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Aperture-size-controlled optical fiber tips for high-resolution optical microscopy N. Chevalier, Y. Sonnefraud, J. F. Motte, and S. Huanta兲 Laboratoire de Spectrométrie Physique, CNRS, and Université Joseph Fourier, Grenoble BP 87, 38402 Saint Martin dHères, France



K. Karrai Center for NanoScience, Department für Physik, Ludwig-Maximilians-Universität, Geschwister-Scholl-Platz 1, 80539 München, Germany



共Received 9 March 2006; accepted 7 May 2006; published online 16 June 2006兲 A method is developed to produce chemically etched optical tips for near-field and confocal microscopies with valuable properties such as large transmission and no lateral light leaks. Prior to metal coating, tips are coated with a dielectric material, MgF2, that is refraction-index-matched to silica. It is shown that adjusting the MgF2 layer thickness allows us to control the tip aperture size in the diameter range from 70 to 500 nm. First, near-field fluorescence imaging of latex nanospheres with the smallest optical aperture tips confirms their ability to reach subwavelength optical resolution. In addition, thanks to their high transmission and collection efficiencies as well as their natural achromatism, it is proposed that the large optical aperture tips be advantageously substituted to high numerical aperture objectives in some confocal microscopes operating in constrained environments such as at low temperature. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2209950兴



I. INTRODUCTION



Near-field scanning optical microscopy 共NSOM兲 is a powerful tool for subwavelength resolution spectroscopy and imaging which combines at once the potentials of scanned probe techniques and the power of optical microscopy. The high spatial resolution of NSOM is defined largely by the aperture diameter of the optical fiber probe as well as the tip-sample distance. This technique allows us to probe optical phenomena into the sub-100 nm regime. After the first demonstration of NSOM in 1984,1 the technique has been successfully applied to various fields, such as detection of single fluorescence molecules or quantum dots,2,3 photopatterning of molecular films,4,5 and imaging of biological surfaces.6,7 Like in any scanning probe microscopy, the probe tip is a key element that determines the quality of measurements. The size and the shape of a NSOM probe have to be optimized according to the application. Since fiber probes of good quality are still expensive and restricted to a few standard types, versatile tip fabrication remains of great interest to scientists working in the area of near-field optics. Two main techniques have been used for the fabrication of tapered fibers: pulling under laser heating8 and chemical etching.9,10 The pulling technique has been quite well characterized and generally offers tips with small cone angles which yield low optical throughput.11 Fiber probes produced by chemical etching usually provide higher optical throughput due to larger cone angles and conservation of the fiber core up to the tip apex. a兲
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After production of the bare fiber tip, a subsequent metal 共Al, Au, Pt, etc.兲 coating is realized in order to obtain an entirely opaque film on the cone walls forming transmissive aperture at the apex. Chemically etched tips have proven to be difficult to coat in a reproducible way because their apex is very sharp. Shadow evaporation, which has been commonly used for pulled tips presenting a flat end at the apex, often leads to either complete or irregular light-leaking metal coating of chemically etched tips. Solutions to this problem can be subsequent focused ion beam 共FIB兲 milling12 or mechanical opening of fully coated tips.13 Here, we present an alternative reproducible method to circumvent the problem of the extreme sharpness of chemically etched tips and to control their optical size. Our goal is to make “bright” 共large transmission兲 optical tips with reproducible characteristics and potentially able to offer optical resolution in the sub-100 nm range. In order to adjust the optical size of the aperture, the tip is first covered with an adjustable layer of magnesium fluoride 共MgF2兲 prior to metal coating. MgF2 has been chosen because its refractive index is close to that of SiO2 which avoids an undesirable optical gap with the substrate fiber. It is shown that a broad range of aperture diameters can be covered with our method. The ability of the small optical aperture tips 共typical diameter in the order of 100 nm兲 to realize NSOM imaging is demonstrated. Although the main focus is NSOM tips with small aperture sizes, we show in addition that the large optical aperture tips 共aperture diameter in the order of 500 nm兲 have transmission and collection efficiencies both of the order of 10%. We propose that such tips, which are achromatic over a large spectral range in essence, be used in an excitationcollection confocal arrangement in substitution to high nu-
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merical aperture 共NA兲 microscope objectives. This should allow us to perform optical spectroscopy in various environments, such as low temperature, with a spatial resolution in the 500 nm range. Such a resolution often proves sufficient in many applications. II. TIP FABRICATION AND CHARACTERIZATION A. Tip etching and metallization



In our method, fibers are held in a fiber rack, in which a set of six fibers can be etched at the same time. The fiber rack is positioned at the center of a Teflon vessel 共diameter of 50 mm兲 containing the etching solution. A translational z stage controls the vertical position of the fibers. To minimize external air-flow perturbations of the fiber and etching solution, a large Plexiglas box is placed over the entire etching platform. Optical fiber tips are fabricated by tube etching10 of UV multimode optical fibers with a cladding diameter of 125 m and an inner core diameter of 10 m. This fiber has a pure silica core that provides a low parasitic autofluorescence 共see application in Ref. 14兲. Prior to etching, the fiber is partially stripped before its extremity in order to leave approximatively 7 mm of acrylate jacket at the end of the fiber. Each fiber is cleaned in acetone and in methanol to remove plastic residues. The fiber is then dipped with its acrylate jacket into 50 ml of aqueous 40% HF at room temperature with an organic protective layer 共polymedimethylsiloxane兲 on top of it. Consequently, the whole etching process takes place inside the hollow cylinder formed by the fiber protective layer.10 After 2 h, fibers are pulled out and dipped into de-ionized water for rinsing. This ensures that tips are not altered by residual etchant. After rinsing, the acrylate jacket is dissolved by successively dipping into toluene and acetone. With this etching technique, optical tips with a 16° ± 1° angle are achieved. After etching is completed, the fiber rack is placed inside the evaporator chamber on a rotating motor. To maintain fiber cleanliness, this step is done as soon as possible after etching. Our probe fabrication approach is described in Fig. 1共a兲. The motor axis is tilted at about 15° with respect to the horizontal. The probes are achieved by evaporation under vacuum 共10−6 mbar兲 of three successive coatings: 共i兲 a magnesium fluoride 共MgF2兲 layer adjustable in the range of 80– 300 nm, whose purpose is to blunt the tip apex to be able to apply the shadow-evaporation technique used for pulled fibers; 共ii兲 a 2 – 3 nm nickel-chromium layer favoring aluminum adhesion; and 共iii兲 an aluminum layer about 100 nm thick. As already mentioned, MgF2 has been chosen to minimize the optical gap with the underlying silica. The coating thicknesses are monitored with the help of a quartz crystal detector. Figure 1共b兲 shows a scanning electron microscopy 共SEM兲 image of one of the largest optical aperture fiber tips produced with the present method. It has an aperture diameter of the order of 500 nm. B. Tip characterization



NSOM probes are systematically characterized for light leakage and effective aperture size by measuring the far-field



FIG. 1. 共a兲 Description of the three successive coatings used to realize the NSOM probe: 共i兲 adjustable MgF2 layer 共60– 300 nm兲, 共ii兲 2 nm of Ni–Cr layer, and 共iii兲 aluminum layer of about 100 nm thickness. 共b兲 Scanning electron micrograph of a large aperture optical tip coated successively with 300 nm of MgF2, 2 – 3 nm of Ni–Cr, and 100 nm of Al. The MgF2 optical aperture, seen here as a central gray disk, has a diameter of about 500 nm.



angular intensity distribution I共兲, as depicted in Fig. 2. The geometry of the measurement is described in detail in Refs. 15 and 16. The NSOM tip is mounted in the center of a goniometer where a semiconducting photodetector diode scanned along a circular path 共radius ⬃5 cm and detector size 2 ⫻ 2 mm2兲. The detector optical path is free for  ranging between −160° and 160° where  = 0 corresponds to the detector placed along the tip axis. Light of the  = 633 nm HeNe laser line is launched into the optical fiber with an intensity of 100 W. No particular attention is paid to light polarization neither at the excitation nor at the detection. In addition to the emission profile, the tip transmission has also been systematically measured whereas the tip collection has been estimated for a few tips by focusing light 共 = 458 or 648 nm兲 on the tip apex with an objective lens 10⫻, 0.25 NA and measuring the transmitted light intensity at the other extremity of the fiber 共this provides us with a lower estimate for the collection ratio兲. For aperture sizes ranging between 70 and 500 nm, the optical transmission ranges from 10−4 to 10−1 which corresponds to an outcoming intensity through the aperture ranging from 0.01 to 10 W. Typically, a chemically etched tip with a 100 nm optical aperture has a transmission of 10−3 which is about two orders
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Aperture-size-controlled optical tips



FIG. 3. 共Color online兲 FWHM of the far-field angular intensity distribution I共兲 共left axis兲 as a function of the MgF2 coating thickness eMgF2. Experimental data are fitted by a linear curve 共red line兲. Scanning electron microscopy allows us to convert the angular FWHM to an aperture size 共right axis兲.



FIG. 2. Far-field angular intensity distribution I共兲 as a function of the MgF2 coating thickness. 共a兲 101, 共b兲 145, and 共c兲 291 nm. The full width at half maximum 共FWHM兲 of the angular distribution decreases when the MgF2 thickness increases 共see explanations in text兲.



of magnitude larger than a pulled fiber. Moreover, the chemically etched tips may be potentially used in collection mode with a collection ratio close to the transmission ratio. In fact, tips with a 450 nm optical aperture have a transmission coefficient of 20% and a collection estimated efficiency up to 10%. Such tips could replace microscope objectives in lowtemperature photoluminescence applications.17 We will come back to this point at the end of the article. The morphology of our tips can be observed by SEM, as shown in Fig. 1. Moreover, the aperture size could be measured this way for a selection of a few tips with a resolution of the order of 10 nm. It is worth noting that the goniometric characterization itself provides us with a quality test since light-leaking tips show irregular emission profiles in contrast with well-defined nonleaking tips. Only “good” tips with respect to this criterion are discussed here. We found that the reproducibility of the whole process is about 60%–70%. This means that among six fibers placed on the fiber rack one may obtain four useful tips for subsequent optical experiments. C. Results and discussion



The experiment shows that the angular far-field intensity transmitted through a coated tip depends on the MgF2 coating thickness eMgF2. In Fig. 2, far-field angular intensity distributions I共兲 are shown for three MgF2 coating thicknesses: 100, 145, and 290 nm. It appears that the full width at half maximum 共FWHM兲 of I共兲 decreases when the MgF2 thickness increases. This agrees with previous reports15,16 that I共兲 depends sensitively on the aperture size for subwavelength diffracting circular apertures, with smaller apertures exhibit-



ing broader emission. Consequently, it is possible to adjust the diameter 2a by controlling the MgF2 thickness eMgF2. In Fig. 3, the FWHM measurements are plotted as a function of eMgF2 ranging from 80 to 300 nm. It can be clearly seen that the FWHM decreases when eMgF2 increases. These data are fitted by a linear curve, FWHM共°兲 = 143 ° − 0.30eMgF2共nm兲.



共1兲



The eMgF2 layer acts on the curvature radius of the tip apex. Therefore, the MgF2 thickness determines the size 共2a兲 of the aperture tip. SEM measurements performed on a tidy number of tips allow us to find a relation linking 2a and eMgF2, which reads 2a共nm兲 = − 64 + 1.7eMgF2共nm兲,



共2兲



where eMgF2 ranges from 80 to 300 nm. By combining Eqs. 共1兲 and 共2兲, we obtain the size of the aperture tip as a function of FWHM, which is 2a共nm兲 = 739 − 5.6FWHM共°兲.



共3兲



This empirical relation is in good agreement with the results presented in Ref. 15. Strictly speaking, the emission profile measurements should be done with polarized light to allow for quantitative conclusions. This is because S and P polarizations lead to different profiles especially for thin tips with apertures below 100 nm which exhibit a large P-polarized backward emission.15,16 However, for tips with apertures of the order of 150 nm or above, differences between S and P polarizations are less sensitive. We believe that the larger scattering in the data of Fig. 3 for thin tips can partly be explained by the absence of control of light polarization. III. NSOM IMAGING



To demonstrate the ability of our tips to achieve subwavelength resolution, we have realized fluorescence imaging of doped latex nanospheres with a homemade transmission NSOM built on top of an inverted fluorescence microscope. The tuning fork based shear-force distance regu-
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FIG. 4. 共Color online兲 共a兲 Far-field angular intensity distribution I共兲 achieved with a MgF2 layer of 190 nm. 共b兲 A fluorescence image of nanobeads taken with the NSOM tip of angular profile shown in 共a兲. 100 W of the 458 nm line of a cw argon-krypton laser are coupled into the optical tip 共transmission of 10−2兲. The scanning area is 5 ⫻ 5 m2 and the integration time is 10 ms/pixel. 共c兲 A cross section through the fluorescent spot marked by a dotted line in 共b兲.



fluorescence lobes in contrast with previous measurements.19,20 This is possibly because the aperture is too large compared with the nanosphere and because light at the apex is poorly polarized due to its propagation in the multimode fiber and to the irregular aperture shape. Nevertheless, a cross section through the fluorescent spot marked by a dotted line in Fig. 4共b兲 gives a FWHM of about 280 nm which is in good agreement with the optical size deduced from Eq. 共3兲. This indicates a spatial resolution in this range. In summary, a simple method has been developed to control the aperture size of chemically etched optical tips that is able to circumvent the difficulty of metal coating of regular etched fiber tips. The etched tips are first coated with a dielectric material—MgF2—to blunt their apex. As a consequence, tips treated this way have a large optical throughput and basically no side light leaks. First, NSOM imaging of nanometer-sized fluorescent nanospheres confirms the ability of the thinner tips to offer subwavelength optical resolution. We believe that optimization of the whole process proposed in this article should be able to push down this resolution in the sub-50 nm range. Moreover, the collection and transmission efficiencies of the larger aperture 共diameter of 500 nm兲 tips are both in excess of 10%. We suggest that theses tips can be used in the illumination-collection mode in place of the high-NA microscope objectives used in some confocal microscopy setups, particularly in constrained environments 共low temperature, high magnetic field, etc.兲 where objectives are not so easy to implement and can possibly cause problems with achromatism.17 Because the field depth is of the order of the aperture size here, i.e., in the few hundred nano meter range, a simple open-loop positioning control could be used to ensure a submicrometer distance between lens and sample to take advantage of the highspatial resolution—in the tip aperture range—offered by such an achromatic focusing fiber. D. W. Pohl and W. D. M. Lanz, Appl. Phys. Lett. 44, 651 共1984兲. H. G. Frey, S. Witt, K. Felderer, and R. Guckenberger, Phys. Rev. Lett. 93, 200801 共2004兲. 3 K. Matsuda, T. Saiki, S. Nomura, M. Mihara, Y. Aoyagi, S. V. Nair, and T. Takagahara, Phys. Rev. Lett. 91, 177401 共2003兲. 4 R. Riehn, A. Charas, J. Morgado, and F. Caciallia, Appl. Phys. Lett. 82, 526 共2003兲. 5 G. Wysocki, J. Heitz, and D. Bauerleb, Appl. Phys. Lett. 84, 2025 共2004兲. 6 F. de Lange, A. Cambi, R. Huijbens, B. de Bakker, W. Rensen, M. GarciaParajo, N. van Hulst, and C. G. Figdor, J. Cell. Sci. 114, 4153 共2001兲. 7 L. K. Kapkiai, D. Moore-Nichols, J. Carnell, and J. R. Krogmeier, Appl. Phys. Lett. 84, 3750 共2004兲. 8 E. Betzig, J. Trautmann, H. Harris, J. Weiner, and R. Kostelak, Science 251, 1468 共1991兲. 9 P. Lambelet, A. Sayah, M. Pfeffer, C. Philipona, and F. Marquis-Weible, Appl. Opt. 37, 7289 共1998兲. 10 R. Stöckle, C. Fokas, V. Deckert, R. Zenobia, B. Sick, B. Hecht, and U. Wild, Appl. Phys. Lett. 75, 160 共1999兲. 11 G. A. Valaskovic, M. Holton, and G. H. Morrison, Appl. Opt. 34, 1215 共1995兲. 12 J. A. Veerman, A. M. Otter, L. Kuipers, and N. van Hulst, Appl. Phys. Lett. 72, 3115 共1998兲. 13 K. Matsuda, K. Ikeda, T. Saikic, H. Saito, and K. Nishi, Appl. Phys. Lett. 83, 2250 共2003兲. 14 N. Chevalier, M. J. Nasse, J. C. Woehl, P. Reiss, J. Bleuse, F. Chandezon, and S. Huant, Nanotechnology 16, 613 共2005兲. 15 C. Obermüller and K. Karrai, Appl. Phys. Lett. 67, 3408 共1995兲. 1 2



lation is used to maintain a constant tip-sample distance of about 10– 20 nm.18 The 458 nm line of an argon-krypton ion laser is coupled into the fiber probe via a standard fiber coupler. The fluorescence signal is collected through an objective lens 60⫻, 0.95 NA. A high quality interference bandpass filter 545 nm 共±45 nm兲 and a dichroic mirror are placed in the optical detection path in the microscope to improve the detection of the fluorescence. An avalanche photodiode in counting mode is used as detector. A basic aqueous solution 共pH 10–11兲 containing carboxylate-modified, yellow-green fluorescent nanospheres 共Molecular Probes兲 with diameters of 27 nm± 5% have been used. The sample is realized by first dropping of a small droplet 共⬃10– 20 ml兲 of this solution onto a glass slide surface and then letting it dry under primary vacuum. The used tip has a far-field angular intensity distribution plotted in Fig. 4共a兲. A MgF2 layer of 185 nm has been coated during fabrication. A FWHM of 83.6° is achieved which is in good agreement with Eq. 共1兲. According to Eq. 共3兲, an aperture of 270 nm is expected. In Fig. 4共b兲, the fluorescence image shows a bright circular spot which does not present
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