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The optical near-ﬁeld of an aperture tip A. Drezet, M. J. Nasse, S. Huant and J. C. Woehl(∗ ) Laboratoire de Spectrom´etrie Physique, Universit´e Joseph Fourier Grenoble et CNRS 38402 Saint Martin d’H`eres, France (received 18 September 2003; accepted in ﬁnal form 16 January 2004) PACS. 42.25.Fx – Diﬀraction and scattering. PACS. 07.79.Fc – Near-ﬁeld scanning optical microscopes. PACS. 33.50.-j – Fluorescence and phosphorescence; radiationless transitions, quenching (intersystem crossing, internal conversion).



Abstract. – We use ﬂuorescent nanospheres as scalar detectors for the electric-ﬁeld intensity in order to probe the near-ﬁeld of an optical tip used in aperture-type near-ﬁeld scanning optical microscopy (NSOM). Surprisingly, the recorded ﬂuorescence images show two intensity lobes if the sphere diameter is smaller than the aperture diameter, as expected only in the case of vector detectors like single molecules. We present a simple but realistic, analytical model for the electric ﬁeld created by light emitted from a NSOM tip which is in quantitative agreement with the experimental data.



A crucial step towards the development of nanoscale optoelectronic devices from building blocks like single molecules, semiconductor nanocrystals, or quantum dots is the study of their behavior under optical stimulation. On these length scales, near-ﬁeld eﬀects and diﬀraction phenomena play a major role both for the interaction of such subwavelength structures with incident light and for the communication pathways between them. While diﬀraction phenomena are among the most important and intensively studied eﬀects in optics with a wide range of applications in other domains of physics [1, 2], an analysis of the situation is not always straightforward. Diﬀraction by an object bigger than the wavelength of the incident electromagnetic radiation can be described using either classical, scalar theory or an electromagnetic approach based on Maxwell’s equations [3]. Diﬀraction by apertures (or particles) comparable to or much smaller than the wavelength of the incident radiation, however, is more diﬃcult to analyze, and only few analytical solutions for speciﬁc geometries are known. One of these rare examples is the Bethe-Bouwkamp solution [4,5] for a circular, subwavelength hole in a conducting screen (which we will refer to as a Bethe aperture in planar geometry) illuminated by an incident plane wave. Unfortunately, an analytical solution has so far been missing for another geometry of major practical importance: the truncated, conical tip of a near-ﬁeld scanning optical microscope in illumination mode [6, 7], i.e. a tapered single-mode ﬁber covered with a thin (100 nm) Al coating presenting a small, circular aperture at the tip apex. (∗ ) E-mail: [email protected] c EDP Sciences 
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We address this problem by imaging the electric ﬁeld close to the aperture using ﬂuorescent nanospheres, which, depending on their size, yield qualitatively diﬀerent ﬂuorescence images. A frequently cited model for interpreting such images is the planar Bethe aperture, which seems to be a rather questionable model for an optical ﬁber tip (a circular aperture in conical geometry) because both geometry and incident wave topology are very diﬀerent from the real situation. As we will demonstrate below, it fails to describe the experimental results even qualitatively. Often, elaborate numerical simulations [8–10] for speciﬁc tip-sample conﬁgurations are carried out, which, however, depend on the choice of boundary conditions as well as the discretization and iteration procedures used. It appears therefore important to develop a simple but realistic, analytical description of the tip’s electromagnetic ﬁeld, and especially of its electric-ﬁeld component since it dominates the interaction with ﬂuorescent nano-objects. Such an analytical model has certain advantages in that it oﬀers a profound physical understanding of the observed eﬀect, it is simple to use, and it is a valuable tool for predicting and analyzing the results for a large variety of experimental situations without heavy investment into new calculations. This is not only of fundamental importance for image interpretation and optical resolution in near-ﬁeld optics, but also for the detection and addressing of single nano-objects like single molecules [11–15], ﬂuorescent beads [16], and semiconductor quantum dots [17–19], as well as for applications in ﬁelds like single-photon sources [20, 21] and quantum optics [19]. It is well known that ﬂuorescent molecules, when in resonance with the excitation light, are selective detectors for the incident-light polarization since their ﬂuorescence intensity is proportional to (µ·E)2 , where µ is the molecular transition dipole moment and E the electric component of the excitation ﬁeld. This property has been used to characterize, for example, the squared electric-ﬁeld components in the focus of a high numerical aperture lens [22, 23] or near an optical ﬁber tip [11, 13]. The analysis of the acquired images, however, requires an exact knowledge of the molecular transition dipole moment in all three dimensions. This is not the case with nanospheres of small diameter which contain a large number of ﬂuorescent molecules uniformly distributed throughout the sphere volume. Since their transition dipole moments are randomly oriented, the ﬂuorescence intensity of such an ensemble of N incoherently emitting molecules is proportional to I∝



N  i=1



(µi · Ei )2 ≈



N 2 2 µ E sphere 3



volume



,



(1)



where µ is the typical value for the molecular transition moment. Fluorescence-labelled nanospheres act therefore as scalar, isotropic volume detectors of the electric-ﬁeld intensity (in contrast to single molecules which are vector detectors), and can be used to produce an intensity map of the electric ﬁeld without any further knowledge of orientational parameters, a property that has recently been used to characterize triangular aperture probes [24]. (Strictly speaking, the electric ﬁeld E in the above-mentioned equation denotes not only the incident excitation ﬁeld but also the perturbation and reaction of the sphere, a second-order eﬀect that can be neglected in this analysis.) It is clear that details in the electric-ﬁeld distribution of a NSOM tip can only be picked up when the sphere diameter is signiﬁcantly smaller than that of the optical aperture. This behavior is shown in ﬁgs. 1a and b which present the recorded ﬂuorescence images for two diﬀerent ratios of sphere and aperture diameter. The optical ﬁber tip used in this work was obtained by heat pulling, which produces tips with a relatively ﬂat end, with subsequent shadow evaporation of a 100 nm Al layer. The ﬁber geometry was controlled with an optical microscope, and the aperture size estimated from the angular intensity distribution in the far-ﬁeld and transmission measurements.
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Fig. 1 – Fluorescence images of nanospheres of diﬀerent size taken by a NSOM tip. The images (scale bars: 1 µm) show carboxylate-modiﬁed, yellow-green ﬂuorescent nanospheres (Molecular Probes) with diameters of (a) 500 nm ± 5% and (b) 220 nm ± 5%, respectively, which are deposited from basic solution (pH 10-11) on a PMMA layer spin-coated onto a clean glass cover slide. A few hundred µW of the 514.5 nm line of an argon ion laser are coupled into a single-mode optical ﬁber with a tapered, metal-coated end with an optical aperture (typical transmission of 10−3 to 10−2 ) held at nanometer distance using a feedback loop with tuning fork detection [25]. The emission is collected in the far ﬁeld above the sample surface using an Al mirror (with a collection angle of π sr above the sample surface) and, after removal of residual excitation light by color glass ﬁlters (Schott) and interference ﬁlters, detected by (a) a low dark count avalanche photodiode module (EG&G) or (b) a channel photomultiplier (PerkinElmer) in photon-counting mode. The integration time for each point in the image is 100 ms and 50 ms, respectively. (c) Simulated ﬂuorescence image of a 220 nm diameter sphere scanned by a 600 nm diameter aperture tip (indicated by the overlaid circle) with a cone angle of 30◦ at an axial distance of z = 18 nm between the aperture plane and the closest point on the sphere surface. (d) Horizontal cross-section of (c) together with ﬂuorescence intensity proﬁles from the four nanospheres (diﬀerent symbols) shown in (b). The theoretical and experimental curves are in perfect agreement.



When the sphere is bigger than the tip aperture (ﬁg. 1a), the recorded ﬂuorescence proﬁle is smooth and presents no substructures, while two ﬂuorescence lobes appear in the case where the sphere is smaller than the tip aperture (ﬁg. 1b), quite similar to the observed images from ref. [16]. As can be seen, all of the nanosphere ﬂuorescence images have the same orientation and shape which means that the nanospheres probe the optical tip and not vice versa. To explain the observed intensity distribution, we have developed a simple model based on the assumption that the electric ﬁeld E exp[−iωt] produced by the tip is essentially static (satisfying the potential condition ∇ × E = 0), and is completely characterized by the electric charge distribution located on the metal coating of the tip apex. If we call (x, y) the aperture plane and z the tip axis (with the incident light polarized along x and propagating in the z
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Fig. 2 – (a) 3D view and (b) (x, z) cross-section of an optical ﬁber tip with the associated electric-ﬁeld lines and a grey-scale logarithmic intensity map. The polarization of the incident light propagating in the ﬁber core (z direction) is oriented along the x-axis. The electric ﬁeld is generated by polarization charges in a perfect metal coating modelled by a surface charge distribution on the lateral and inner surface of the metal coating surrounding the tapered ﬁber (aperture diameter 2a). The distance from the aperture rim R and the cone angle β are indicated in the ﬁgure. The electric-ﬁeld lines in the immediate vicinity of the metal surface show artefacts mainly due to the numerical discretization procedure, which become, however, insigniﬁcant at larger distances.



direction), we can assume a surface charge density σ of the form σ = σ0 /Rn cos φ



(2)



for any point [x, y, z] = [ρ, φ, z] on the metal coating. Here, φ is the angle with respect to the polarization plane, R the distance from the rim (ﬁg. 2), and n = 1 − π/(2π − β) is a function of the corner angle [3] β (related to the tip angle α by α = π − 2β). The cos φ-dependence, which also gives rise to the angle dependence for surface plasmons [26], is explained by the fact that the linearly polarized, optical LP0,1 mode in the single-mode ﬁber is mainly coupled to the fundamental, transverse electric (TE) mode of the conical waveguide preceding the aperture zone [27]. In addition, the edge-corner condition 1/Rn is naturally required for the energy convergence at the aperture rim [3]. The electric ﬁeld E produced by such a surface charge distribution is then given by  1 σ dS r, (3) E= 4π0 r3 where r is the distance vector from the surface element dS. This integral can easily be evaluated numerically. Figure 2b shows the electric ﬁeld in the (x, z)-plane, and a map of E 2 and the squared electric ﬁeld components is presented in ﬁg. 3a for the (x, y)-plane at z = 0.3a from the aperture plane. This model produces two intensity lobes for the total electric ﬁeld and is therefore able to qualitatively explain the experimentally observed emission lobes from ﬁg. 1b. It is interesting to note that the image representing E 2 is entirely dominated by the x and z components of the electric ﬁeld, and carries direct information on their squared maximum values in the image plane: the x component is highest in the image center (where the z component is negligible), while the z component is highest in the lobe centers (where the x component is very weak). A comparison with the Bethe-Bouwkamp ﬁeld (ﬁg. 3b) reveals strong, qualitative diﬀerences.
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Fig. 3 – Intensity maps for the electric ﬁeld (E 2 and components Ex 2 , Ey 2 , and Ez 2 ) at a distance of z = 0.3a from the tip aperture of radius a created by (a) a surface charge distribution as illustrated in ﬁg. 2, and (b) a planar Bethe aperture (Bethe-Bouwkamp solution). All images show an area of 4a by 4a, and the images in each row share the same color bar. The two images on the left correspond to those that would be obtained using a pointlike, scalar detector for the electric ﬁeld (e.g. an idealized, inﬁnitely small ﬂuorescent nanosphere). The images of the last three columns correspond to ﬂuorescence images predicted for pointlike vector detectors for the electric ﬁeld (e.g. single, ﬂuorescent molecules) oriented along the x, y, and z direction, respectively.



The Ez component is dominant for the surface charge model, whereas the Bethe-Bouwkamp solution (and even the complete solution given by Meixner-Andrejewski [28]) for the planar Bethe aperture is dominated by the Ex component. A planar Bethe aperture is therefore unable to even qualitatively account for the experimentally observed ﬂuorescence images from ﬁg. 1b. In addition, experimental far-ﬁeld measurements prove the existence of an electric-dipole term [29] which is present in our model but is completely missing in the Bethe-Bouwkamp solution. More precisely, the measurements show that there are eﬀective electric (Peﬀ ) and magnetic (Meﬀ ) dipoles located in the aperture plane which are related by the equation z × Peﬀ Meﬀ = 2



(4)



(where z denotes the propagation direction in the ﬁber). A modal analysis [30] based on an expansion in conical transverse electric and magnetic modes justiﬁes these observations only if an electrostatic and magnetostatic ﬁeld is present in the aperture zone. However, the Bethe-Bouwkamp solution yields only a magnetostatic but no electrostatic (zeroth order) term. It can be added that our model presented here does not analyze the magnetostatic ﬁeld of the ﬁber tip, but that it can be easily obtained in a similar manner. The existence of this component and its inﬂuence on the electric ﬁeld, however, can be safely ignored in the present case which is based on electric-dipole transitions. Using the proposed surface charge model, we can simulate the ﬂuorescence images of nanospheres obtained by NSOM by integrating the electric-ﬁeld intensity over the sphere
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volume. Figure 1c shows such a simulation for a sphere to aperture diameter ratio of 0.37. The image is obtained for an optical tip with an aperture of radius a = 300 nm and a cone angle α of 30◦ . For each relative scan position of the ﬂuorescent sphere in the near-ﬁeld of the optical tip, the electric-ﬁeld intensities E 2 for all grid positions in all three dimensions inside the sphere volume were added, yielding a value which is directly proportional to the recorded ﬂuorescence signal. The simulation assumes that during the scan the tip stays in the same (x, y)-plane at a distance of z = 18 nm to the sphere summit. For these parameters, the experimental proﬁles of ﬂuorescence intensity along the symmetry axis are in perfect agreement with the simulated curve (see ﬁg. 1d). As a further conﬁrmation of the experimental observations, the emission lobes predicted by our model disappear and merge into one spot when the sphere diameter becomes several times larger than the aperture diameter. Despite the relatively large aperture size used in these experiments, our model satisfactorily describes the electric near-ﬁeld of the optical tip without the need to include higher-order terms. This suggests that the presented model is also valid for even smaller apertures (as illustrated by the results from ref. [16]) where higher-order terms become even more negligible. We have presented a simple, theoretical model for the electric ﬁeld of light transmitted by a conical NSOM tip. Our model is able to explain, both qualitatively and quantitatively, the recorded ﬂuorescence images of nanospheres that are small compared to the aperture diameter, while the widely admitted Bethe-Bouwkamp ﬁeld fails to explain these images even qualitatively. Several interesting diﬀerences appear between these models, in particular a much stronger z component in our model as compared to the Bethe-Bouwkamp ﬁeld, a distinctive feature that could be addressed by NSOM imaging of ﬂuorescent molecules under polarization detection. Fluorescent nanospheres are valuable objects since they act as isotropic volume detectors for the squared electric-ﬁeld intensity, and can be used in order to establish a detailed electric-ﬁeld intensity map of a NSOM tip in all three dimensions. Based on the proposed model, it is now possible to correctly determine the orientation of single-molecule emitters in all three dimensions from recorded ﬂuorescence images, which has important implications for the addressing of single molecules or other nano-objects and for optical nanomanipulations. Clearly, the electric-ﬁeld distribution at the ﬁber tip has a direct inﬂuence on the excitation eﬃciency of single nano-objects located underneath the tip, and we expect the presented model to be valuable for the investigation of potential photonic nanosources and quantum optical experiments in the near-ﬁeld domain [19]. ∗∗∗ This research was supported by grants from the Volkswagen Foundation, the Institut de Physique de la Mati`ere Condens´ee, and the CNRS. REFERENCES [1] Freimund D. L., Aflatooni K. and Batelaan H., Nature, 413 (2001) 142. [2] Arndt M., Nairz O., Vos-Andreae J., Keller C., van der Zouw G. and Zeilinger A., Nature, 401 (1999) 680. [3] Jackson J. D., Classical Electrodynamics (Wiley, New York) 1975. [4] Bethe H. A., Phys. Rev., 66 (1944) 163. [5] Bouwkamp C. J., Philips Res. Rep., 5 (1950) 321. [6] Pohl D. W., Denk W. and Lanz M., Appl. Phys. Lett., 44 (1984) 651. [7] Betzig E., Trautman J. K., Harris T. D., Weiner J. S. and Kostelak R. L., Science, 251 (1991) 1468.
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