet iden-
tified. From linescans across the measured ring structures, a
moderate lateral resolution of 191 nm (roughly 1/2.8) was
deduced applying the 10-90 % criterion, see Fig. 4. This
is larger than the resolution of ca. 150 nm that we obtained
with conventional aperture cantilevers. Further optimiza-
tion of the lateral resolution can probably be achieved by
varying the size and material of the microspheres in order
to reduce the size of the focus [11].

4 Simulations
Numerical simulations were preformed with a commercial

software (FDTD Solutions v.8.12.527, Lumerical Solu-
tions Inc.) in order to compare them with the experimental

@ Springer

results. The software uses the finite difference time domain
(FDTD) method combined with an automatic meshing
algorithm to generate a non-uniform mesh considering the
material properties and geometry of the simulated region.
The underlying simulation geometry consists of a SiO,
(n = 1.45) sphere of 4.5 wm diameter on a glass substrate
(n = 1.45) extended further than the simulation boundaries.
[llumination was performed with a plane wave propagating
in the z-direction normal to the surface of the glass plate
and with the polarization parallel to the x-axis. Perfectly
matched layer (PML) boundary conditions were chosen
to minimize the influence of reflections coming from the
boundaries of the simulation region. From these simula-
tions, intensity distribution and profiles were extracted for
the desired wavelengths.

From the simulations, the first noticeable feature is the
capability of the sphere to focus the light at the surface
of the glass plate as it was already discussed by Wang
et al. [11]. In Fig. 5a, the slice of the intensity distribu-
tion for the vertical plane through the center of the sphere
and perpendicular to the substrate is depicted, in which the
focusing effect at the surface of the glass plate at 532 nm
excitation wavelength is clearly visible. The I, = |E,|?
intensity distribution near the surface of the glass sub-
strate is depicted in Fig. 5b, while I, = |E,|? is depicted
in Fig. 5c. From both slices as well as from the overall
intensity [ = |E|%, linescans at y = 0 were extracted as are
shown in Fig. 5d.

An estimation of the focal size of the total intensity
distribution at the sample surface revealed a size of about
750 nm which is 1.5 times the wavelength. This observa-
tion is in particular contrast to our experimental findings
in Fig. 4 that reveals a lateral resolution of ca. 190 nm. To
understand this discrepancy, we first took a closer look
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Fig. 5 Images of the simulated intensity distribution for a 4.5 um
diameter sphere on a glass substrate at 532 nm illumination wave-
length. a Cut of the electric field intensity / at the xz-plane at y =0
(through the center of the sphere, normal to the substrate and paral-

at the intensity profiles of the field components in x- and
z-directions. The y-component of the electric field was by
two orders of magnitude smaller and is neglected in the
following discussion. The profile of I, the field along the
polarization direction of the incident plane wave, resembles
that of the total intensity, showing a central maximum with
symmetric side lobes as expected from Mie theory of die-
lectric spheres. However, the size of the maxima is still in
the order of 4/2 at best. On the other hand, for the z-com-
ponent, we see two maxima with a FWHM of about 150 nm
separated by a cross point. Each of the lobes is moved
across the sample structure while scanning the probe. This
suggests, at first glance, that the observed resolution in the
image is presumably affected by the strong variation of E,
which is only by a factor of two smaller than E,. However,
Wang et al. [11] have already investigated and discussed
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lel to the polarization direction), b cut of the I, parallel through the
substrate (xy-plane) at z = —20 nm under the sphere, ¢ cut of /; in the
same plane as for (b), d intensity profile from y = 0 in (b) and (c)

the impact of dielectric Mie scattering spheres on the imag-
ing process. They were capable to show that in the presence
of the scattering sphere, a virtual magnified image forms
below the sample surface if the radius and refractive index
of the sphere is chosen appropriately. A detailed under-
standing of the microscopic interaction mechanism of the
dielectric sphere and the gold ring pattern demands a much
more intricate and thorough theoretical modeling, which is
beyond the scope of this paper.

In the case of wavelengths in the range of 780—820 nm,
covering the wavelength regime of a Ti:Sapphire oscilla-
tor with pulses as short as ~ 25 fs, the size of the focus is
almost constant. From Fig. 6a, a focus width of 530 nm is
determined from the total intensity distribution with a vari-
ation smaller than 10 % as shown in Fig. 6b. Images of the
intensity distribution along the x-axis for I, (Fig. 6¢) and I,
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Fig. 6 Images of the simulations of the intensity distribution for a
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Fig. 7 SNOM measurements
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(Fig. 6d) as function of the wavelength show only minor
variations of the focal size which is beneficial for the focus-
ing of ultrafast pulses through dielectric spheres.

5 Application for plasmonics and time-resolved
measurements

The benefits of the new probes got apparent when excit-
ing localized plasmons using the linearly polarized light of
a Ti:Sapphire oscillator at 800 nm for excitation. For such Au
rings, a dipolar excitation parallel to the polarization of the
beam is expected and revealed by the field enhancement due
to the localized plasmons as it has been studied in [13, 14].
The polarization of the incoming laser beam was additionally
turned with a 4/2 retarding plate to investigate the impact of
the probe on the polarization state at the sample surface.

The measurements confirmed the dipolar excitation on
the rings revealed by the enhancement of the field distribu-
tion with respect to the background signal, see Fig. 7. When
turning the polarization of the incoming light, the pattern of
the dipolar plasmonic response exactly follows the direc-
tion of the polarization. This is due to the high symmetry of
the dielectric sphere used as Mie scattering probe.

The high optical throughput of the probes is a rudi-
ment to apply scattering microspheres in the field of fs
spectroscopy combined with high lateral resolution. As
a proof of principle, we studied the nonlinear process
of second harmonic generation (SHG) by a S barium
borate (BBO) crystal. For this experiment, the set-up was
extended to a pump-probe experiment where laser pulses
were split by a Mach—Zehnder interferometer as depicted
in Fig. 8a and, finally, recombined introducing a time
delay between the two pulses. The goal was to obtain
the phase-integrated second-order autocorrelation curve
(ACC) and, therefore, the temporal length of the pulses
after passing the sphere.

In order to determine the role of the scattering sphere
with its intrinsic dispersion on the signal, we compared
ACC measurements with and without optical probe. In
the first case, the laser was focused through the MSDM-
cantilever onto the BBO crystal while in the second case
the laser was focused directly onto the crystal. From the
respective measurements of the ACC, the pulse duration
was deduced from the full width at half maximum of a
Gaussian fit. The pulse duration obtained from the ACC of
free propagating beam was 41.0(7) fs and for the system
with the MSDM-cantilever was 36.0(7) fs. To reach such a
pulse length, it was necessary to implement a prism com-
pressor to pre-compensate for the second-order dispersion
introduced to the pulses by transmission optics inside the
microscope [15]. However, corrections to higher-order dis-
persion, that require a pulse shaper, were not performed.

from laser

prism compressor

reflective
objective

MSDM—cantilever

BBO-crystal
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Fig. 8 a Diagram of the set-up used to measure the ACC. b ACC
traces of the measurements with (blue) and without (red) MSDM-
cantilever

Some experiments discussed in literature have shown
already that the pulse duration through aperture probes is
not strongly affected by the near-field tip itself. The pulse
length after propagation through the aperture probe was
as short as 30 fs for pyramidal cantilevers with apertures in
the range of 70nm [16, 17], and 100 fs for apertures in the
range of 100 nm for fiber probes [6]. However, these aper-
ture probes have the same deficiency in common originating
from the cut-off effect of the waveguiding probe: the extreme
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low transmission of approximately 107>—10% for the
above addressed aperture dimensions. This limits their appli-
cation because of the given damage threshold value of these
aperture probes which is in the range of few tens of mW. This
is quite different for the Mie scattering microsphere probes
because there is no Joule heating of metal structures as in
case of aperture tips.

6 Summary

We presented the proof of principle of a new design of a
Mie scattering dielectric microsphere probe used for near-
field imaging. The microsphere was integrated into a canti-
lever tip for the ease of handling and proved to be mechani-
cally extremely rigid with respect to abrasion when in
contact to the sample. The high symmetry of the probe is
advantageous with respect to a well-defined contact geom-
etry with the sample that is irrespective of the cantilever’s
chosen inclination angle. Although the lateral resolution of
4/2.8 is moderate, the probe offers advantages properties
like the preservation of the polarization on passing through
the microsphere as well as its extreme large throughput.
The latter property was exploited for optical nonlinear
time-resolved autocorrelation experiments on a BBO crys-
tal. This gives the freedom to combine good lateral resolu-
tion with excellent time resolution in the same probe.
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