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Optical near-field enhancement at a metal tip probed
by a single fluorophore
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The optical near-field in the vicinity of a metal tip is mapped using a single-molecule optical probe.
We observe an enhancement of the fluorescence signal by a factortod.3,7clearly larger than

the fourfold enhancement that can arise from constructive interference if the tip acts as a simple
mirror. Considering the tip apex as a nanoparticle of nonregular shape, we suggest that, in the case
of gold tips, the enhancement is due to resonant plasmon excitation. Consistently, no enhancement
has been observed using Pt/Ir tips. 2002 American Institute of Physics.
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Manipulation and tailoring of optical fields on the na- index matching liquid is excluded. The sample fluorescence
nometer scale is a key technology for the field of nano-opticss focused onto a single photon counting avalanche photodi-
and in particular for high-resolution optical microscopy andode. A holographic notch filter and a subsequent cutoff filter
spectroscopy. In order to engineer and optimize a particulablock the Rayleigh-scattered light. Sample scannirgy)
nano-optical field distribution, procedures have to be develis accomplished by a piezobimorph scanner, tip scanning
oped that allow mapping of optical fields with nanometer(x—y—z) by a piezotube. Shear force interaction between tip
scale resolution while exerting the least possible influence oand sample is used for the gapwidth control. The shear force
the mapped field itself. An important property of nano-detection relies on a quartz tuning fork as a sensing
optical fields is their spatial confinement to subwavelengthelement® Depending on the feedback parameters and envi-
dimensions. Strong field confinement can be achieved in theonmental conditions, the shear force interaction typically
vicinity of small particles and sharp tip$. Recently, these |eads to a gapwidth between 2 and 20 1’
phenomena have been successfully exploited for tip- The sample is a 20 nm thick polymer film of paiyeth-
enhanced near-field optical microscopy and surface-
enhanced Raman scatteritig® Currently, these techniques
rely on optical signals which are emitted from a spatially
extended region of the sample. Model-based estimates and ~i—-
extrapolation have to be applied to determine the magnitude
of the field enhancement factor on the surface of th& .

In order to gain a deeper understanding of the field enhance-
ment, not only the knowledge of an enhancement factor, but
also the spatial distribution of the electromagnetic vector

field around a tip or any other structure of interest, should be

assessablg.
4
Z

In this letter, we demonstrate that a single fluorescent
molecule can be used to measure the field distribution in the A
vicinity of an illuminated metal tip(Fig. 1). Employing a
single molecule as field sensor guarantees the highest pos-
sible spatial resolution while mapping a well-defined compo-
nent of the optical field?
The setup consists of a sample-scanning confocal optical
microscope on top of which a scanning probe microscope is C )
mounted:® Linearly polarized light from a tunable dye laser
(A=578.5 nm) is focused to a nearly diffraction-limited spot
on the sample by a microscope objectiveim. apert.: 0.9,
magnification: 8 ). Experiments are performed at room
temperature. Nevertheless, the setup can also be operated at
superfluid Helium temperatufé.For this reason, the use of
an immersion objective with high numerical aperture andFIG. 1. Scheme of the experiment: A sharp metal tip is scanned across a

single fluorescing molecule embedded in a polymer film on glass. The op-

dAuthor to whom all correspondence should be addressed attical field in the vicinity of the tip apex is strongly enhanced. The molecular
Institute of Physics, University of Basel Switzerland; electronic mail: fluorescence as a function of the tip position allows assessing the electric
bert.hecht@unibas.ch field distribution around the tip.
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. . . . FIG. 3. (Color) (a) Fluorescence emitted by a single terrylene molecule held
FIG. 2. Scanning confocal micrograph of single terrylene molecules "Mfixed in the focus as a function of the tip positigimtegration time 1.8

fhrouigh the Tocus. The apparent with of  singie-mleoie fuorescencS/PXe) (o) Recorded subseguent(a. Photobleacing of the molecul i
spot is 480 nm. The signal-to-background ratio is @®8x 128 pixel, in- évident atfter the first couple of lin¢top-to-bottom scan Background fluo-
tegration time 1.8 ms/pixel =20 u W.) rescence show_s up in the center of the imégeegration time 9 r_ns/plxaal
(c) Image obtained by subtraction @) from (a). (d) Cross section along
the dashed line iric). The fluorescence increase by a factor of25073

. . evidences a tip enhancement of the optical fielrtbts: measured count rate.
ylmethagrylaté (P'MM_A) preF3ar('3"CI by spin casting opto @ Line: Gaussian fit. Images same length and intensity scale ang 128
cover slip. The film is doped with a low concentration of pixels: in all images

terrylene molecules, resulting in an areal density of

~0.1 moleculesm? in the film. The excitation intensity is scanned across the focal region containing the molecule.
approximately 2QuW. From recorded saturation curves, we Five molecules which exhibited a rather stable and high fluo-
have clear evidence that the molecules were excited far beescence rate have been investigated. As an example, we dis-
low the saturation intensity. Under these conditions, a lineatuss the results obtained with the molecule that showed the
relation between the observed count rate and the excitatiogtrongest field enhancement. Figufe)3llustrates the varia-
intensity holds. In order to decrease the probability of pho+ion of the fluorescence rate of the molecule as a function of
tochemical destruction of the molecules, the gap region waghe tip position. The polarization direction of the linearly
kept exposed to a continuous, laminag Btiream. We thus polarized excitation light relative to the tip scan direction
achieve continuous single-molecule fluorescence for 10—2(Fast axis is not known.
min at a count rate oR~4000 c/s for selected molecules. We observe a strong, spatially confined fluorescence sig-

Tips used in this experiment are manufactured by elecnal on top of a broad background. While the fluorescence of
trochemical etching of thin wires of gold and P(80:10,  the molecule finally ceases due to photobleacHitgp of
respectively. Gold tips are etched in H@5%) with an ac  Fig. 3(b)], the background is constant over time and likely
voltage of 1\ U <2 V (v=50 Hz) 1 Pt/Ir tips are etched due to direct reflection off the tip. The tip scan including the
in 5 M KOH (2V<U,<10V, »v=50H2 and sharpened photobleaching event of the molecliféig. 3(b)] can thus be
according to the method of Lindakt al® Scanning electron used to subtract the background from the total sigféd.
microscopy (SEM) images of freshly etched tips revealed 3(a)]. This allows extracting the pure distribution of the op-
nanoscale structures of irregular shape at the tip apex. Thecal near field in the vicinity of the tip. The resulting slightly
size of the tip apex varies between 20 and 200 nm. oval pattern is displayed in Fig.(8. In order to extract

A typical confocal fluorescence image of the dye-dopedjuantitative results, the cross section along the dashed line in
PMMA film is shown in Fig. 2, where six molecules are Fig. 3(c) is fitted by a Gaussialfig. 3(d)]. The enhancement
clearly visible. The obvious variation of the fluorescence ratgattern of the molecular fluorescence exhibits a FWHM of
among the molecules arises mainly from different orienta-305+ 15 nm. The maximum fluorescence is by a factor of
tions of their absorption dipole with respect to the excitation5.7+ 0.3 larger than the reference level. The reference level
polarization. A line section across the brightest molecule il-is the constant molecular fluorescence in absence of tip. This
lustrates a favorable signal-to-background ratio of about 20value corresponds to the offset parameter of the fit. A topog-
The full width at half maximum{(FWHM) of the spot is 480 raphy image is recorded simultaneou@ijata not shown It
nm. reveals a flat PMMA filn{root-mean-squar@ms) roughness

In order to map the field distribution at the tip, a single Az~ 3 nm] without any topographic feature at the site of the
molecule is identified by its fluorescence spot in the confocabnhancement. It is thus certain that the enhancement does not
image and moved into the focus. The sample is kept at arise from a crosstalk between topography and optical imag-

fixed position in the following, whereas the tip is now ing.
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The apparent, oval pattern in Fig(cB is likely con- damage. A more practical approach would be the recording
nected to the particular shape of the tip. The spatial confinesf tip z scans at selected sites of the sample. Moreover, the
ment of 30515 nm is clearly smaller than the width of the acquisition of further parameters is envisaged which would
focal spot(480 nn). The enhancement factor of 5:D.3 is  provide a more precise assessment of the field distribution
clearly larger than the fourfold enhancement that can arisand field enhancement. These include the orientation of the
from constructive interference if the tip acts as a simple mirmolecular absorption dipofé,the fluorescence lifetime, and
ror. This indicates that a true, tip-induced near-field interacthe tip—molecule distance.
tion with the molecule has been observed. In conclusion, we demonstrated mapping of the complex

It is not surprising that the observed size of the enhancefield distribution around a metal tip. By employing a single
ment area is larger than the range of tip diameters found bynolecule as local field sensor, we experimentally provide
SEM. The width of the enhancement area depends stronglgvidence for near-field enhancement at a metal tip. Since the
on the tip—molecule distance. Theoretical work has showrspatial extension of the enhanced field can be tailored down
that the intensity confinement area is calculated to be genete the nanometer-scale, these results may be of use for future
ally larger than the size of the tip ap&%:?? developments in high-resolution near-field microscopy at

Note that some phenomena have to be taken into accountolecular length scales. Furthermore, our results may be in-
which might affect the measurement of the field enhanceteresting for comparison with theoretical models, which cal-
ment and field distribution(i) The fluorescence map corre- culate the near-field in the vicinity of nanometer-scale scat-
sponds to the projections of the electric field vector onto theerers.
absorption dipole of the molecule in a plane perpendicular to ) i )
the tip axis. Generally, the absorption dipole of the molecular  1he authors gratefully acknowledge discussions with

probe is not parallel to the electric field. We measure the)-"M- Segura, A. Renn, L. Novotny, and M. Kreiter. They
fluorescence count raR, whereRxE2co « and  is the also thank Y. D. Suh for help with etching the gold tips and

angle between the electric fiell and the molecular dipole. A- Bouhelier and J. Toquant for SEM support. This work was
Thus, R provides a lower limit of the squared electric field funded by the Swiss National FoundatidiFP 36 and the

|E2. (ii) It is well known, that the nonradiative decay rate of ETH Zurich.
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