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Interference scanning optical probe microscopy W. S. Bacsa and A. Kulik Department of Physics, IGA, EPFL, Swiss Federal Institute of Technology, CH-1015 Lausanne, Switzerland



~Received 17 January 1997; accepted for publication 28 April 1997! We describe an optical scanning probe technique ~Interference Scanning Optical Probe Microscopy! with enhanced resolution possibilities not limited by the aperture size of the optical probe. This is realized using a substrate in the form of a microcavity and probe collection mode in reflection geometry. The microcavity consisting of an opaque and a transparent layer, is used to shift the phase of the wave scattered from the adsorbate with respect to the incident and reflected beams. Using this technique silver island films have been detected with resolution better than 40 nm with a nominal probe aperture size of 100 nm. © 1997 American Institute of Physics. @S0003-6951~97!04526-9# Spectroscopic and magneto-optical nanoscale imaging are of major interest in molecular sciences, optical memory applications and industrial thin film processing. Optical scanning probe techniques with sub-wavelength optical probes, referred to as near-field optical techniques, have been used to image surfaces beyond the diffraction limit.1–9 But aperture size, probe or sample vibration, short-ranged mechanical probe-substrate interaction and transmission geometry are factors which limit the application range of these techniques. In order to scan an optical probe near a surface to obtain a high lateral resolution, a probe-substrate interaction field is needed to control the movement of the probe in the surface proximity. When a monochromatic light beam strikes a surface, there is a region where the incident and the reflected beams overlap. This superposition of the incident and reflected beams gives rise to a standing wave which is oriented parallel to the surface.10 The standing wave can be used to control an optical probe at variable distances from the surface11 and makes a controlled approach of the probe from macroscopic distances possible. The oscillating field distribution of the standing wave has a minimum at the surface due the large phase shift of the reflected light. Standing waves are therefore not particularly surface sensitive. But this handicap can be overcome by using a substrate consisting of one opaque and one transparent layer. The thickness of the transparent layer is adjusted to the optical pathlength of l/4 ~where l: wavelength of the incident beam! due to which a maximum of the standing wave falls on the surface of the substrate. The scattered wave from the adsorbate is phase shifted by l/4 with respect to the incident and reflected beams and makes the standing wave highly sensitive to ultrathin adsorbate layers. The transparent layer with the two interfaces represents a microcavity where the two interface reflectivities strongly influence the standing wave. The calculated electric field intensities using the standard matrix formalism for multiple-beam interference in multilayers12,13 are shown in Fig. 1~a! which shows the electric field intensity distribution for a Si/SiO2 substrate and the same substrate with 1 monolayer of Al ~0.4 nm! adsorbate layer. For l5514 nm and normal incidence, the standing wave is shifted by 21 nm which is 40 times larger than the thickness of the adsorbate layer even with just one monolayer of Al. This sensitivity to adsorbate layers enhances considerably the resolution in the direction perpendicular to the surface. Since the scattered wave from a single adsorbate Appl. Phys. Lett. 70 (26), 30 June 1997



has a component of a similar size in the lateral direction, a disturbance of the standing wave in the perpendicular direction implies a corresponding lateral disturbance and enhanced lateral resolution. The sensitivity of the standing wave to adsorbates can be qualitatively explained by noting that the presence of the adsorbate changes the local reflectivity and the scattered wave from the adsorbate is phase shifted by l/4. This has the consequence that the scattered wave from the adsorbate is out of phase with the wave reflected at the opaque substrate. The interference of the two waves is strongly influenced by the phase shift and as a result the amplitude of the standing wave is changed. The final resolution will depend on the capability to detect the intensity differences between neighboring locations which is ultimately determined by the sensitivity of the detector. Although the calculation used to obtain the local field distribution shown in Fig. 1~a! assumes perfect interfaces and monolayer geometry, it demonstrates that standing



FIG. 1. ~a! Calculated electric field distribution in the direction perpendicular to the surface for a substrate consisting of crystalline Si and a SiO2 layer ~line 1! and the same substrate with one monolayer of Al ~line 2!. Normal angle of incidence, n Si54.22– 0.060i, n SiO251.46, n Al50.83– 6.28i. ~b! Recorded optical signal in direction perpendicular to the surface in the zone of the overlapping beams.
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FIG. 2. Schematic of the geometry of the experimental setup ~a!: incident ~1! and reflected ~2! light beam, substrate consisting of one opaque ~3! and one transparent layer ~4!, adsorbed film ~5!, optical probe ~6! with the tip in the region of the overlapping beams. The standing wave ~7! is detected by penetration of optical fields on the edge of the optical probe ~8!. A part of the reflected beam falls on the aperture of the probe ~b!. Angle of incidence ( a 550°) and rotation angle of plane of incidence ( b 560°) with respect to the scan direction are shown in ~c!.



waves can be made highly sensitive to adsorbates. A more realistic layer morphology can be taken into account by using the effective medium approximation of Bruggeman14 which is routinely used in spectroscopic ellipsometry to describe multilayer and interface morphology at subnanometer scale.15 To demonstrate the technique, we have performed measurements where a conventional scanning force microscope ~Park Scientific, Inc.! has been modified so as to replace the force probe by an optical probe ~Al coated tapered optical fiber, aperture size 100 nm, Nanonics Inc.! and the probe region has been illuminated by a 15 mW He-Ne laser. Figure 2~a! shows schematically the incident and the reflected light beams, the substrate consisting of a reflecting and transparent layer and the optical probe in the region of the overlapping beams. Figure 2~b! shows that part of the reflected beam falls on the aperture. The transmitted light from the probe is detected by a photomultiplier which is protected from over exposure by a control circuit. The standing wave is detected through the penetration of the optical fields at the edge of the aperture. The incident light wave is diffracted on the edge of the probe and interferes with the reflected wave resulting in a standing wave. The intensity of the scattered light from the edge of the probe depends upon the local intensity of the standing wave. A fraction of the scattered light is transmitted to the probe from where it is guided to the detector. Thus, the changes in the standing wave can be monitored. Figure 1~b! shows the detected optical signal in a direction perpendicular to the surface. The high contrast fringes are due to the standing waves oriented parallel to the surface.11 Irregularities in 3508



Appl. Phys. Lett., Vol. 70, No. 26, 30 June 1997



FIG. 3. ~a! ISOM image of Ag islands on a Si substrate with a 1.5-nm-thick oxide layer and ~b! the same island film with 65-nm-thick oxide layer. Noncontact mode SFM image of the Ag film ~inset, same scale!.



the fringe intensity are attributed to nonuniform scattering from the surface due to adsorbates. A silver island film has been prepared by evaporation ~nominal thickness: 3.5 nm! onto two Si substrates with one thin ~1.5 nm! and the other with a thick SiO2 layer ~65 nm!. By changing the thickness of the SiO2 layer it becomes possible to monitor the contrast enhancement due to the phase change from the adsorbate scattered wave. Figure 3 shows two optical images of the silver island films on the two substrates with a 1.5 nm and 65-nm-thick SiO2 layer using an optical probe with an aperture of 100 nm. While the image with the thinner transparent layer @3~a!# shows nearly no contrast, that from the thicker SiO2 layer @3~b!# shows a fairly strong contrast from the deposited island film. No feedback signal has been used for the images shown in Fig. 3~a! and Fig. 3~b!. The optical probe has been adjusted close to the surface (,100 nm) by using an optical microscope. While scanning in the lateral direction, the distance of the probe to the surface has been reduced successfully always making sure that no traces in the image were visible ~which would have been the case if the probe had contacted the surface!. From the estimated tilt of the scanning plane with respect to the sample surface we are able to approach the surface down to 5–10 nm. The inset in Fig. 3~a! shows the same substrate imaged with a scanning force microscope ~noncontact mode! for comparison. The SFM image shows probe induced artifacts. From Fig. 3~b! it is possible to estimate a resolution greater than 40 nm for ISOM which is smaller then the aperture size of the optical probe ~100 nm!. We assume that the surface plasmon resonance of Ag at 520 nm is not of importance in the observation of the Ag island film using a light beam at 632 nm. W. S. Bacsa and A. Kulik



Although the image contrast depends on the optical constants of the adsorbate, the principle of ISOM does not depend on a particular wavelength or material. Due to the insertion of the probe in the zone of the overlapping beams a shadow is formed. The incident beam penetrates at the edge of the probe and makes it possible to detect the standing wave. It is therefore concluded that the resolution for ISOM depends more importantly on the optical properties of the probe edge, rather than on the aperture size. Part of the reflected beam falls on the aperture and gives rise to a constant background signal which decreases as the probe comes closer to the surface. This contribution to the signal which depends on the angle of incident beam and aperture size can be used as a distance indicator to control the probe in the proximity of the surface. It is also possible to use the standing wave itself to control the optical probe in the proximity of the substrate. The oscillating field distribution perpendicular to the substrate of the standing wave can be used to approach the probe from macroscopic distances to the surface. Alternatively, use of a second standing wave through a second beam with a different wavelength or a different angle of incidence gives the possibility to take the phase shift between the two standing waves as absolute substrate distance indicator. In holography, a reference beam intersects the reflected beam giving rise to an interference or standing wave pattern.16 A photo-sensitive material placed in this region will change its optical properties according to the light intensity and will become a hologram. A standing wave pattern can also be thus observed with a sufficiently small optical probe.3,6 Due to the fact that the interference of incident and subject wave is equivalent to the interference of the reference beam with the object beam, the standing wave pattern near a surface represents also a hologram. The recording of the standing waves can be classified as a reflection Fresnel hologram due to the parallel orientation of the interference fringes with respect to the surface and the small object-image distance.16 The fact that the optical probe is scanned at smaller distances than the wavelength of light does not change the intrinsic holographic nature of the recorded image. However, one has to keep in mind that diffraction effects decrease and probe induced artifacts increase with smaller substrate-probe distances. It is the small substrateprobe distance that makes the holographic image resemble the real image closely @Fig. 3~b!# and the small size of optical aperture makes the resolution larger than in conventional holography.
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ISOM has several important advantages over other nearfield optical techniques.17 The sensitivity of the standing wave to adsorbates on the surface of the substrate in the form of a microcavity results in an intrinsic enhanced image contrast and lateral resolution. The image resolution is limited by the penetration of optical fields in the probe in the direction of the incident beam and not by the size of the aperture. The reflection geometry and the absence of probe and sample modulation simplifies experimental implementation. The collection mode reduces overheating of the optical probe and the optically controlled and larger probe-substrate distance reduces the influence of the probe on the image and prevents mechanical damage to the probe or adsorbate layer. The chosen geometry is such that the recorded image represents a hologram which opens new possibilities to image adsorbates. One of the authors ~W.S.B.! is particularly thankful to Professor L. Zuppiroli for his support of this work. The authors would like to thank M. Schaer and E. Dupas for technical support and Professor W. Benoit for his encouragement. They would also like to acknowledge the support of Professor A. Chaˆtelain, R. R. Bacsa, N. Burnham, R.-J. Gallo, and F. Oulevey.
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