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Abstract

:

Thickness characterization of thin films is of primary importance in a variety of nanotechnology applications, either in the semiconductor industry, quality control in nanofabrication processes or engineering of nanoelectromechanical systems (NEMS) because small thickness variability can strongly compromise the device performance. Here, we present an alternative optical method in bright field mode called Spatially Multiplexed Micro-Spectrophotometry that allows rapid and non-destructive characterization of thin films over areas of mm2 and with 1 μm of lateral resolution. We demonstrate an accuracy of 0.1% in the thickness characterization through measurements performed on four microcantilevers that expand an area of 1.8 mm2 in one minute of analysis time. The measured thickness variation in the range of few tens of nm translates into a mechanical variability that produces an error of up to 2% in the response of the studied devices when they are used to measure surface stress variations.
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1. Introduction


The knowledge of the thickness of a thin film is of primary importance in a large variety of application fields ranging from fabrication of integrated circuits in the semiconductor industry [1], engineering of optical coatings [2], optimization of thin-film batteries [3], photovoltaic cells [4] and the quality control of nanofabrication processes [5].



Optical techniques, such as imaging ellipsometry [6,7,8], white light interferometry [9,10,11,12,13,14,15,16] and micro-spectrophotometry [17,18,19,20,21,22] are widely used experimental methods for thin film thickness characterization. These are nondestructive methods, they do not require any previous sample preparation and can easily achieve spatial lateral resolution in the micrometer range. Imaging ellipsometry is a versatile technique for the non-destructive optical characterization of thin films [6,7,8]. However, in this technique, a motorized focusing system is needed because measurements need to be performed at varying observation angles [8]; this experimental requirement increases the measurement time and adds complexity to the entire equipment. White light interferometry has been implemented during the last decades for the simultaneous measurement of both surface topography and film thickness [9,10,11,12,13,14,15,16,23]. Despite its excellent vertical resolution, the complex mixture of overlapped interference signals make it challenging to decouple the film thickness and top surface topography from the measurements [10,11]. Micro-spectrophotometry is a well-known technique for the thickness characterization of a sample surface with high spatial resolution [19]. In these instruments, a white light beam is tightly focused onto the sample surface through a microscope objective and the reflected or transmitted light coming from the sample is collected and coupled to the entrance aperture of an optical spectrometer. One of the drawbacks of a standard micro-spectrophotometers is the fact that measurements can be performed only onto a specific and small area of few µm2, so the spatial thickness mapping on extended areas requires the movement of the sample with a control stage, which is usually tedious, costly and time-consuming [19,20]. For a fixed spatial resolution, the time measurement scales quadratically with the sample size to be detected, thus limiting the use of this technique as an efficient characterization and quality control tool in science and industry.



In this work, we overcome the cited drawback of standard micro-spectrophotometry by using a novel optical technique, called Spatially Multiplexed Micro-Spectrophotometry (SMMS), which is able to perform fast thickness characterization of millimeter size samples with lateral spatial resolution of 1 μm. The SMMS technique represents a very general method for the characterization of thin films with low and moderate optical absorption. SMMS in bright field mode is presented here and applied to determine the thickness of an entire array of commercial silicon microcantilevers with a total measurement area of 3.6 mm2, and a lateral resolution of 1 µm and 1 nm vertical resolution, keeping measurement time down to 2 min. The present technique now makes it possible to observe small thickness inhomogeneities and structural defects over large devices in the mm range, thus representing a useful tool in nanotechnology for the assessment of the mechanical variability of a device due to the nanofabrication process.




2. Experimental Details


2.1. Spatially Multiplexed Micro-Spectrophotometry (SMMS) in Bright Field Mode


The spectral characterization of the reflected light by a sample needs the acquisition of a tridimensional data set known in literature as a spectral cube; the first two coordinates X and Y of the spectral cube correspond to the sample surface while the third coordinate λ represents the light wavelength. In standard micro-spectrophotometers, the spectral analysis of a single point on the sample surface is acquired in a one-shot measurement, while the spatial mapping is performed by sequentially scanning point-by-point the sample surface. Micro-spectrophotometers are thus parallel in the spectral coordinate λ and sequential in the spatial coordinates X and Y. The SMMS technique described here performs one shot measurement of the reflected light coming from an extended sample area at each fixed wavelength, and sweeps sequentially over the desired range of wavelengths. Thus, as shown in the schematic drawing of Figure 1, the SMMS technique is parallel in the spatial coordinates (X,Y), whereas it is sequential in the spectral analysis (λ).



A practical realization of the SMMS instrument in reflection mode configuration is shown in Figure 1. The white light coming from a Xenon lamp (LM, PowerArc™, Optical Build Blocks, Edison, NJ, USA) is directed to a motorized monochromator (MC, OB-2000, Optical Build Blocks, Edison, NJ, USA) that disperses the light into its constituent wavelengths. A narrow band of the dispersed spectrum passing from the exit slit of the monochromator is directed to a collimating adapter (CL, LLG5A5-A, Thorlabs, Newton, NJ, USA) through a liquid light guide (LG, LLG0538-6, Thorlabs, Newton, NJ, USA). Thus, monochromatic and collimated light is coupled to a microscope epi-illuminator (EI, LV-UEPI, Nikon, Tokyo, Japan) and focused on the sample (SM) by means of a beam splitter (BS, Nikon) and a bright-field objective (OB, LU Plan Fluor, Nikon, Tokyo, Japan). A high resolution Peltier-cooled color charge-coupled device (CCD) camera (CM, DS-Ri1, Nikon, Tokyo, Japan) placed at the image plane of the experimental setup collects, for each illumination wavelength, λ, the reflected light coming from an extended sample surface. In order to avoid the overlapping of the second-order diffraction of light coming from the monochromator, a long-wave pass optical filter (FL, GG475, Microbeam, Barcelona, Spain) was placed along the illumination arm of the experimental setup. The use of an adjustable diaphragm placed inside the epi-illuminator allows tuning the numerical aperture of the light illumination from zero to a maximum angle defined by the numerical aperture of the objective used. The monochromator light wavelength is routinely calibrated by using a high quality band-pass filter (FL 05632.8-1, Thorlabs, Newton, NJ, USA, center wavelength λ = 632.8 ± 0.2 nm) that ensures a control of the light wavelength with an uncertainty of 0.2 nm. In order to eliminate the wavelength-dependence of the SMMS system response and the spatial inhomogeneity of the lamp illumination, raw data need to be normalized with the reflectivity spectra of a reference material; more technical details about raw data normalization can be found in Appendix A. The described SMMS instrument can also be employed as a standard optical microscope by making use of the zero-order diffraction of the monochromator grating.



The SMMS technique is presented in this work in bright-field mode, but it can also be implemented in dark-field mode, as long as the appropriate optical components are used; more technical details about the SMMS technique in dark-field mode can be found elsewhere [24]. The measurement of large sample areas using the SMMS technique (typical range from several hundreds of µm2 up to few cm2, depending on the optical objective and CCD camera used) is much faster than standard micro-spectrophotometric techniques, as the use of control stages for the movement of the sample is no longer required. Moreover, the absence of an optical fiber along the detection arm, a common element in standard micro-spectrophotometers, ensures better robustness and easier maintenance of the SMMS instrument. In the following, we demonstrate the capability of the SMMS technique in bright field mode for thin film characterization.




2.2. Bright Field Spectral Analysis of Commercial Cantilevers


Standard microcantilevers are excellent candidates to test the capability of the SMMS technique for thin film thickness characterization. Cantilevers, broadly used both in atomic force microscopy and in cantilever sensing applications [25,26], are usually fabricated by standard microlithography technologies. Thickness inhomogeneity in the suspended structures can compromise the performance of the fabricated devices [27,28]. Moreover, the industrial quality control of nanofabrication processes requires of a high throughput technique because large volume inspections are needed and a high spatial resolution is indispensable as the size under inspection reduces with ever-increased package density.



Commercial silicon cantilevers 500 µm long, 100 µm wide and 1 µm thick (CLA-500-010-08, Concentris GmbH, Basel, Switzerland) were chosen for the experimental characterization. The array of cantilevers is comprised of eight cantilevers connected to the chip through a 6 µm thick pre-clamping region, as shown in the scanning electron microscope (SEM) images of Figure 2a,b (inset green box). Bright spectral analysis, performed in the visible spectral range from 538 nm to 700 nm with steps of 1 nm, was achieved by using a 10X objective (LU Plan Fluor, Nikon, Tokyo, Japan), that ensures both a large detection area (≃1.2 mm × 1.5 mm) and a high spatial resolution of ~1 µm. In these experimental conditions, four cantilevers were measured simultaneously in just one minute. The wavelength dependent response of the SMMS apparatus was eliminated by normalizing the cantilever reflectivity with the reflectivity spectra of a bare silicon substrate. The following analysis will only refer to the normalized reflectivity Rnorm. In order to simplify the data analysis, reflectivity measurements have been performed by illuminating the sample surface at normal incidence angle. This condition was experimentally attained by shrinking the aperture of the adjustable diaphragm to reach a numerical aperture of the illumination light below 0.05.





3. Results and Discussion


Bright-field images of a cantilever, with nominal thickness of 1 µm, and its pre-clamping, with nominal thickness of 6 µm, obtained at different wavelengths λ of the visible spectrum are shown in Figure 2b (blue box). The cantilever shows notable differences in reflectivity depending on the selected wavelength λ with multiple maxima (564 nm, 589 nm, 620 nm, 660 nm) and minima (578 nm, 607 nm, 642 nm) in the visible spectral range. This reflectivity modulation, known as Fabry-Perot interference, occurs because light can efficiently bounce multiple times between the opposite sides of a thin microcantilever [29,30,31]. At certain wavelengths, reflectivity is enhanced because these multiple reflections inside the microstructure generate constructive interference. Conversely, the reflectivity is suppressed for other wavelengths by destructive interference. At the pre-clamping region, this reflectivity modulation is negligible due to the absorption of silicon in the visible spectral range that avoids multiple reflections inside a thicker structure (6 μm).



The color contour map of Figure 3b shows the wavelength-dependence of the normalized reflectivity measured along the cantilever longitudinal position (along the white dashed line drawn in Figure 3a). Each point measured along the cantilever exhibits a reflectivity modulation induced by Fabry–Perot interference. However, as highlighted by the vertical dashed lines of Figure 3b, the spectral positions of minima and maxima of reflectivity depend considerably on the position along the cantilever. This feature is more evident in Figure 3c, where the normalized reflectivity at three different cantilever positions is presented: near the clamping (point 1, magenta), at the middle (point 2, green) and close to the cantilever free end (point 3, red). The spectral shifts between the three reflectivity curves occur due to small cantilever thickness variations produced during the micro-fabrication process.



3.1. Cantilever Thickness Mapping


The thickness   d   at each point on the cantilever surface was therefore calculated by fitting the experimental data with the following analytical expression [32]:


    R  norm   =  |    (     α +     α −     )  2   |   |    (     α +   α −   (   e    4 i π d  n c   λ    − 1  )     α + 2  −  α − 2   e    4 i π d  n c   λ       )  2   |    



(1)




where     α ±  = ± 1 +  n c    ,   i   is the imaginary unit and     n c  = n + i κ    is the cantilever complex refractive index, where   n   is the refractive index and   κ   the extinction coefficient. Equation (1) is valid for a light beam with normal incidence angle, and it has been obtained by combining the Fresnel equations with the transfer matrix technique [32]. The cantilever thickness represents the only free parameter in the fitting, as the optical properties of the cantilever material are known. The dispersive behaviour of silicon and its optical properties have been considered according to Vuye et al. [33].



The thickness mapping of an entire array of eight cantilevers is shown in Figure 4; the cantilever nominal thickness provided by the manufacturer is 1000 nm and the colour bar scales represent the measured cantilevers thickness in nanometers. The thickness mapping of each cantilever was obtained from around 50,000 non-linear fittings with a goodness of fit [34] always higher than 0.99. The SMMS technique is able to distinguish thickness variations of 0.1%; this accuracy is given by the spectral accuracy of our experimental setup and the goodness of the fitting procedure, and it does not depend neither on the thickness nor the material that we have to analyse. As in our experiments, we characterized a 1 μm thick layer; here, the absolute thickness accuracy is about 1 nm. Thickness maps reveal significant discrepancies between different cantilevers placed in the same array. For example, cantilevers 3 and 4 present good thickness homogeneity, with a root mean square (RMS) thickness variation of about 1 nm along all the microstructure. In turn, cantilevers 2 and 7 show higher thickness heterogeneity, with a RMS thickness variation of 3.5 nm. It is noteworthy that the fabrication process produces cantilevers that are thicker in the vicinity of the clamping region, getting thinner near the free end.



Thickness characterization presented here was therefore confirmed also with SEM inspections by measuring the thickness on the edge of the cantilevers. Moreover, in analogy to the SMMS analysis presented above, SEM analysis also confirmed the presence of small structural defects on both top and bottom cantilever surfaces.



The high spatial resolution combined with the large detection area of the SMMS technique allows quick and precise inspection of micro-fabrication defects in the entire array of cantilevers. Remarkably, by using an optical objective with low numerical aperture, a 10 μm spatially-resolved spectral analysis of a full one-inch wafer can be performed in just two minutes.



The SMMS technique is a general method for the characterization of a large variety of thin films; the only requirement is that the material optical properties allow multiple reflections inside the thin film. Moreover, the sample surface roughness is not critical in the SMMS technique because scattered light due to surface roughness is still orders of magnitude lower than light reflected in the specular direction.



In a recent work, Salmon and co-workers [19] presented the thickness characterization of cantilevers using a standard micro-spectrophotometer. They reported a spatial resolution of 15 µm and a measurement time of 30 min for the characterization of one cantilever with the same planar dimensions as the ones used in this work. The spatial variation in thickness mapped by the SMMS technique presented here provides higher spatial resolution (1 µm), and the measurement of four cantilevers took only one minute. Moreover, although micro-fabrication defects can be easily observed in a routine inspection with a scanning electron microscope, even a qualitative inspection is time-consuming, in some cases destructive, and a quantitative analysis of microstructures is generally complex to perform [19,35].




3.2. Effect of Thickness Variability on Microcantilever Mechanical Properties


As seen from Figure 4, the thickness of suspended micromechanical devices can show inhomogeneities, even for devices fabricated very close on the same array. The defects could be due to the etching steps, as they are more pronounced close to the clamping regions. As most of the mechanical parameters of a resonator strongly depend on its thickness, it represents the most important geometrical factor in mechanical variability. The error produced by thickness inhomogeneity can play a relevant role in a large variety of applications, such as calibration of cantilever spring constant in single molecule force-spectroscopy and scanning-probe microscopy or mass and surface stress sensitivities in cantilever sensing applications [25,36,37,38]. A common strategy in nanomechanical sensors is the use of a reference cantilever placed in the same array to eliminate common noise and drift signals from non-specific interactions, variations in temperature, analyte medium refractive index, pressure, etc. [39,40,41]. This approach assumes that the reference and sensor cantilevers have the same mechanical responsivity. Although the effect of the thickness inhomogeneity has been commonly disregarded in literature, it can produce appreciable mechanical variability between cantilevers placed in the same array, and, for this reason, thickness variability needs to be considered to avoid misinterpretation of results.



The accurate thickness mapping performed with the SMMS technique allows for calculating the variations in mechanical responsivity produced by the thickness inhomogeneity; the mechanical responsivity can be easily observed with a nanomechanical detection setup, as the beam deflection method, that is able to characterize the dynamical properties of a vibrating mechanical structure [42,43,44,45]. For each cantilever shown in Figure 4, we analyse: (i) the mass sensitivity     S  mass   = Δ f / Δ m   , defined as the cantilever frequency shift    Δ f    per unit of mass    Δ m    added onto the cantilever and and (ii) the surface stress sensitivity     S  stress   = Δ z / Δ σ   , defined as the displacement of the cantilever free end    Δ z    per unit of uniform and isotropic differential surface stress    Δ σ    exerted on the cantilever surface. In order to take into account the cantilever thickness irregularities on both mass and surface stress sensitivities, numerical analysis is needed.



Finite element analysis, performed on cantilevers with the thickness inhomogeneity shown in Figure 4, gives an average mass and surface stress sensitivity of 24 Hz/ng and 3.2 nm/(mN/m), respectively; more technical details about the numerical analysis can be found in Appendix B. The percentage deviation of the cantilever mass and surface stress sensitivities compared to their average values are shown in Figure 5 for each cantilever of the array under study; numerical calculations show a deviation in mass and surface–stress sensitivity between cantilevers within the same array of up to 1% and 2%, respectively.



The differences in the mechanical properties between cantilevers of the same array will be examined in a hypothetical sensing experiment: the deformation induced by the immobilization of a densely packed single-strand DNA layer exerting 150 mN/m of surface stress on the top cantilever surface. The deflection differences between cantilevers of the same array can reach up to 10 nm. This difference in sensitivity must be taken into account when comparing the responses between the reference and sensor cantilevers, because its magnitude is of the same order of other noise sources commonly taken into account in a biosensing experiment [26]. For example, the absorption of a DNA monolayer on similar microcantilevers coated with the complementary strand produces a bending only 6 nm larger than that on microcantilevers carrying the negative control sequence [42]. Up to now, the follow up of these small signals has demanded the prior calibration of the microcantilevers by application of heat pulses to choose microcantilevers of similar mechanical responsivity as reference [43]. The experimental characterization presented here will allow the calibration of the devices immediately after the fabrication process, so the expected responsivity could be predicted and the cited experimental calibration avoided.



Furthermore, assessing the mechanical variability becomes even more important when using large cantilever arrays [44] and in statistical analysis of measurements for cantilever biosensing [45]. Depending on the fabrication process and mainly on the quality of the silicon on insulator (SOI) wafers used for the cantilever fabrication, the thickness inhomogeneity can be much higher and the differences in responsivity between cantilevers from different arrays or from different wafers can increase dramatically [19].





4. Conclusions


In this work, we demonstrated the fast thickness characterization of thin suspended films by using a novel optical technique, called Spatially Multiplexed Micro-Spectrophotometry (SMMS) in bright field mode. The great advantage compared to standard micro-spectrophotometry is that the spectral analysis of a large sample area is performed in a parallel way, thus ensuring at least two orders of magnitude shorter analysis time than state-of-the-art micro-spectrophotometers. We demonstrate the capability of the SMMS technique by mapping, in just two minutes, the thickness of an array of commercial cantilevers with micrometrical spatial resolution. The present technique, able to map the cantilever thickness with 1 nm vertical accuracy, allows the rapid inspection of tiny structural defects over the whole device, making it possible to predict the mechanical responsivity of the devices and to assess deviations produced during the nanofabrication process. The fast and high-resolution spatially-resolved analysis of large sample areas is now feasible, offering a new experimental tool for a multitude of industrial and scientific applications of nanotechnology.
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Appendix A: Raw Data Normalization


Raw data need to be normalized with a reference sample for two reasons: (i) the illumination source, the CCD camera and all the optical components of the experimental setup are wavelength-dependent and (ii) the light source does not illuminate the whole sample surface with spatial homogeneity. The practical procedure for the normalization is obtained by dividing pixel by pixel each spectral component λ of the sample reflectivity    R  (  x , y , λ  )     by the reflectivity     R  ref    (  x , y , λ  )     of a reference material, i.e.,


    R  norm    (  x , y , λ  )  =   R  (  x , y , λ  )     R  ref    (  x , y , λ  )    ,   



(A.1)




where x and y are the spatial coordinates of the sample surface.




Appendix B: Finite Element Analysis of Cantilevers with Thickness Inhomogeneity.


In order to take into account the cantilever thickness irregularities on mass and surface stress sensitivities, finite element simulations with the commercial software Comsol® (Stockholm, Sweden) were performed. The experimental cantilever thickness is imported in the numerical simulations by generating a parametric surface from the experimental thickness mappings of Figure 4. The top cantilever surface is given by this parametrical surface, while the bottom surface is completely flat.



Mass sensitivity was calculated by evaluating the resonance frequency shift of the first flexural mode before and after the addition of a uniform mass layer onto the cantilever. Numerical simulations after mass deposition were obtained by adding an infinitely thin layer of 10−5 kg/m2 on the bottom face of each of the eight cantilevers.



Surface stress sensitivity was evaluated by calculating the deflection of the cantilever free end subjected to an isotropic and uniform surface stress onto one side of the cantilever surface. In this case, a shell of 10 nm on the bottom face of each cantilever was added and an initial surface stress of 0.08 N/m was considered. Numerical simulations were obtained by considering a Young modulus E = 170 GPa, a material density of 𝜌 = 2329 kg/ m3 and a Poisson’s ratio of 𝜈 = 0.28.





References


	



Van Zant, P. Microchip Fabrication: A Practical Guide to Semiconductor Processing; McGraw-Hill: New York, NY, USA, 2000. [Google Scholar]

	



Heavens, O.S. Optical Properties of Thin Solid Films; Courier Corporation: North Chelmsford, MA, USA, 1991. [Google Scholar]

	



Bates, J.; Dudney, N.; Neudecker, B.; Ueda, A.; Evans, C. Thin-film lithium and lithium-ion batteries. Solid State Ion. 2000, 135, 33–45. [Google Scholar] [CrossRef]

	



Aberle, A.G. Thin-film solar cells. Thin Solid Films 2009, 517, 4706–4710. [Google Scholar] [CrossRef]

	



Anja, B.; Søren, D.; Stephan Sylvest, K.; Silvan, S.; Maria, T. Cantilever-like micromechanical sensors. Rep. Prog. Phys. 2011, 74, 036101. [Google Scholar]

	



Azzam, R.M.A.; Bashara, N.M. Ellipsometry and Polarized Light; North-Holland: New York, NY, USA, 1977. [Google Scholar]

	



Hauge, P.S. Recent developments in instrumentation in ellipsometry. Surf. Sci. 1980, 96, 108–140. [Google Scholar] [CrossRef]

	



Erman, M.; Theeten, J.B. Spatially resolved ellipsometry. J. Appl. Phys. 1986, 60, 859–873. [Google Scholar] [CrossRef]

	



Ghim, Y.-S.; Kim, S.-W. Spectrally resolved white-light interferometry for 3D inspection of a thin-film layer structure. Appl. Opt. 2009, 48, 799–803. [Google Scholar] [CrossRef] [PubMed]

	



Ghim, Y.-S.; Rhee, H.-G.; Yang, H.-S.; Lee, Y.-W. Thin-film thickness profile measurement using a Mirau-type low-coherence interferometer. Meas. Sci. Technol. 2013, 24, 075002. [Google Scholar] [CrossRef]

	



Wu, K.; Lee, C.-C.; Brock, N.J.; Kimbrough, B. Multilayer thin-film inspection through measurements of reflection coefficients. Opt. Lett. 2011, 36, 3269–3271. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.W.; Kim, G.H. Thickness-profile measurement of transparent thin-film layers by white-light scanning interferometry. Appl. Opt. 1999, 38, 5968–5973. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.; Kim, S.; Kong, H.J.; Lee, Y. Measurement of the thickness profile of a transparent thin film deposited upon a pattern structure with an acousto-optic tunable filter. Opt. Lett. 2002, 27, 1893–1895. [Google Scholar] [CrossRef] [PubMed]

	



Debnath, S.K.; Kothiyal, M.P.; Schmit, J.; Hariharan, P. Spectrally resolved white-light phase-shifting interference microscopy for thickness-profile measurements of transparent thin film layers on patterned substrates. Opt. Express 2006, 14, 4662–4667. [Google Scholar] [CrossRef] [PubMed]

	



Ghim, Y.S.; Kim, S.W. Thin-film thickness profile and its refractive index measurements by dispersive white-light interferometry. Opt. Express 2006, 14, 11885–11891. [Google Scholar] [CrossRef] [PubMed]

	



Dong, J.T.; Lu, R.S. Sensitivity analysis of thin-film thickness measurement by vertical scanning white-light interferometry. Appl. Opt. 2012, 51, 5668–5675. [Google Scholar] [CrossRef] [PubMed]

	



Martin, P.C.; Eyring, M.B. Chapter 13: Microspectrophotometry. In Experimental Methods in the Physical Sciences; Thomas, A., Germer, J.C.Z., Benjamin, K.T., Eds.; Academic Press: Cambridge, MA, USA, 2014; Volume 46, pp. 489–517. [Google Scholar]

	



Scholz, T.; Debski, T.; Barth, W.; Römer, F.; Hillmer, H. A high-resolution optical study of cantilever heterostructure layer geometries. J. Micromech. Microeng. 2006, 16, 2765–2770. [Google Scholar] [CrossRef]

	



Salmon, A.R.; Capener, M.J.; Baumberg, J.J.; Elliott, S.R. Rapid microcantilever-thickness determination by optical interferometry. Meas. Sci. Technol. 2014, 25, 015202. [Google Scholar] [CrossRef]

	



Ghim, Y.-S.; Kim, S.-W. Fast, precise, tomographic measurements of thin films. Appl. Phys. Lett. 2007, 91, 091903. [Google Scholar] [CrossRef]

	



Hlubina, P.; Luňáček, J.; Ciprian, D.; Chlebus, R. Spectral interferometry and reflectometry used to measure thin films. Appl. Phys. B Lasers Opt. 2008, 92, 203–207. [Google Scholar] [CrossRef][Green Version]

	



Hirth, F.; Buck, T.C.; Grassi, A.P.; Koch, A.W. Depth-sensitive thin film reflectometer. Meas. Sci. Technol. 2010, 21, 125301. [Google Scholar] [CrossRef]

	



Reed, J.; Wilkinson, P.; Schmit, J.; Klug, W.; Gimzewski, J.K. Observation of nanoscale dynamics in cantilever sensor arrays. Nanotechnology 2006, 17, 3873–3879. [Google Scholar] [CrossRef]

	



Pini, V.; Kosaka, P.M.; Ruz, J.J.; Malvar, O.; Encinar, M.; Tamayo, J.; Calleja, M. Spatially multiplexed dark-field microspectrophotometry for nanoplasmonics. Sci. Rep. 2016, 6, 22836. [Google Scholar] [CrossRef] [PubMed]

	



Calleja, M.; Kosaka, P.M.; San Paulo, Á.; Tamayo, J. Challenges for nanomechanical sensors in biological detection. Nanoscale 2012, 4, 4925–4938. [Google Scholar] [CrossRef] [PubMed]

	



Tamayo, J.; Kosaka, P.M.; Ruz, J.J.; San Paulo, A.; Calleja, M. Biosensors based on nanomechanical systems. Chem. Soc. Rev. 2013, 42, 1287–1311. [Google Scholar] [CrossRef] [PubMed]

	



Clifford, C.A.; Seah, M.P. Improved methods and uncertainty analysis in the calibration of the spring constant of an atomic force microscope cantilever using static experimental methods. Meas. Sci. Technol. 2009, 20, 125501. [Google Scholar] [CrossRef]

	



Webber, G.B.; Stevens, G.W.; Grieser, F.; Dagastine, R.R.; Chan, D.Y.C. Variations in properties of atomic force microscope cantilevers fashioned from the same wafer. Nanotechnology 2008, 19, 105709. [Google Scholar] [CrossRef] [PubMed]

	



Wilkinson, P.R.; Gimzewski, J.K. Thin film interference in the optomechanical response of micromechanical silicon cantilevers. Appl. Phys. Lett. 2006, 89, 241916. [Google Scholar] [CrossRef]

	



Gomez-Martinez, R.; Hernandez-Pinto, A.M.; Duch, M.; Vazquez, P.; Zinoviev, K.; de la Rosa, E.J.; Esteve, J.; Suarez, T.; Plaza, J.A. Silicon chips detect intracellular pressure changes in living cells. Nat. Nanotechnol. 2013, 8, 517–521. [Google Scholar] [CrossRef] [PubMed]

	



Llorens, J.M.; Buencuerpo, J.; Postigo, P.A. Absorption features of the zero frequency mode in an ultra-thin slab. Appl. Phys. Lett. 2014, 105, 231115. [Google Scholar] [CrossRef]

	



Born, M.; Wolf, E. Principles of Optics: Electromagnetic Theory of Propagation, Interference and Diffraction of Light; CUP Archive: Cambridge, UK, 1999. [Google Scholar]

	



Vuye, G.; Fisson, S.; Nguyen Van, V.; Wang, Y.; Rivory, J.; Abeles, F. Temperature dependence of the dielectric function of silicon using in situ spectroscopic ellipsometry. Thin Solid Films 1993, 233, 166–170. [Google Scholar] [CrossRef]

	



Cowan, G. Statistical Data Analysis; Oxford University Press: Oxford, UK, 1998. [Google Scholar]

	



Charles, A.C.; Martin, P.S. The determination of atomic force microscope cantilever spring constants via dimensional methods for nanomechanical analysis. Nanotechnology 2005, 16, 1666. [Google Scholar]

	



Tamayo, J.; Ruz, J.J.; Pini, V.; Kosaka, P.; Calleja, M. Quantification of the surface stress in microcantilever biosensors: Revisiting Stoney’s equation. Nanotechnology 2012, 23, 475702. [Google Scholar] [CrossRef] [PubMed]

	



Ramos, D.; Calleja, M.; Mertens, J.; Zaballos, Á.; Tamayo, J. Measurement of the mass and rigidity of adsorbates on a microcantilever sensor. Sensors 2007, 7, 1834–1845. [Google Scholar] [CrossRef]

	



Ruz, J.; Tamayo, J.; Pini, V.; Kosaka, P.; Calleja, M. Physics of nanomechanical spectrometry of viruses. Sci. Rep. 2014, 4. [Google Scholar] [CrossRef] [PubMed]

	



McKendry, R.; Zhang, J.; Arntz, Y.; Strunz, T.; Hegner, M.; Lang, H.P.; Baller, M.K.; Certa, U.; Meyer, E.; Güntherodt, H.-J.; et al. Multiple label-free biodetection and quantitative DNA-binding assays on a nanomechanical cantilever array. Proc. Natl. Acad. Sci. USA 2002, 99, 9783–9788. [Google Scholar] [CrossRef] [PubMed]

	



Lang, H.P.; Hegner, M.; Gerber, C. Cantilever array sensors. Mater. Today 2005, 8, 30–36. [Google Scholar] [CrossRef]

	



Lang, H.P.; Berger, R.; Andreoli, C.; Brugger, J.; Despont, M.; Vettiger, P.; Gerber, C.; Gimzewski, J.K.; Ramseyer, J.P.; Meyer, E.; et al. Sequential position readout from arrays of micromechanical cantilever sensors. Appl. Phys. Lett. 1998, 72, 383–385. [Google Scholar] [CrossRef]

	



Domínguez, C.M.; Kosaka, P.M.; Mokry, G.; Pini, V.; Malvar, O.; del Rey, M.; Ramos, D.; San Paulo, Á.; Tamayo, J.; Calleja, M. Hydration Induced Stress on DNA Monolayers Grafted on Microcantilevers. Langmuir 2014, 30, 10962–10969. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Lang, H.P.; Huber, F.; Bietsch, A.; Grange, W.; Certa, U.; McKendry, R.; Guntherodt, H.J.; Hegner, M.; Gerber, C. Rapid and label-free nanomechanical detection of biomarker transcripts in human RNA. Nat. Nanotechnol. 2006, 1, 214–220. [Google Scholar] [CrossRef] [PubMed]

	



Martínez, N.; Kosaka, P.M.; Tamayo, J.; Ramírez, J.; Ahumada, O.; Mertens, J.; Hien, T.; Rijn, C.; Calleja, M. High throughput optical readout of dense arrays of nanomechanical systems for sensing applications. Rev. Sci. Instrum. 2010, 81, 125109. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kosaka, P.M.; Tamayo, J.; Ruz, J.J.; Puertas, S.; Polo, E.; Grazu, V.; Jesús, M.; Calleja, M. Tackling reproducibility in microcantilever biosensors: A statistical approach for sensitive and specific end-point detection of immunoreactions. Analyst 2013, 138, 863–872. [Google Scholar] [CrossRef] [PubMed]








[image: Sensors 16 00926 g001 1024] 





Figure 1. Schematic representation of the SMMS technique in reflection mode configuration. The right bottom inset is a schematic drawing of the SMMS working principle (spectral cube); the measurements are acquired in parallel for the spatial coordinates   X   and   Y  , and sequentially along the spectral coordinate    λ .    
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Figure 2. (a) SEM image in perspective view of four cantilevers; the top right inset (green box) is a zoomed SEM image near the cantilever clamping that evidences the frontier between the 6 µm thick pre-clamping structure fixed to the chip and the 1 µm thick cantilever; (b) SEM image of an entire array; the right inset (blue box) is a sequence of different bright-field images of a microcantilever obtained at different illumination wavelengths. 
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Figure 3. (a) Optical image of a cantilever; (b) color contour plot of the normalized reflectivity as a function of the light wavelength and of the longitudinal position along the cantilever (white dashed line in Figure 3a); (c) normalized reflectivity obtained at three different positions along the cantilever; near the clamped end (point 1, magenta), at the middle (point 2, green) and near the cantilever free end (point 3, red). 
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Figure 4. Thickness map of eight silicon cantilevers from the same chip array; the color bars represent the cantilever thickness along the microstructure in nanometers (nm). 
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Figure 5. Percentage deviation of the mass and surface-stress sensitivities with respect to their average values for each of the eight measured cantilevers. (Top right blue box) Schematics of the effect of the mass loading on the resonance frequency of a cantilever; the resulting downshift of the resonance frequency is proportional to the added mass. Mass sensitivity was evaluated by calculating the resonance frequency shift produced by the addition of a uniform mass layer deposited on the top cantilever surface. (Bottom right red box) Schematics of the effect of the surface stress on the out-of-plane displacement of a cantilever; the cantilever displacement is proportional to the surface stress applied. Surface stress sensitivity was evaluated by calculating the displacement of the free cantilever end induced by a uniform and isotropic surface stress exerted on the upper cantilever surface. 
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