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Mapping the local particle plasmon sensitivity with
a scanning probe
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We probe the local sensitivity of an optically excited plasmonic nanoparticle by changing the local

dielectric environment through a scanning glass fiber tip. Recording the particle plasmon scattering

spectrum for each tip position allows us to observe spectral resonance shifts concurrent with

changes in scattering intensity and plasmon damping. For the tip-induced spectral shifts we find

the strongest sensitivity at the particle edges, in accordance with the spatial plasmonic field profile.

Received 22nd July 2016,
Accepted 29th August 2016

DOI: 10.1039/c6nr05800k

www.rsc.org/nanoscale wavelength.

1. Introduction

Metal nanoparticles sustain localized surface plasmon reso-
nances (LSPRs) in the visible or near-infrared spectral range.
Their spectral positions are set by the optical constants of the
metal, the particle geometry, and the dielectric environment.">
LSPR fields are highly confined to the particle surface, decay-
ing over a distance that corresponds to a fraction of the free-
space wavelength. It is thus only a nanoscale volume in the
immediate particle environment that contributes to the LSPR
properties. This effect is used for the refractometric (label-free)
detection of analytes down to the single molecule level, usually
probed in terms of a spectral redshift due to analyte
binding.*™®

The wavelength shift induced by an analyte molecule
depends on the local electric field intensity of the LSPR,
which, in general, is nonuniform around the particle.’
Therefore, the resulting wavelength shift is nonuniform, in
regions of particularly high local electric field intensity (“hot
spots”) the sensitivity is greatly enhanced. This point becomes
especially important when the number of analyte molecules
(or diffusion to the detection area) is severely limited. This
case demands the maximum signal from an individual analyte
molecule, which should therefore be captured in a plasmonic
hot spot to generate the largest possible signal.'® In this way,
individual binding events can be observed,” thus enabling the
study of single molecular interactions, provided that the
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In contrast, the strongest sensitivity occurs at the center of the particle if the scattering intensity is
probed at the short wavelength slope of the plasmon resonance instead of the resonance position.
This bears important implications for plasmonic sensing, in particular when done at a single light

sensitivity profile of a given nanoparticle is known beforehand.
In addition, other LSPR applications as, e.g., coupling to
quantum emitters also require an understanding of the
spectral LSPR response to local refractometric changes.
The search for positions on a nanoparticle’s surface with
maximum sensitivity to local dielectric changes has attracted
much interest.”'''* Experimentally, this was accomplished by
electron-beam lithographic'>'® or scanning probe based'’
positioning of dielectric nanostructures at defined positions
on or around a plasmonic nanoparticle and tracking the
resulting spectral LSPR shifts. Electron microscopy based
spectroscopy techniques (electron energy loss spectroscopy,'®
cathodoluminescence'®) provide superior resolution of the
plasmonic mode density, however they cannot account for
analyte-induced LSPR shifts. In this work, we implement a
setup for the three-dimensional mapping of a plasmonic nano-
particle’s LSPR response to a local dielectric nanostructure by
means of a nanometric glass-tip which is position-controlled
in the nanoparticle’s proximity. Our approach goes back to the
work of Kalkbrenner et al,>® who used a similar setup to
demonstrate that a dielectric tip only weakly influences the
plasmonic modes of a gold nanosphere. It is however exactly
this “weak” influence that we investigate here, to show that the
near field coupling of tip and plasmonic nanoparticle leads to
tip-position dependent modifications of LSPR wavelength,
-scattering intensity and -peak-width, which spatially vary on
the scale of the tip radius. If for each tip position a scattered
light spectrum is acquired, local response maps based on
different spectral parameters can be created. Depending on
the plotted quantity, these response maps show fundamental
differences.
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2. Experimental

In our experiment we measure optical scattering spectra of
single plasmonic nanoparticles with a dark field setup, using
an oil immersion objective (Nikon, 60x, numerical aperture
1.4) for illumination and detection from the substrate side
(Fig. 1a). A white-light supercontinuum laser (Fianium,
WL-SC-400-4) is used for illumination, with infrared radiation
removed by a band-pass filter (500-1000 nm). The laser beam
is linearly polarized and spatially filtered through a pinhole.
The position of the pinhole coincides with the conjugate back
focal plane (Fig. 1b) of the microscope objective, creating a
normal incidence wide field illumination of the sample.

Light scattered by the plasmonic nanoparticle and reflected
by the glass/air interface of the substrate is collected by the
microscope objective. The specularly reflected excitation beam
is removed by a small beam block (numerical aperture 0.2) in
the center of the objective’s conjugate back focal plane in the
detection path (Fig. 1c) after the illumination beam-splitter.
Thus, a dark field illumination scheme is realized, which as
well rejects light reflected from the scanning probe and its
holder. The scattered light passes the beam block and is
imaged onto the slit of an imaging monochromator (Andor
SR-303i) and is detected by an EMCCD camera (Andor IXon
DV885LC). The integration time for one scattering spectrum is
10 ms, and one single measurement typically consists of
100 x 100 spectra (measurement points). The recorded spectra
are background corrected, and the direct reflection at the
glass/air interface is measured without beam block to serve as
the reference. As only the lower half space, i.e., the glass side
of the sample, is used for optical illumination and detection,
the upper (air facing) half space remains free for the scanning
probe. We use etched glass fiber probes® (tip radius
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Fig. 1 Dark field single plasmonic particle spectroscopy. (a) Schematic
of the setup and detection and excitation angles, (b) and (c) depict con-
jugates of the back focal plane of the microscope objective in the illumi-
nation and detection light paths. (d) Experimental scattering spectra of a
gold nanoparticle with a dielectric tip positioned far away (solid red) and
close (solid gray) to the nanoparticle. The data is fitted with eqn (1)
(dashed blue).
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40 + 5 nm, as determined from the broadened topography in
comparison to the electron microscope image in Fig. 2g)
mounted on a homemade tuning fork system,”” controlling
the tip-sample distance with shear force feedback.

It should be noted that our setup is akin to a scattering-
type scanning near field optical microscope, where a sharp tip
scatters optical near fields into the far field for detection.*
Such microscopes have been used to, e.g., probe plasmonic
near fields with dielectric tips under the premise that the
influence of the tip is negligible.”*>° In contrast, our system
relies on the modification of the plasmonic system by the
dielectric tip, thus probing the combined system of tip and
plasmonic particle for each tip position.
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Fig. 2 Maps of tip-induced LSPR changes of a gold nanoparticle; left
column experiment, right column simulation: (a, b) LSPR wavelength;
(c, d) maximum scattering intensity/scattering cross-section; (e, f) LSPR
peak width. The inset in (b) depicts the electric near-field intensity of an
unperturbed nanoparticle in a plane 4 nm from its surface (same scale
as main figure). Panel (g) depicts the simultaneously acquired nano-
particle topography. The inset depicts a scanning electron microscope
image of an identically fabricated nanoparticle after coating with 3 nm
Cr for electric conductivity. Panel (h) shows the LSPR wavelength in a
vertical plane through the dotted blue line in (g). The polarization direc-
tion is horizontal throughout. The scale bar is 200 nm, the height in (h)
is directly indicated on the left side of the panel.
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To extract the resonance frequency w,, the resonant scatter-
ing intensity I,, and the resonance width Aw from the scatter-
ing spectra, and to analyze their tip-induced changes, the
spectra are fitted by a modified Lorentzian line shape, adapted
from ref 27:

Iy

2wo — )\ >
14 (20—
()

with I intensity,  frequency; Aw is defined as the full-width at
half-maximum (FWHM). The linear term A(w, — w) considers
in a lowest-order approximation the contribution of the
frequency dependent dielectric function of the gold, which is
responsible for the asymmetric peak shape with more intensity
at the short wavelength side (Fig. 1d). For clarity, resonance
position and width are converted to a wavelength scale (w, — Ao,
Aw — A}). The fit parameters Ay, I, and Al are then
arranged in two-dimensional maps according to the tip
position on the sample (Fig. 2). Comparing the spectral maps
with the topographical map (Fig. 2g) that is simultaneously
acquired, the spectral changes are matched to the relative
position of tip and nanoparticle. As sample we use individual
gold nanoparticles fabricated by electron beam lithography
on glass substrates.”® The quasi-identical nanoparticles
have an elliptical footprint with lateral dimensions of
140 £ 5 nm x 120 + 5 nm and a height of 25 + 3 nm. When
excited along the long particle axis the LSPR peak is at 705 nm
(Fig. 1d).

1= +A(w0

- 0))7 (1)

3. Simulation

We corroborate our experimental results with numerical simu-
lations for the full Maxwell’s equations performed with the
MNPBEM toolbox,*® including substrate effects*® and model-
ing the particle as elliptical cylinder (with rounded top edge,
see Fig. 4) according to the experimental dimensions. For the
gold dielectric function we use tabulated values obtained from
optical experiments,®® and the total number of boundary
elements was 1380. The discretization grid for the Green’s
function table, important for convergence, was set n, = 60 and
n. = 120 for vertical and radial directions, respectively.*®
Scattering cross sections ¢ were calculated for a plane wave
excitation from the substrate side at normal incidence (25
discrete wavelengths, 40 x 40 tip positions). The glass tip was
approximated as a dielectric sphere (¢ = 2.25) with a radius of
40 nm, assuming that due to the rapid plasmonic field decay
only the very end of the tip is of importance. This assumption
was verified by simulations for an extended conical tip, that
showed only slightly different resonance shifts but no qualitat-
ive differences. In the simulations the dielectric sphere was
kept at a constant distance of 3 nm to the nanoparticle/glass
surface which is the typical experimental tip height as deter-
mined from tip-to-sample approach curves. Unless otherwise
specified, standard parameters of the MNPBEM14 toolbox are
used.*®
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4. Results and discussion

Fig. 2 depicts the tip-induced LSPR changes as maps of reso-
nance wavelength, maximum scattering intensity and peak
width. Starting with the resonance wavelength (Fig. 2a), we
find a detailed pattern around the nanoparticle (topography
shown in Fig. 2g), confirming the local character of our tip-
based measurement. The strongest resonance redshifts of
approximately 14 nm are found for tip positions near the par-
ticle edges in the horizontal direction, which corresponds to
the polarization direction of the exciting light. The agreement
of the experimental data with the simulated map in Fig. 2b is
very good. In addition, the patterns coincide well with the
simulated electric field intensity for the dipolar plasmon
mode of the gold nanoparticle (inset Fig. 2b). This is in accord-
ance with the description of plasmon resonance shifts for
small nanoparticles as being proportional to the local electric
field intensity at the location of the dielectric perturbation.’

Owing to their localized nature, near-field effects are very
sensitive to the details of the local dielectric environment. We
attribute the slight asymmetry of the experimental maps in
Fig. 2 to small asymmetries in the tip geometry, as in further
experiments we found it to vary slightly from tip to tip but not
when different particles were scanned with the identical tip.
Uncertainties in the particle dimensions and dielectric func-
tion®! are likely to account for the offset between experimental
(4 =705 nm) and simulated resonance wavelength (1 = 710 nm)
in absence of the tip.

Considering these results, we next critically examine the
usual plasmonic biosensing scheme that relies on measuring
extinction or scattering at a single light wavelength, which is
usually chosen to lie within the steepest slope on either side of
the LSPR peak (rather than considering the full LSPR spec-
trum, as here). A change in LSPR wavelength due to a binding
analyte then translates to a change in intensity of the trans-
mitted or scattered light at the probe wavelength. In Fig. 3 we
plot the maps of the tip position dependent scattering inten-
sity for fixed wavelengths of 750 nm (long wavelength slope of
the LSPR peak around 705 nm) and 660 nm (short wavelength
slope). At 750 nm (Fig. 3a and b) the strongest change in scat-
tering intensity appears with the tip positioned at the left or
right particle edge. This map thus resembles the map of
tip-induced LSPR shifts (Fig. 2a and b), as expected: an LSPR
redshift leads to stronger scattering for a wavelength at the
long wavelength slope of the LSPR maximum. Conversely, for a
fixed wavelength at the short wavelength slope of the LSPR
peak we thus would expect an inverted map: an LSPR redshift
leads to reduced scattering at this wavelength, and regions of
large LSPR shift should therefore correspond to regions of low
scattering intensity. Remarkably, the maps for a wavelength of
660 nm (Fig. 3c and d) show a completely different pattern,
with the lowest scattering intensity appearing when the tip is
centered above the particle.

To compare the maximum local response to the presence of
the tip at the two wavelengths, we consider the change in
scattered intensity when the tip is moved from a position far
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Fig. 3 Maps of tip position dependent scattering intensity at a light
wavelength of (a) 750 nm and (c) 660 nm. Corresponding simulation
results are shown in (b) and (d). The scale bar is 200 nm, the polarization
direction is horizontal. (e) Nanoparticle spectrum in absence of tip (gray,
left y-axis), and spectral changes Al for tip in the center (blue) and on
the edge (red). (f) Absolute values of spectral changes |As| simulated for
several tip radii for two particular cases: the edge position yielding the
highest spectral change at 750 nm (pos. B, red line), while the center
position is best detected at 660 nm (pos. A, blue line).

away from the nanoparticle to the positions of maximum tip
influence (over the particle edges in Fig. 3a and b or over the
particle center in Fig. 3c and d). In Fig. 3e we plot the change
in intensity Al when the tip is brought close to the nano-
particle as a measure for sensing performance.”” The best con-
trast for the center of the gold nanoparticle (blue) is achieved
at approximately 660 nm, for the edge (red) at approximately
750 nm, with similar intensity changes. This effect is strongly
size dependent. In Fig. 3f, we calculate both cases for spheres
of different radii, plotting the absolute values of their calcu-
lated scattering cross section changes |Aos|. The ratio of As at
the edge to Ao at the center increases from 4.5 for a sphere of
40 nm radius to 9.4 for a sphere of 5 nm radius, suggesting
that small analytes are best detected at the nanoparticle edge.
However for large analytes, e.g., viruses, analyte binding sites
in the particle center can cause a response quantitatively
similar to binding sites on the particle edge when considering
single wavelength detection schemes. This is in contrast to
schemes where the response is monitored by resonance shifts
only, which are considerably less sensitive to binding sites in
the particle center.?
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To develop a physical understanding of these observations,
we first look at the tip-induced changes of the resonant scatter-
ing intensity I, and -cross-section o, (Fig. 2¢ and d) and LSPR
spectral width A4 (Fig. 2e and f). If the tip is positioned at the
particle edge, maxima in the LSPR, the scattering intensity,
and the peak width are observed. When probing at a wave-
length of 750 nm all these effects add up to give a higher scat-
tering intensity. However, at 660 nm they partly compensate
each other: the redshift of the LSPR leads to a decrease
whereas the larger peak width and scattering cross-section
lead to an increase of the scattering intensity.

For a more detailed explanation of the involved processes,
the coupling between tip (sphere) and nanoparticle has to be
considered. We visualize this coupling by plotting the surface
charge densities of sphere and nanoparticle in Fig. 4. For
larger distances, positions C and D, the coupling between
nanoparticle and sphere is weak, and their polarizations are
independently driven by the external electric field. The non-
resonant polarization of the sphere is in phase with the exci-
tation, and is maximum at ¢t = 0 (panel a) and 0 at t = 7/4
(r = 2no~", panel b). On the contrary, the resonant nano-
particle’s polarization is m/2 out of phase and thus has a
maximum at ¢t =z/4and is0 a¢=0.

When the sphere approaches the nanoparticle, positions
A and B, the polarization of both objects is altered by their
near field interaction. As for the sphere, its polarization is
driven by the nanoparticle near fields (almost in phase with
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Fig. 4 Surface charge density g of a gold nanoparticle and a dielectric
sphere for several relative positions, (a) for t = 0, where the electric field
of the exciting light wave has a maximum at z = 0, and (b) t = 7/4, where
the resonantly driven polarization of the nanoparticle has a maximum.
The surface charge densities are drawn at 723.1 nm, 728.1 nm, 721.5 nm
and 721.5 nm (A-D), i.e., where the near field of the plasmon resonance
is maximum.®® The surface charge densities on the sphere are exagger-
ated 25 times (a) and 10 times (b), respectively. The influence of the
sphere on the nanoparticle’s surface charge distribution is barely visible
in these plots, the nanoparticle is thus plotted only once.
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them), and we observe a reduction of the non-resonant
polarization due to shadowing (Fig. 4a). The back-action of the
sphere’s polarization on the nanoparticle leads to the observed
resonance shifts. The modification of the scattering intensities
can be interpreted as follows: for position B the dipole
moments of the sphere and the nanoparticle approximately
point into the same direction, sum up constructively and thus
give rise to an increased scattering (Fig. 2a and b, bright lobes
at the particle edges). In contrast, for position A, the dipole
moments point into almost opposite directions, sum up
destructively, and thus decrease the scattering (Fig. 2c and d,
dark spot at the particle center).

We now turn to the tip-induced changes of the plasmonic
peak width. This parameter is a measure for the LSPR
damping, which can be separated in Ohmic and radiation
damping. For a nanoparticle in the size range considered here,
both are relevant. From the full simulations we can separate
both processes and find that radiation damping contributes
approximately 75%. In a quasi-static model, radiation
damping is proportional to the scattering cross-section and
Ohmic damping is proportional to its square root (ie.,
proportional to the induced dipole moment). The peak width
map could thus be expected to be similar to that of the scatter-
ing cross-section. However, the presence of the tip also slightly
modifies the field distribution within the gold nanoparticle,
which causes more absorption. This is responsible for the
qualitative differences between Fig. 2c—f.

Finally, we show that LSPR mapping is not limited to the
sample surface, but by lifting the tip from the substrate it can
be readily extended to a three-dimensional measurement.
Fig. 2h shows the LSPR wavelength for tip positions in a verti-
cal plane (through the dotted blue line in Fig. 2g). The
maximum resonance shift is found close to the nanoparticle
surface and decays within a fraction of the free space wave-
length. We note that in this measurement the spectra were
acquired at different heights above the substrate and particle
so that for plotting the map we had to slightly interpolate
between the data points in the vertical direction.

5. Conclusion

In summary, we apply a scanned glass tip to probe the spectro-
scopic response of a plasmonic nanoparticle to a local
dielectric change of its environment. For each tip position, we
record dark field scattering spectra from the combined tip/
particle system. We demonstrate that the tip-induced effects
on the plasmon resonance wavelength, scattering cross-section
and resonance width can be separated and thus mapped
individually. The largest LSPR shifts are found at the particle
edges, according to the plasmonic dipole pattern.

By analyzing the changes in scattering cross-section at a
fixed wavelength at the slope on either side of the LSPR peak,
we find that a sensitivity map similar to that of LSPR shift is
found only if the sensing wavelength is at the long wavelength
slope. At the short wavelength slope, the maximum change in
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signal is found if the dielectric disturbance is at the center of
the particle. This on first sight surprising result is explained
by the interplay of resonance shift, scattering cross-section
and LSPR width. As a scanning probe technique the obtained
spatial resolution is governed by the shape of the tip. We
suggest that commercially available, sharp (r < 10 nm)
scanning probe tips could improve spatial resolution and
allow quantitative statements. Our results demonstrate the
versatility of the used approach for the detailed analysis of the
impact of dielectric nanostructures (analytes) upon the
properties of a plasmonic nanoparticle.

Acknowledgements

This work was supported by FWF Project P25034 and the FWF
SFB NextLite (F4905-N23 and F4906-N23).

References

1 U. Kreibig, Optical properties of metal clusters, Springer,
Berlin, 1995.
2 J.J. Mock, D. R. Smith and S. Schultz, Nano Lett., 2003, 3,
485-491.
3 K.-S. Lee and M. A. El-Sayed, J. Phys. Chem. B, 2006, 110,
19220-19225.
4 H. Chen, X. Kou, Z. Yang, W. Ni and ]. Wang, Langmuir,
2008, 24, 5233-5237.
5 K. M. Mayer and ]J. H. Hafner, Chem. Rev., 2011, 111,
3828-3857.
6 I. Ament, ]J. Prasad, A. Henkel, S. Schmachtel and
C. Sonnichsen, Nano Lett., 2012, 12, 1092-1095.
7 P. Zijlstra, P. M. R. Paulo and M. Orrit, Nat. Nanotechnol.,
2012, 7, 379-382.
8 A. B. Dahlin, N. J. Wittenberg, F. Hook and S.-H. Oh,
Nanophotonics, 2013, 2, 83-101.
9 W. Zhang and O. J. F. Martin, ACS Photonics, 2015, 2,
144-150.
10 L. Feuz, P. Jonsson, M. P. Jonsson and F. H66k, ACS Nano,
2010, 4, 2167-2177.
11 A. Unger and M. Kreiter, J. Phys. Chem. C, 2009, 113,
12243-12251.
12 T. J. Antosiewicz, S. P. Apell, V. Claudio and M. Kill, Opt.
Express, 2012, 20, 524-533.
13 J. Yang, H. Giessen and P. Lalanne, Nano Lett., 2015, 15,
3439-3444.
14 T. J. Antosiewicz and M. Kill, J. Phys. Chem. C, 2016, DOI:
10.1021/acs.jpce.6b01897.
15 M. Piliarik, P. Kvasnicka, N. Galler, J. R. Krenn and
J. Homola, Opt. Express, 2011, 19, 9213-9220.
16 V. Hifele, A. Trugler, U. Hohenester, A. Hohenau,
A. Leitner and J. R. Krenn, Opt. Express, 2015, 23, 10293.
17 A. Unger, U. Rietzler, R. Berger and M. Kreiter, Nano Lett.,
2009, 9, 2311-2315.

Nanoscale, 2016, 8, 16449-16454 | 16453


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6nr05800k

Open Access Article. Published on 30 August 2016. Downloaded on 8/4/2025 7:48:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

18 F.-P. Schmidt, H. Ditlbacher, U. Hohenester, A. Hohenau,
F. Hofer and ]. R. Krenn, Nat. Commun., 2014, 5,
3604.

19 A. Losquin and M. Kociak, ACS Photonics, 2015, 2, 1619-
1627.

20 T. Kalkbrenner, U. Hakanson and V. Sandoghdar, Nano
Lett., 2004, 4, 2309-2314.

21 R. Stockle and C. Fokas, Appl. Phys. Lett., 1999, 75, 160.

22 K. Karrai and R. D. Grober, Appl. Phys. Lett., 1995, 66,
1842-1844.

23 F. Keilmann and R. Hillenbrand, Philos. Trans. R. Soc.
London, Ser. A, 2004, 362, 787-805.

24 M. Rang, A. C. Jones, F. Zhou, Z.Y. Li,
B. J. Wiley, Y. Xia and M. B. Raschke, Nano Lett., 2008, 8,
3357-3363.

25 A. Garcia-Etxarri, I. Romero, F. ]J. Garcia de Abajo,
R. Hillenbrand and J. Aizpurua, Phys. Rev. B: Condens.
Matter, 2009, 79, 125439.

16454 | Nanoscale, 2016, 8, 16449-16454

View Article Online

Nanoscale

26 M. Schnell, A. Garcia-Etxarri, A. J. Huber, K. B. Crozier,
A. Borisov, ]J. Aizpurua and R. Hillenbrand, J. Phys. Chem.
C, 2010, 114, 7341-7345.

27 A. B. Dahlin, Plasmonic biosensors: an integrated view of refracto-
metric detection, I0S Press, Amsterdam, Washington DC, 2012.

28 P. Winkler, M. Belitsch, A. Tischler, V. Héfele, H. Ditlbacher,
J. R. Krenn, A. Hohenau, M. Nguyen, N. Félidj and
C. Mangeney, Appl. Phys. Lett., 2015, 107, 141906.

29 U. Hohenester and A. Truigler, Comput. Phys. Commun.,
2012, 183, 370-381.

30 J. Waxenegger, A. Triigler and U. Hohenester, Comput. Phys.
Commun., 2015, 193, 138-150.

31 P. B. Johnson and R. W. Christy, Phys. Rev. B: Solid State,
1972, 6, 4370-4379.

32 V. Leitgeb, A. Triigler, S. Kostler, M. K. Krug,
U. Hohenester, A. Hohenau, A. Leitner and J. R. Krenn,
Nanoscale, 2016, 8, 2974-2981.

33 J. Zuloaga and P. Nordlander, Nano Lett., 2011, 11, 1280-1283.

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6nr05800k

	Button 1: 


