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ABSTRACT: We introduce a new optical near-field mapping method, namely
utilizing the plasmon-mediated luminescence from the apex of a sharp gold
nanotip. The tip acts as a quasi-point light source which does not suffer from
bleaching and gives a spatial resolution of <25 nm. We demonstrate our method
by imaging the near field of azimuthally and radially polarized plasmonic modes of

nonluminescent aluminum oligomers.
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maging optical near fields of nano-objects has attracted

significant experimental attention over the past few years.
Several sophisticated methods were developed to reveal the
shape and the localization of near fields, like near-field-induced
polymerizationl_3 or various scanning tip-based techniques.4
Some of these tip-based techniques use the luminescence of a
point-like single emitter such as a single molecule to map the
near fields of gold nano-objects.” While a single molecule is
coming close to a point-like source, the stability of the
fluorescence signal of a single molecule is weak, resulting in
noisy images. Other point-like-emitter near-field probes are
prepared in a complicated process by placing nanodiamonds
with at least one nitrogen vacancy center at the apex of a glass-
fiber t1p Furthermore, the elastic scattering signal of single
nano-objects has been used to detect local near fields, e.g,
placing s1ngle 100 nm gold nanospheres on the apex of a glass-
fiber tip.” Additionally, the scattering of a metallic or
semiconductor tip with a tip radius of around 20 nm is used
in scattering scanning near-field optical microscopy
(SNOM).*® However, the probes used in both scattering
techniques are quite large and lead to significant perturbation of
the near field of the investigated object. A further problem in
scattering-mode SNOM arises from the fact that the signal is
detected in the far field, where interference between the wave
scattered from the probe and waves scattered from the
confocally illuminated nanostructure obscures the signal.
Apart from this, two-photon luminescence of a gold tip has
been used to image the hot spots of gold particles upon
illumination with a 120 fs laser at a wavelength of 780 nm. 10

In this study we present a novel approach to investigate the
near field of a plasmonic nano-object using the nonbleachable
one-photon luminescence of a sharp gold tip with a tip radius of
<10 nm. The photoluminescence (PL) of gold at visible
wavelengths was first reported by Mooradian in 1969, shortly
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after the invention of the laser."' These experiments were
performed on plain bulk gold and showed an extremely weak
luminescence yield of about 107'°. Experiments on rough gold
island films with island sizes of 10—100 nm show a considerably
larger luminescence quantum yield'* going up to 107 for gold
nanorods.'> While the PL signal from a plain gold surface is
extremely weak, Au nanostructures exhibit a strong lumines-
cence signal which is dependent on the local field intensity, e.g,,
in the near field of a gap nanoantenna.'*'> The origin of the
one-photon PL of gold nanoparticles is still a matter of active
research and can be explained as the result of different
processes, namely an interband electron hole pair recombina-
tion enhanced by the spectrally overlapping plasmon field as
was suggested by Mohamed et al."> or by the direct inelastic
radiative decay of a plasmon.'® A recent investigation
demonstrated fast interconversion between surface plasmons
and hot electron hole pairs in optically excited nanoparticles,
suggesting that the PL occurs via emission of a surface
plasmon."” For the excitation power of the utilized 632.8 nm
wavelength laser the intensity of gold PL is linear, Iy = kI, (7)
(see Supporting Information of ref 14). This linearity plus the
stability of the gold PL signal makes sharp Au nanotips good
candidates for the application as near-field sensors.

The measurement principle is illustrated in Figure 1. A single
plasmonic nanostructure is centered into the focus of the laser
beam and raster-scanned by an electrochemically etched sharp
gold tip at a nanometer-scaled distance to the sample surface.'®
Both the photoluminescence signal of the gold tip and the
topography of the sample are simultaneously acquired. An SEM

Received: April 2, 2013
Revised:  June 20, 2013
Published: July 1, 2013

dx.doi.org/10.1021/nl401173g | Nano Lett. 2013, 13, 3566—3570


pubs.acs.org/NanoLett

Nano Letters

(a) Filter
2|6
2| &
etector el PL
\ =
X 600 700 800
Filte % [nm]
Nanostructure
Photo-

ee 111

lumine

Excitation

Figure 1. (a) Sketch of the measurement principle. The green
excitation beam waist represents the 632.8 nm exciting HeNe laser
beam. If the raster scanned Au tip interacts with the near field of the
nanostructure, the Au tip luminescence is excited. The luminescence
signal is transmitted by a long-pass filter, blocking the excitation laser.
Please note that in the used setup the detected luminescence signal is
collected through the lens used to focus the exciting laser while the
long pass filter is placed in front of the detector. The inset illustrates
the spectral properties of the laser (green), the Au tip luminescence
(red), and the long-pass filter transmittance (LPF, gray). SEM images
of a typical tip and an aluminum oligomer are shown in (b) and (c).

image of such an Au tip with an apex radius of less than 10 nm
is shown in Figure 1b, and the nanostructure is shown in Figure
lc. In order to adapt the polarization in the excitation focus to
the radial symmetry of the heptamer, we utilize azimuthally and
radially polarized cylindrical vector beams, here denoted as
azimuthally/radially polarized doughnut modes (RPDM/
APDM). When the APDM and the RPDM are focused
through a high NA focusing element, they express very unique
polarization conditions. The focal field of the APDM preserves
the shape and the polarization of the collimated beam. The
electric field component of the doughnut-shaped focus
possesses an azimuthal polarization exclusively oriented in the
sample plane with a diffraction-limited diameter of approx-
imately A. On the other hand, the focal field of the RPDM is
dominated by a strong longitudinally polarized electric field
component in the center of the focus, surrounded by a ring-
shaped in-plane radially polarized field. The intensity ratio of
the longitudinally to 1n-plane g)olarized field depends on the
NA of the focusing element.'”*° The all-in-plane polarization of
the focal field of the APDM avoids the direct excitation of the
upright oriented gold tip.

To exclude luminescence emitted by the nano-object itself,
hence enhancing the signal-to-noise ratio of our method, we
have selected aluminum as a material from which to fabricate
the plasmonic nanostructures.”’ ~>* Aluminum is known to
luminesce when excited in the UV region but not within the
visible regime.”® The plasmon resonances of aluminum
nanostructures can usually be found at shorter wavelengths
than for other coinage metals.”” > Our plasmonic nanostruc-
ture consists of seven aluminum disks with a height of 80 nm.
The center disk possesses a diameter of 150 nm, and the six
disks around are 140 nm in diameter while the spacing between
them is 25 nm. As shown in Figure 2a,b, the outer disks of the
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Figure 2. Simulated near-field intensity enhancement for the
aluminum heptamer excited by a focused 632.8 nm APDM (a) and
RPDM (c) represented in an xy-plane (focal plane) section through
the center of the particles. The maximum of the intensity
enhancement follows the polarization of the focal field and is located
between the six particles in the ring by excitation with the APDM (a)
or mainly above of the center disk at RPDM excitation (d). White
arrows indicate the symmetry of the particles’ dipolar moments. The
location of the near-field intensity enhancement in the xz-plane along
the blue line in (a) is shown in (b), while the xz-section of the radial
case shown in (d) cuts through the center of three particles (c). The
azimuthal near-field intensity enhancement has its maximum centered
at 650 nm and a spectral width of around 300 nm (see blue line in
(e)), while the radial near-field intensity enhancement maximum lies
around 350 nm with a spectral width of ~200 nm (see magenta line in
(e)). Note that the radial calculations are enhanced with respect to the
azimuthal cases by a factor of 40 (c) or 20 (d, e). The scale bars in
(a)—(d) represent 100 nm.

oligomer are excited by the in-plane electric field component of
the focus. We have calculated the modes of the oligomer and
found that for the APDM the coupling of the six outer disks
forms a plasmonic ring mode with a strongly red-shifted
resonance at around 650 nm with a near-field intensity
enhancement of at least 75. For the RPDM, the outer disks
are excited radially and couple to the longitudinal mode of the
center disk with a resonance at around 350 nm which can only
be weakly excited with a HeNe laser of 4 = 632.8 nm. The
simulations are performed using the surface integral method.*

The experiments to investigate the near-field imaging
properties of the sharp gold tip were performed with a setup
that was described previously in detail.*>’ In brief, it consists of a
combined home-built inverted confocal and scanning near-field
optical microscope with  RPDM/APDM illumination at a
wavelength of 632.8 nm. These modes are formed by the
method introduced by Dorn et al,, utilizing a home-built four
quadrant lambda half waveplate mode converter.>> Excitation
and detection are performed through a high numerical aperture
(NA) oil immersion lens with an NA of 1.25. Elastic scattering
is suppressed by a long-pass filter transmitting at 4 > 641 nm
such that only Au luminescence is recorded.

A confocal image of the aluminum oligomer scanned through
the focus of an APDM is shown in Figure 3e. No luminescence
from the aluminum structure is detectable; neither was it found
when excitated with the RPDM. According to our simulations,
we expect for excitation with the RPDM the strongest plasmon
oscillation at the center disk with a polarization along the
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Figure 3. 3D topography overlaid by the locally excited Au tip
luminescence image of the aluminum heptamer in the RPDM (a) and
APDM (c) focus while the Au tip luminescence images are shown in
(b) for RPDM and (d) for APDM. The Au tip luminescence images
are in good agreement with the simulations in Figure 2. The
luminescence signal (d) at tip positions inside of the gaps of the
oligomer is at least twice as strong as the surrounding. The confocal
scan image (e) of the same oligomer shows no traces of luminescence.
(f) Line sections taken from (d) (blue) and the confocal image (e)
(green). Please note that the Au tip luminescence data are acquired at
the same heptamer but with different tips in different scanning
directions.

optical axis, ie., along the Au tip axis. Hence we expect an
efficient coupling to the longitudinal plasmon of the Au tip and,
indeed, observe strong luminescence from the tip apex when
placed over the center disk. The strong luminescence signals of
the upper disks in Figure 3a,b can be explained by a slight shift
between the center of the RPDM focus and the center of the
heptamer.

For excitation with the APDM the plasmon oscillation of the
Al disks is oriented in the sample plane, and therefore the
regions with the highest optical near-field intensities are
expected to be confined in the gaps between the disks,
polarized parallel to the sample plane. Hence, efficient coupling
to the Au tip plasmon occurs only when the tip apex is brought
into the gaps between the disks. Figure 3f shows line sections
taken from the tip luminescence (blue) and the confocal image
(green). Both images were recorded with the same excitation
power of 150 yW. The confocal cross section depicts a steady
background signal around 0.8 kcounts/s. The tip luminescence
signal has a background of 3—4 kcounts/s and expresses some
high features with 2.5 times higher luminescence intensity.
These peaks exhibit a width of 25 nm, corresponding to the size
of the gaps of two neighboring disks in the aluminum oligomer
proving that the observed gold luminescence originates from
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the tip’s apex. The maximum signal-to-noise ratio for the radial
case is 21 and for the azimuthal case 14. In the topography
image in Figure 3c the gaps of the oligomer are clearly resolved.
Here, the tip dips into the gaps between the individual particles,
from where the luminescence signal in Figure 3d emerges.
Comparing the luminescence intensities of the two polar-
izations, a 2 times higher intensity for radially polarized
excitation can be observed. Here, the plasmon polarization of
the center particle is oriented parallel to the main axis of the Au
tip, leading to efficient energy transfer as depicted in Figure 4b.

‘Au

(a)

QO
OO0
@)@

Energy Transfer
Filter

- Filter

Laser
PL

Elastic scattering
\/

Heptamer plasmon
excitation/emission

(b) radial mode (c) azimuthal mode

'
=Y Y=% = =
Figure 4. Sketch of the plasmonic coupling processes from the
aluminum oligomer to the Au tip. (a) Coupled plasmon oscillations
are excited in the oligomer with A = 632.8 nm irradiation. This energy
is partly stored in the optical near field which enables energy transfer
from the aluminum oligomer into the gold tip. The energy of the near
field excites a defined plasmon oscillation in the tip, which can release
its energy either via elastic scattering or via luminescence. The
elastically scattered light is completely blocked by a long-pass filter in
front of the detector. The two different coupling polarization

configurations for radial and azimuthal illumination are shown in (b)
and (c).

In the azimuthally excited Al oligomer the polarization of the
particle plasmons and the main axis of the Au tip are
perpendicular to each other, leading to a much weaker coupling
(Figure 4c).

The energy transfer processes of the coupled system are
schematically illustrated in Figure 4. The plasmonic system can
be separated into two units, namely the aluminum heptamer
and the gold tip, coupled by electromagnetic near-field
interaction. On one hand, the plasmonic mode in the heptamer
has a well-defined resonance near A = 632.8 nm (see Figure 2e),
and its discrete energy level is represented by a thin horizontal
line in the diagram. The gold tip, on the other hand, has no
sharp plasmon resonance, hence acting more like a broadband
antenna.” Therefore, its energy is portrayed as a broad gray-
shaded area, illustrating that it can be excited by a range of
wavelengths. Because of its nonresonant behavior, the excited
tip will quickly relax, via either elastic scattering, photo-
luminescence, or nonradiatively via thermal losses.
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The spectra of the heptamer’s azimuthal plasmonic mode
and the luminescence of the tip strongly overlap. However, the
tip luminescence emission is strongly polarized in longitudinal
direction, orthogonal to the heptamer’s azimuthal mode.
Hence, the latter cannot be significantly populated by the Au
luminescence, and the coupling thus remains unidirectional.

Second, we look at the radial heptamer mode, where the
polarization of the Au tip luminescence and the heptamer mode
are indeed matching. However, the resonance of this mode is
centered around 350 nm while the Au tip luminescence, with 4
> 640 nm, is too far away to achieve efficient coupling.

The nonresonant, dissipative behavior of the tip is an
important prerequisite for its use as a near-field probe in the
presented approach, leading to an effectively unidirectional
transfer of energy from the heptamer to the tip and finally to
the observed signal. This is reminiscent of the Forster
resonance energy transfer (FRET) process, in which energy is
unidirectionally transferred from a donor molecule to a rapidly
decaying acceptor. Despite the strong near-field interaction
between the two plasmonic units, the system remains in the
weak-coupling regime. Consequently, the energy levels of the
studied structure, ie., the heptamer, are not influenced by the
coupling to the probe, as would be expected for strongly
coupled resonant systems.>* In fact, the broadband response of
the tip may even result in a larger PL signal than one would
obtain with a resonant probe As plasmonic modes on the tip
can be excited efliciently for a range of wavelengths, our probe
effectively enhances both, namely the excitation of electron—
hole pairs at the laser wavelength as well as the PL signal upon
recombination at a red-shifted wavelength. This 2-fold
enhancement process is important for observing optical
emission of very inefficient processes such as metallic
photoluminescence.*®

Experimentally, we have shown that the one-photon
photoluminescence of a sharp Au tip can be used in a
straightforward method to map the near field of coupled
plasmonic systems. The spatial resolution of <25 nm allows us
to visualize the ring-like coupling of an azimuthally excited
aluminum oligomer. The energy transfer mechanism shows
striking similarities to a FRET system. Many benefits of FRET
as a sensor, including the built-in intensity reference given by
the direct donor emission, are also available when using a gold
tip as a near-field probe. Thus, a varying excitation efficiency of
the nanostructure can be eliminated by observing the ratio of
elastically to inelastically scattered light.

In summary, we have presented a way to map the optical
near fields of plasmonic nanostructures with the luminescence
of a sharp gold tip. Radially and azimuthally polarized
illumination is used to match the symmetry of the investigated
heptamer which is made of aluminum to exclude the
luminescence of the structure itself. The energy transfer from
the nanostructure to the gold tip is reminiscent of the FRET
process, in which one dipole (donor) transfers its energy
nonradiatively to another dipole (acceptor). As in FRET, the
coupling efficiency depends not only on the spectral overlap of
the donor emission to the acceptor absorption but also on
other factors such as the correct orientation of the two systems
with respect to each other.

Our technique is not limited to illumination with radially or
azimuthally polarized doughnut modes (RPDM/APDM) and
should, in principle, also work with different polarizations such
as linear excitation. Because of the fixed position of the nano-
object and the movement of the tip with respect to the focus,
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luminescent materials like gold can also be investigated.
Replacing the material with a luminescent one, however,
cancels the advantage of the low background given by the
aluminum structure. Additionally, different coupling states
would have to be considered, making the interpretation of
the data more sophisticated. These two extensions would
further broaden the application scope of our method and will
be the subject of future investigation.
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Additional information with pure Au tip spectra excited by
RPDM and APDM, an estimation of the quantum efficiency of
the gold tip, the influence of the Au tip to the modes of the
heptamer, and more measurement data with a note about the
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