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Abstract

:

Photonic nanojet (PNJ) is a tightly focused diffractionless travelling beam generated by dielectric microparticles. The location of the PNJ depends on the refractive index of the material and it usually recedes to the interior of the microparticle when the refractive index is higher than 2, making high index materials unsuitable to produce useful PNJs while high index favours narrower PNJs. Here we demonstrate a design of CMOS compatible high index on-chip photonic nanojet based on silicon. The proposed design consists of a silicon hemisphere on a silicon substrate. The PNJs generated can be tuned by changing the radius and sphericity of the hemisphere. Oblate spheroids generate PNJs further away from the refracting surface and the PNJ length exceeds   17 λ   when the sphericity of the spheroid is 2.25 The proposed device can have potential applications in focal plane arrays, enhanced Raman spectroscopy, and optofluidic chips.
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1. Introduction


Photonic nanojet (PNJ) is a tightly focused travelling beam of light that is generated at the shadow side of a dielectric microparticle illuminated with a plane wave [1,2]. It is a non-evanescent, non-resonant, travelling wave phenomenon. PNJ was first observed by Chen et al. in a computational study of light scattering by infinite cylinders [1]. The PNJ offers subwavelength light confinement for distances of the order of a few wavelengths. The strong electromagnetic field enhancement and the narrow beam width for PNJs, for relatively long distances, offer many practical applications. PNJs are used to enhance Raman scattering [3,4] and for the enhancement of light scattering by nanoparticles [1,5]. PNJ-driven nonlinear optical phenomena such as two photon fluorescence [6] and all optical switching [7] were also demonstrated. One of the important applications of PNJ is in microscopy, where it is used to enhance the resolution. Using a PNJ with waist less than the diffraction limit, it is possible to enhance the resolution of the microscope. A resolution of   λ / 4  , higher than the Rayleigh limit, was demonstrated by Yang et al. [8]. The resolution was further improved to   λ / 12   by Bintao et al. [9]. Another interesting application, coupled resonator optical waveguiding, was also demonstrated using microspheres that support PNJs [10]. The subwavelength beam width has been successfully employed to improve the resolution of lithography [11,12]. The earliest work on PNJ-assisted lithography used an array of dielectric microspheres to create micropillar and hole patterns on photoresists [13]. Jacassi et al. mounted the microsphere on an AFM cantilever to write arbitrary patterns on a photoresist [12]. Another important application is nanoparticle detection and tracking. Yang et al. has shown that an array of PNJs integrated into a microfluidic chip can track the movements of nanoparticles [14]. Another interesting application of PNJ is its use as optical tweezer [15]. Optical trapping and detection of nanoparticles and cells using PNJ array has also been demonstrated by Li et al. [16].



The PNJs are characterized by their length (   L  P N J   )  , the full width at half maximum (FWHM) of the beam waist, and electric field enhancement. These properties are dependent on both size and refractive index of the microparticle (  n )    and the surrounding medium    n m    [1,17]. Both the length and beam waist of the PNJ increase with increase in the size of the microparticle [17]. The beam FWHM of PNJ decreases with increase in refractive index [17] which in turn increases the field enhancement by the PNJ. Many of the applications of PNJ rely on the high field enhancement and narrow beam waist; therefore, it is desirable to use a high refractive index material for generating PNJ [17]. However, with increase in refractive index, the length of the PNJ shortens and it move towards the surface of microparticle and finally gets embedded inside the particle when the refractive index is higher than 2 [1,17]. Therefore, most of the current applications of PNJs rely on materials with refractive index less than 2 [18].



Many CMOS compatible materials such as silicon (Si) have a refractive index above 2. Therefore, PNJ generated using these materials can provide higher field enhancement and smaller width. However, the PNJ produced by Si spheres and cylinders occur at the interior of the particle/structure and therefore is not useful in practical applications. Multiple attempts were made to sidestep the refractive index limit of 2 [17]. Earlier attempts rely on cleaving or shrinking the spherical or cylindrical structures to push the PNJs to the exterior. Gu et al. designed a geometry consisting of an edge cut length reduced microcylinder of refractive index 2.5. Their length reduced microcylinder was able to generate narrow PNJ outside the particle. Pacheco-Peña studied the PNJ formation in a high refractive index microsphere cleaved to expose the PNJ [19]. A high refractive index cylinder cleaved to expose the PNJ was investigated by Zhen et al. [20]. Geints et al. showed that PNJ can be generated using a high refractive index particle by illuminating the particle in reflection mode [21].



Integrating PNJ into Si is challenging because (a) on-chip integration of the symmetric particles such as spheres and cylinders is difficult and often requires micromanipulation of the particle to place accurately, and (b) due to the high refractive index of the Si, the PNJ of Si spheres and cylinders are generated inside those particles. Recent numerical studies have shown that flat-ended cylinders [22] and two-layer cleaved microcylinders [20] can support PNJ outside the material even if the refractive index is similar to that of Si. However, these structures are difficult to fabricate and integrate onto a CMOS-compatible platform especially when working in visible and near IR wavelengths. They are also difficult to align and handle. Here we demonstrate an on-chip PNJ using silicon, which is the most appropriate device platform for most of the applications mentioned above. Due to the simplicity of design, it can be fabricated using standardized silicon micro-/nano-fabrication techniques [23,24] and the structure can be easily aligned in any optical setup and PNJs can be excited using plane waves.




2. Modelling of Photonic Nanojet


The finite element method (FEM) was used to simulate the PNJ. A commercially available FEM package (Comsol Multiphysics) was used in this study. In these simulations, the simulated structures were illuminated by a plane wave of wavelength 1550 nm from the left side of the simulation domain. The 1550 nm wavelength was chosen because silicon is transparent at this wavelength and lasers and other optical components are widely available. The excitation wavelength was kept constant throughout this study. Perfectly matched layer (PML) was applied at external boundaries of the simulation domain. A mesh size of   λ / 20   was used in the air domains and   λ /  (  3.4 × 20  )    in silica/silicon domains. Figure 1a,b show the distribution of normalized electric filed intensity of PNJs in a silica (  n = 1.44  ) and silicon (  n = 3.47  ) microspheres of radius   5 λ   in vacuum (   n m  = 1  ), respectively. For the silica microsphere (Figure 1a), a strong PNJ was formed at the exterior of the microsphere which can be used in many applications including imaging [8] and lithography [12]. In the case of silicon microsphere (Figure 1b), PNJ had a much smaller width and higher local electric field intensity. However, it is generated at the interior of the silicon microsphere, making it not useful for any practical applications.




3. On-Chip Photonic Nanojet


Earlier work on PNJ on high refractive index close to that of silicon, used cleaved microsphere or microcylinders to expose the PNJs that usually occur at the interior [17,18]. Such strategies make it very difficult to fabricate those structures, and make alignment of PNJ in an optical setup cumbersome, and are therefore of little practical use. The on-chip CMOS compatible structure that we are proposing consists of a silicon hemispherical dome on a silicon substrate (Figure 2a). Such structure can be mass-produced using standard lithography and dry etching [23,24] and much easier to align in an optical setup. Figure 2b shows the simulated electric field intensity distribution of this structure when illuminated with a plane wave of   λ = 1550   nm through the substrate. The radius of the hemispherical dome (a) is taken as   5 λ   and the refractive index of dome and substrate ( n ) as 3.47 at   λ = 1550   nm  . The refractive index of the surrounding medium (   n m  )    is 1. In contrast to Figure 1b, the PNJs are formed at the exterior. Figure 2c shows the normalized intensity of the PNJ at the beam waist estimated along AA’ direction. It shows a full width at half maximum (FWHM) of   0.63 λ  . The length of the PNJ (   L  P N J    ) measured along the BB’ direction is shown in Figure 2d. The    L  P N J     was estimated as the distance from the pole of the hemisphere to the position at which the intensity of PNJ drops down to that of background electric field intensity. The PNJ is plotted from the pole of the hemispherical dome and normalized to the wavelength. The PNJ has a length of about   5.1 λ  . We varied the thickness of the substrate to understand the effect of finite thickness on the properties of the PNJ. For a substrate thickness   ≥ 3.5 λ  , we did not observe any significant change in the properties of PNJ. Therefore, further studies were carried out with a substrate thickness of   3.5 λ  . Since both the substrate and spherical dome are made of Si, such structure/device can be fabricated using standard CMOS microfabrication [23,24] and could be integrated with other photonic devices/components and microfluidics for sensing and imaging in a fluidic environment.



The origin of PNJ is the interference of incident wave with scattered field of the hemispherical dome and not the focusing effect of a plano-convex lens made of Si. This can be tested by comparing the position of PNJ with the focal point of a plano-convex lens estimated using the lens maker’s formula. For a plano-convex lens, the focal point   f =  R  n − 1    . According to this, the focal point of the plano-convex lens is inside the lens if the refractive index of the lens is higher than 2. This indicates that PNJ formation is different from the focusing effect of a lens.




4. Effect of Radius of Dome


The behaviour of PNJ as a function of radius of hemisphere was studied. Figure 3a–e shows the PNJ generated from hemispheres of radius varying from   2 λ   to   10 λ  . As the radius of the hemisphere increased, the PNJ moved away from the refracting surface. Figure 3f shows the electric field intensity of the PNJ at its waist normalized to the electric field of the PNJ of the hemisphere of radius   a = 10 λ  . The maximum intensity (   I  m a x    ) of PNJ increased with increase in the size of the dome. The length of PNJ as a function of radius is also plotted in Figure 3f. Similar to the intensity, the length of the PNJ (   L  P N J    ) also increased with increase in the size of the dome. For a radius of   10 λ  , the PNJ was longer than   14 λ   (Figure 3f) As the radius increased, the field maxima occurred further away from the refracting surface (Figure 3g). The electric field intensity across the PNJ beam waist is plotted in Figure 3h. All curves are normalized to the    I  m a x     produced by   a = 10 λ  . The FWHM of the PNJs as a function of the radius is shown Figure 3i. The beam waist gradually increased with increase in the radius of the hemispherical dome. We could also see the caustics formed by the reflection of the incident wave from the Si dome at the interior of the dome.




5. Effect of Sphericity of the Dome


It is intriguing to understand how the sphericity of the dome affects the PNJ. Lithography/etching techniques sometimes generate spheroids and therefore it is important to understand how PNJ behaves with change in sphericity of the hemisphere. To understand the effect, we simulated spheroids. In these simulations, the semi-axis to the pole (c) was kept as   5 λ   and semi-axis in the equator (a) varied. All calculations were done at 1550 nm. The intensity of PNJs generated by the prolate spheroids was low compared to oblate spheroids and their lengths are very short. Figure 4a–e shows the PNJ formed from the spheroids with   a / c   ratio 0.8, 1.25, 1.5, 1.75, and 2.25, respectively. Both the length and intensity of the PNJ increased with increase in the   a / c   ratio. The    I  m a x     of PNJs normalized to the    I  m a x     of PNJ produced by the dome of   a / c = 2.25   as a function of a/c ratio is shown in Figure 4f. The    L  P N J     of different domes is also plotted in Figure 4f. The    I  m a x     of PNJ as well as    L  P N J     increased linearly with the increase in a/c ratio of the dome. An    L  P N J     of   17 λ   was observed when a/c was 2 which is 2.25 times longer compared to the hemispherical domes (  a / c = 1  ). The PNJ progressively moved away from the refracting surface with increase in   a / c   ratio (Figure 4g). For an   a / c   ratio of 2, the PNJ occurs about   6 λ   away from the refracting surface. PNJ formation further away from the refracting surface of the hemispherical dome can be advantageous when the domes are used as imaging elements because it offers longer working distance. We also observed that the caustics at the interior of the particle moved away from the pole as the   a / c   was increased. The electric field intensity across the waist of the PNJ as a function of   a / c   ratio is shown in Figure 4h. All curves are normalized to the electric field intensity maximum of the curve with   a / c = 2.25  . The beam waist of PNJ increased with increase in the a/c ratio and the FWHMs of the PNJs with various a/c ratio are shown in Figure 4i. This observation is different from that observed in oblate spheroids, where the beam width decreased with increase in   a / c   [25].




6. Significance of the Substrate and Medium Refractive Indices


Properties of the PNJs are affected by the refractive indices of the particle as well as the surrounding medium. To understand how the refractive index of the surrounding medium (   n m   ) affect the properties of PNJ of hemispherical domes, we simulated the structures by varying the surrounding refractive index from 1 to 2.05. The range 1.3 to 1.8 can be easily covered from commercially available index matching liquids [26]. A refractive index above 1.8 was included in the study to get a better understanding of the effect of surrounding medium at a much higher refractive index. Figure 5a–e shows the PNJs as a function of the surrounding refractive index. With increase in    n m   , the PNJ moved away from the hemispherical dome and became longer. This shows that the length of PNJ of the hemi-spherical dome was inversely proportional to the refractive index contrast of the dome and surrounding medium. Figure 5f shows the    I  m a x     of PNJs normalized to the    I  m a x     of PNJ of    n m  = 2.05  . The PNJ intensity increased until the    n m    reached a value of 1.45 and then stayed relatively stable. The length of PNJ as a function surrounding refractive index is also shown in Figure 5f. The    L  P N J     gradually increased with increase in    n m   . At refractive index    n m  ≥ 1.74  , a drastic increase in LPNJ could be seen. This happened because at those indices, the effective refractive index of the dome was approaching the small index contrast limit (   n  e f f   < 2  ) [19,21]. The electric field intensity normalized to    I  m a x     o f    n m  = 2.05  , along the length of PNJ is shown in Figure 5g. With increase in     n m   , the PNJ moved further away from the hemispherical dome. The normalized electric field across the beam waist of the PNJ is shown in Figure 5h. The FWHM of the PNJ gradually decreased until the    n m    reached a value of 1.45 (Figure 5i). Further increase in the    n m    slightly broadened the PNJ.




7. Conclusions


In conclusion, we proposed a structure consisting of a hemispherical dome of Si on a Si substrate that oversteps the refractive index limit of 2 to generate PNJ outside the structure. The proposed design is CMOS-compatible and can be easily fabricated using standard microfabrication techniques. We studied the nanojet confinement using a FEM model and the results show that the designed structure supports PNJ. The length and beam waist of PNJ can be varied by changing the radius of the dome. The length and beam waist of the PNJ increase gradually with increase in the radius of the dome. The width and length of the PNJ can also be controlled by controlling the sphericity of the dome. Oblate spheroids generate longer PNJs and the waist of PNJ is further away from the refracting surface. Such PNJ can offer longer working distance if used in imaging. The surrounding refractive index also affect the PNJ of hemispherical domes. The PNJ length and intensity increase with increase in surrounding refractive index. The width of PNJ decreases with increase in surrounding refractive index up to 1.45 and further increase broadens the PNJ. To the best of our knowledge, what we proposed is the first ever design that supports PNJ outside the structure for a material with refractive index contrast of more than 2 and on a Si chip that can exploit simple and standard microfabrication. These chips can be integrated into microfluidic devices for applications such as spectroscopy, particle tracking, and optical trapping. It is also possible to produce an array of these domes to use as a focal point array for super resolution imaging.
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Figure 1. Normalized electric field intensity profile of PNJ in a silica microsphere (  n = 1.44  ) of radius   5 λ   in vacuum (a) and PNJ of Si microsphere of same radius (b). Inset shows the close-up of PNJ in Si microsphere. 
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Figure 2. The geometry of the proposed structure (a). Electric field intensity patterns of PNJ formed in a photonic chip with Si−hemisphere (b). A prominent PNJ can be seen at the exterior of hemisphere. Transverse intensity profile is shown in (c) and the length in (d). 
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Figure 3. PNJ generated by hemispherical domes of different radii (a–e). The maximum intensity (   I  m a x    ) normalized to    I  m a x      of dome of   a = 10 λ   and the    L  P N J     as a function of radius are shown in (f). Normalized electric field intensity along the length of PNJ is shown in (g). Normalized electric field intensity across the beam waist and FWHM as a function of radius are shown in (h) and (i), respectively. 
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Figure 4. Electric field intensity of PNJ with varying equatorial radius of the dome (a–e). Maximum electric field intensity (   I  m a x    ) normalized to    I  m a x     of   a / c = 2.25   and    L  P N J     are shown in (f). Normalized electric field intensity along the length of PNJ from the pole of the dome is shown in (g). All curves are normalized to the    I  m a x     of   a / c = 2.25  . Relative field intensity across the PNJ waist is shown in (h). The FWHM of PNJ beam waist as function of ratio of equatorial and polar radius is shown in (i). 
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Figure 5. Intensity of electric field of PNJ with    n m    = 1, 1.3, 1.45, 1.75, and 2.05 (a–e). Maximum electric field intensity (   I  m a x    ) normalized to    I  m a x      (   n m  = 2.05  )    and    L  P N J     (f). Electric field intensity relative to    I  m a x     of    n m  = 2.05   along the length of PNJ (g).   I /  I  m a x  (   n m  = 2.05  )      across the PNJ waist is shown in (h). FWHM of the PNJs as a function of surrounding refractive index is shown in (i). 
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