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The polarization-dependence of the reflection, refraction and diffraction of electromagnetic waves from materials 
is measured in applications that extend from small (e.g. ellipsometry of semiconductor chips) to large scales (e.g. 
remote sensing for planetary science and weather radar). Such applications employ polarimeters that are in turn 
based on devices with polarization-selective absorption or reflection/refraction properties (e.g. prisms). The latter 
devices are generally bulky, thereby limiting their integration into compact systems. The former devices are 
inherently lossy, as they function by absorbing the unwanted polarization. Here, we experimentally demonstrate a 
conceptually novel method for pixel level polarimetry. Each pixel contains amorphous-silicon (a-Si) nanoridges 
and deflects incident light in a polarization-dependent manner. As photons are sorted by polarization rather than 
filtered, the approach permits high efficiency. A high transmission efficiency of 90% and a high extinction ratio of 
15 times are demonstrated. © 2014 Optical Society of America 
OCIS codes: Polarimetry; (290.5855) Scattering, polarization (160.3918) Metamaterials; (160.4236) Nanomaterials. 

http://dx.doi.org/10.1364/optica.99.099999 

1. INTRODUCTION Conventional image sensors capture images that record intensity and color but are blind to the polarization state of light. It is known however that polarization-resolved imaging can enhance contrast in hazy/foggy conditions [1], underwater and in turbid media [2-3], and for biological tissues [4-5]. These desirable features have created a strong incentive for the development of imaging modules with integrated polarization filters (one per photodetector pixel) [6]. Such filters generally absorb the unwanted polarization, however, making them inefficient by nature [6-10]. Another type of polarizer is the linearly-polarizing beam splitter [11-14], which is typically built from either a naturally birefringent crystal [13] or from a structure with artificial birefringence [15]. Such polarizers make use of the fact that refraction and reflection at an interface can be highly polarization dependent. They can provide highly efficient polarization splitting, but are unfortunately too large for pixel-level integration. 

    Recently, dielectric “metasurface” concept has been explored as a means for controlling optical wavefronts using ultra-thin and low-loss elements [16-21]. Here we employ metasurfaces to experimentally realize a polarization beam splitter whose footprint (5 μm ×5 μm) is orders of magnitude smaller than those of traditional approaches. This architecture permits integration with image sensors, with one polarization splitter per pixel. We therefore term our device as a pixel-integrated polarization splitter (PIXIP). A PIXIP consists of three amorphous-silicon (a-Si) nanoridges. Each nanoridge acts as a polarization-selective diffractive element, and controls the direction of light propagation based on its polarization. The use of dielectric nanostructures for color filtering has been suggested and demonstrated in several works [22-26]. Nishiwaki et al studied silicon nitride ridges for controlling the direction of light propagation [24], but like [22, 23, 25], these were for resolving wavelength rather than polarization. Polarization splitting is achieved for circular polarized light in [16-17]; however, those devices cannot distinguish between linear polarizations and furthermore do not study their pixel level capabilities. 
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  Fig. 1. (a) Perspective view of proposed PIXIP device which consists of three a-Si nanoridges per pixel. For simplicity, only the central pixel’s nanoridges are depicted. For polarization perpendicular to the length of nanoridges, impinging light is undeflected (red arrow) and proceeds to the center photodetector pixel. Parallel polarized light, on the other hand, will be re-directed to side photodetector pixels (green arrows). (b) Side view of PIXIP device placed above photodetector pixels, with polarization splitting concept illustrated. (c)-(d) Simulation results showing that single nanoridge acts as a polarization beam splitter. Nanoridge has width W=60 nm, height H=500 nm and is considered to be infinitely long (in y-direction). (c) Power distribution in x-z plane for case when nanoridge is excited by truncated plane-wave polarized along 
y-direction. Impinging light strongly interacts with nanoridge and is deflected to sides. (d) Power distribution in x-z plane for case when nanoridge is excited by truncated plane-wave polarized along x-direction. Incident light is largely undeflected. (e) Schematic diagram illustrating mechanism of polarization beam splitting. Nanoridge acts akin to a slab waveguide providing an optical path for incoming light (path 1). There is an alternative optical path (path 2). Phase accumulation is different for these two paths. (f). Simulation results showing that phase accumulation varies with polarization. Phase is recorded at a distance of 50 nm above tip of nanoridge (z=550 nm in Fig. 1(c)-(d)). Parallel polarization curve plots phase of y-component of electric field under y-polarized illumination. Perpendicular polarization curve plots phase of x-component of electric field under x-polarized illumination.      The organization of our paper is as follows. We begin by describing the underlying principle of the PIXIP, namely that the high refractive index and elongated shape of an a-Si nanoridge renders its interaction with light highly polarization-dependent.  This concept is studied by simulation and experiment. We then show that arrays of a-Si nanoridges function as PIXIP devices at near-infrared wavelengths, a spectral range of importance in applications that include night vision, medical diagnostics, and 

environmental monitoring [27-29]. In addition, our device makes use of the low absorption by silicon in the infrared [30]. 
2. OPERATING PRINCIPLE OF PIXIP DEVICE Light incident on a nanoridge will in general interact much more strongly with it when it is polarized along the nanoridge length (L) than when it is polarized across its width W (where W << L) [16, 31]. In this paper, we utilize this polarization-dependence of light-matter interaction along with near-field interference effects to realize our PIXIP devices. Schematic diagrams of how PIXIP devices could be used for imaging polarimetry are shown as Fig. 1(a)-(b). An array of PIXIP devices would be fabricated above the photodetector array of an image sensor (Fig. 1(a)). Each PIXIP would contain three amorphous silicon (a-Si) nanoridges. For convenience, only the central pixel’s nanoridges are shown in Fig. 1(a)-(b). The three nanoridges of each PXIP have identical widths 
W, lengths L (equal to pixel size) and heights H and are located so that they have center-to-center distances of P. The substrate is glass and is spaced from the photodetector array by a distance S. As shown in Fig. 1(b), for polarization perpendicular to the nanoridge length, impinging light is undeflected and proceeds to the “center” photodetector pixel. On the other hand, light with polarization parallel to nanoridge length is re-directed onto the “left” and “right” photodetector pixels. Conventional image sensors achieve color separations using arrays of filters (red, green and blue), with one filter per photodetector and the final image found by de-mosaicking. In an analogous manner, the PIXIP devices steer light in a polarization-dependent manner such that each photodetector pixel only receives a specific polarization. We note here that this method ultimately presents the opportunity for much higher efficiencies than filter-based approaches, as light is sorted onto the appropriate photodetector pixel. In a filter-based approach, on the other hand, light of the unwanted polarization is discarded. In our proposed approach, as the splitting functions of the PIXIP devices are known beforehand, polarization-resolved images can be obtained from the photodetector outputs.      In order to understand the principle of operation, we first theoretically study the simple case of a single nanoridge on a glass substrate. The nanoridge has width W=60 nm, height H=500 nm and is infinitely long (i.e. simulations are two dimensional). The illumination beam is a truncated plane-wave (2.5 μm wide) and has a free space wavelength of λ=1 μm. Its polarization is either parallel (Fig. 1(c)) or perpendicular (Fig. 1(d)) to the nanoridge length. As expected for parallel polarization, light strongly interacts with the nanoridge, giving rise to a distinct scattering pattern (Fig. 1(c)). However for the perpendicular polarization, scattering significantly diminishes and the beam is instead slightly focused (Fig. 1(d)). Further insight into the splitting mechanism is gained by considering the nanoridge as a slab waveguide (Fig. 1(e)). A portion of the impinging light is coupled to its guided mode (path 1), while the rest either propagates adjacent to the nanoridge (path 2) or is scattered away (not shown here). Interference between light traveling along these two paths depends of course on the phase difference between them. If the phase difference is small, then the outgoing light is undeflected (“ܷ” in Fig. 1(e)). On the other hand, if the phase difference is an odd multiple of ߨ, there will be a strong destructive interference between the paths, with the transmission in the forward direction suppressed, and the outgoing light instead being deflected into directions “∓ܦ” (Fig. 1(e)). To further explore this, we plot the phase of the electric field at a distance of  50 nm beyond the top  of the  nanoridge  in Fig. 1(f). For the case of the incident light being polarized parallel to the 



  Fig. 2. (a) Top-view SEM of fabricated structure, scale bar: 5 μm. White arrows have been added to show the polarization component that is deflected by each nanoridge. Yellow arrows have been added to show deflection direction. Nanoridges have lengths L= 5 μm, widths W=60 nm and heights H=500 nm and are spaced by 5 μm (center-to-center). (b)-(f) Experiments: images of structure under illumination from IR-LED with (b) random, (c) zero degree, (d) 45 degree, (e) 90 degree and (f) 135 degree polarization. 
 nanoridge length, it is the y-component of the electric field phase that is plotted. For the case of the incident light being polarized perpendicular to the nanoridge length, it is the x-component of the electric field phase that is plotted. It can be seen that, for the parallel polarization, the difference in the phase between the field of path 1 (i.e. at nanoridge center x≈0 μm) and that of the field of path 2  (i.e. at x≈∓0.5 μm) is  close to ~180 degrees  ( resulting in deflected beam, Fig. 1(c)). For the perpendicular polarization, this phase difference is far smaller, resulting in the beam not being deflected, but instead loosely focused (Fig. 1(d)). We also calculate the effective index of the waveguide using the beam propagation method, yielding effective indices of 2.11 and 1.02 for parallel and perpendicular polarization, respectively. Using these indices, the phase difference between waveguide and air over 500 nm propagation are 199.8 and 3.6 degrees for parallel and perpendicular polarization, respectively. This is reasonably consistent with the FDTD results. 
3. RESULTS 

A. Experimental demonstration of polarization-dependent 
scattering by nanoridges  To demonstrate the polarization-dependent beam splitting capability of PIXIP devices, we begin by considering single 

nanoridges. The starting substrate is a glass wafer that is cleaned in acetone, with sonication. Plasma-enhanced chemical vapor deposition (PECVD) is then used to deposit a-Si to a thickness of 500 nm. Phosphine is introduced during the a-Si deposition to dope it, thereby enhancing its conductivity and preventing charge accumulation from degrading the resolution of the electron beam lithography (EBL) step that occurs later. The wafer is next spin coated with poly(methyl methacrylate) (PMMA, 950K A2) at a speed of 4000 rpm and baked on a hotplate at 180 °C for 5 minutes. Electron beam exposure is performed using an Elionix ELS-F125 system operating at 125 kV. The resist is then developed in a mixture of methyl isobutyl ketone and isopropyl alcohol (MIBK:IPA is 1:3) at room temperature for 30 s, dipped in IPA for 30 s, and then blown dry by nitrogen. Aluminum is then deposited by electron beam evaporation at the rate of 2 Å/s to a thickness of 20 nm. Lift-off is carried out by soaking the sample in a solvent stripper (Remover PG from Microchem). Inductively coupled plasma-reactive ion etching (ICP-RIE) is performed to etch the nanoridges [32]. The passivation layer generated during the etching process is removed by placing the device in an oxygen plasma (power: 150 W) for 5 minutes. The device is completed by removing the aluminum mask by soaking the sample in developer (MF319 from Shipley) for 5 minutes. Optical measurements are then performed. Our test structure consists of a-Si nanoridges, each with length L=5 μm, width W=60 nm and height H = 500 nm. A scanning electron microscope (SEM) of the structure is shown as Fig. 2(a); more SEMs of the structure are provided in Fig. S1 of Supplementary Material (SM). It can be seen that the unit cell consist of four pixels, each containing a nanoridge. The nanoridges successively rotate by 45°. In Fig. 2(a), we also graphically indicate the fact that each nanoridge deflects light polarized along its length. To demonstrate this experimentally, measurements are performed using a homebuilt optical microscope (Figure S2 of SM). The measurement set-up consists of a LED (M940L3 from Thorlabs) with a center wavelength of 940 nm and spectral width (full-width at half maximum, FWHM) of 37 nm. The output beam is collected with a condenser and then passes through a linear polarizer. The linear polarizer is adjusted to generate the desired input polarization. The light transmitted by the PIXIP device is collected by a microscope objective lens (magnification 50×) and, in combination with the subsequent tube lens (focal length of 15 mm), an image is formed on a camera. We begin by considering the case where there is no linear polarizer in the beam path. The light impinging upon the nanoridge sample is therefore randomly polarized. Half of the incident light power impinging on each nanoridge is polarized parallel to its length, with the other half polarized perpendicular to it. The images of the nanoridges formed on the camera (Fig. 2(b)) each therefore have the same characteristic pattern (with the appropriate rotation). The simulation of Fig. 1(c) predicts that, for the parallel polarization, the intensity distribution at the end of the nanoridge should show a minimum above the nanoridge, with maxima adjacent to the nanoridge (parallel to it). Similarly, that of Fig. 1 (d) predicts that, for the perpendicular polarization, the intensity distribution at the end of the nanoridge should be largely flat. We next add a linear polarizer between the condenser and the sample. We align the polarizer so that light polarized along the x-direction is transmitted. For this polarization, the horizontal nanoridge (i.e. aligned along the x-direction) is expected to scatter light, and thus show an intensity distribution with a minimum above the nanoridge and maxima adjacent (and parallel) to it. Fig. 2(c) confirms that this does indeed occur experimentally. It can also be seen that the vertical nanoridge (i.e. aligned along the y-direction) generates negligible  scattering  resulting in a  flat light distribution.  
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  Fig. 3. (a) Simulated power flow for light polarized parallel to length of nanoridges (y-direction). Wavelength of operation is λ=950 
nm. There are three nanoridges with widths W=50 nm, heights H=500 nm, center-to-center distance P=550 nm, and lengths L=5 μm. After z=14 μm majority of power presents in side pixels region. Boundaries of pixels are highlighted by dashed lines. For this simulation, the total transmission, reflection and absorption are 94.5%, 5% and 0.5 % respectively. (b) Fraction of transmitted power that is deflected to side pixels versus wavelength for three different designs. Designs are optimized for center wavelengths close to 1000 nm, 1200 nm and 1500 nm. By deviating from design wavelength, phase difference will no longer takes the value π; therefore, we shift from “destructive interference condition”, and the proportion of input light power that is split (deflected) is reduced. For all simulations, there are three nanoridges with widths W= 50 nm, center-to-center distance P=550 nm and lengths L=5 μm. Heights of nanoridges and distance from substrate where power is recorded are noted in figure’s caption. (c)-(e) SEMs of fabricated PIXIP device. (c) Tilted-view SEM of PIXIP device, scale bar is 1 μm. (d) Top-view SEM of PIXIP device, scale bar is 5 μm. (e) Top-view SEM depicting one unit cell of PIXIP device, scale bar is 1 μm.  The nanoridges aligned at angles of 45° and 135° (from the x-direction) scatter the component of the incident (x-polarized) illumination that is polarized along their long axes. These nanoridges are not of course expected to scatter the x-polarized illumination as strongly as the horizontal nanoridge. The experimental results verify this (Fig. 2(c)). We next align the polarizer to be at 45° from the x-axis, i.e. polarization is along the length of the second nanoridge from the left. It can be seen from Fig. 2(d) that this nanoridge (45° orientation) scatters strongly, that the horizontal and vertical nanoridges scatter (but not as strongly) and that the scattering from the 135° orientation nanoridge (second from right) is the weakest. Experiments are also performed with the linear polarizer set to 90° and 135°, and we observe the same trends (Fig. 2(e)-(f)). These experimental results demonstrate the polarization-dependent scattering properties of the nanoridges. By modifying the orientation of the nanoridge, therefore, the direction that light is steered into can be adjusted. In the next section, we show that this mechanism enables efficient polarizers with high extinction ratios.  

B. Experimental demonstration of PIXIP devices  We now employ the polarization-dependent light scattering properties of nanoridges to realize our proposed PIXIP devices. The appropriate number of nanoridges in each pixel will of course depend on the pixel size. A single nanoridge has a limited effective interaction area in which it can sort photons based on their polarization. To increase the effective interaction area, one can increase the number of nanoridges. One might initially expect that increasing the number of nanoridges will result in larger reflection and in excitation of higher order diffraction side lobes, both of which contribute to loss. Our simulations however show that using three nanoridges, one can extend the interaction area to the size of a pixel, here 5 μm × 5 μm, while simultaneously maintaining low loss. Keeping this in mind, we vary their widths, heights and spacing. For each configuration, we simulate the fields produced for the cases of illumination parallel and perpendicular to the ridges. Because in the intended device the nanoridges are far longer (L=5 μm) than they are wide, we employ two-dimensional (2D) simulations. We monitor the power flow at different distances   from   the  nanoridges,   allowing   us  to   determine    the  
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  Fig. 4. (a)-(b) Top view of one unit cell of PIXIP showing how nanoridges steer impinging light with (a) horizontal polarization (along x-direction) and (b) vertical polarization (along y-direction). (c)-(d) Experimental results: intensity distributions over one unit cell of PIXIP device, with imaging plane at 15 μm from PIXIP device, for input polarizations along (c) x- and (d) y-directions.  signals that would be recorded by the photodetectors of the image sensor in the proposed configuration of Fig. 1(a). In this design procedure, the aims are as follows. When the polarization is perpendicular to the nanoridges, the fraction of the incident power that would be transmitted to the center photodetector should be as high as possible. Similarly, when the polarization is parallel to the nanoridges, the fraction of the incident power that is deflected to the side (left and right) photodetectors should similarly be as high as possible. The optimal design is that producing the greatest contrast between parallel and perpendicular polarizations, as well as high throughput. In Fig. 3(a), we show simulation result of PIXIP, where the center pixel contains three nanoridges with widths 
W=50 nm, heights H=500 nm, lengths L=5 μm and spacing P=550 nm. We assume periodic boundary conditions at the x-axis and y-axis (for three dimensional simulations) boundaries and perfectly matched layers (PML) at the z-axis boundaries. The mesh size is 5 nm for both the x- and z-directions. The refractive indices of the a-Si layer are measured by ellipsometry over the wavelength range of interest, and those values are used in the simulations. We note that the real and imaginary part of refractive index at λ=950 nm are measured to be n=3.64 and k=0.006, respectively which are very close to values of n=3.68, k=0.002 reported in [33]. The structure is illuminated with a plane-wave at wavelength λ=950 nm with polarization parallel to the length of nanoridges. It can be seen from Fig. 3(a) that the structure redirects the light to the left and right sides in an effective manner. The center pixel region is depleted of light beyond a distance of 14 μm, with the majority of power flux propagating to the side pixels which contribute to left and right pixel at the image sensor. To quantify the spectral behavior of the PIXIP structure, the amount of power deflected to the side pixels is calculated for parallel polarized light. These results are plotted as a function of illumination wavelength in Fig. 3(b) for three different designs with center wavelengths close to 
λ=1000 nm, 1200 nm, and 1500 nm. As much as 95% of transmitted power is deflected to the side pixels. In addition, it can be seen that splitting occurs over a wide spectral range, especially for designs having long center wavelengths. So far we have shown  
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Pixel-1
Pixel-2   Fig. 5. Fraction of total intensity received by pixel-1 and pixel-2 at distance of S=15 μm from device versus polarization angle.  symmetric beam splitting in which beam is symmetrically deflected in a two-way manner (to the left and right). For some applications one might interested in asymmetric deflection (e.g. single-sided deflection) rather than symmetric deflection. This capability is demonstrated in the SM using an array of eleven nanoridges whose widths successively increase across the array (Figure S3 of SM). 

     The PIXIP devices are fabricated using the same top-down approach described earlier for the single nanoridge structures. SEMs are shown in Fig. 3(c)-(e). Each pixel has a size of 5 μm × 5 
μm and contains three nanoridges with widths W=50 nm, lengths 
L=5 μm, heights H=500 nm and spacing P=550 nm. The unit cell comprises four pixels for which the constituent nanoridges are rotated by 90° but are otherwise identical. Nanoridges are arranged in such a way that each photodetector pixel receives light impinging upon its corresponding PIXIP pixel, less that directed from it by its nanoridges, plus that directed onto it from adjacent PIXIP pixels. In this scheme, the splitting function of each nanoridge pattern is known a priori which make it possible to generate polarization resolved images from the photodetector outputs via a matrix operation. Figures 4(a)-(b) illustrate the splitting behavior schematically for horizontal (parallel to x-axis) and vertical (parallel to y-axis) polarizations, with the deflection and polarization directions shown as yellow and black arrows, respectively. As shown, incident light will be deflected to neighboring pixels when its polarization is aligned along the nanoridge length. On the other hand, incident light will be un-deflected when its polarization is perpendicular to the nanoridge length. Our experimental results (Figure 4(c)-(d)) confirm that this function is achieved. The results are obtained as follows. As before (Fig. 2), the device is illuminated with polarized infrared light (λ=940 nm). A microscope objective (N.A 0.55) and tube lens are used to form an image of the device on the CCD camera. The device is then moved away from the microscope lens by a distance of 15 μm. The image recorded by the CCD camera then corresponds to the intensity distribution that would be recorded by a photodetector array placed at this distance from the device. Figures 4(c)-(d) show the intensity distributions recorded by the CCD for one PIXIP unit cell, for polarization along the x- (horizontal) and y-directions (vertical), respectively. For x-polarized illumination, the majority of the output power (94%) is directed to the top-left and bottom-right pixels, with fraction of power being directed to the top-right and bottom-left pixels being very small (6%). For the y-polarized illumination, the power is directed to the top-right and bottom-left pixels, with the power to 



the top-left and bottom-right pixels again being small (Fig. 4(d)). An extinction ratio of 15 (94%/6%) is achieved in this polarization splitting scheme. More importantly the output power is 90% of input power. This value is measured by dividing the power integrated over one unit cell (10μm×10μm) by the power integrated over a region with the same area on the glass substrate adjacent to the PIXIP structure where there are no nanoridges. In addition, this measured output power is very close to the value of 92 % predicted by 3D simulation of the actual device. The intensity distributions of a larger region of the device (10×10 pixels, i.e. 5×5 unit cells) are shown in Fig. S4 of SM. It can be seen that the polarization-splitting behavior is consistent across the array. It is interesting to note that the area of the nanoridges (projected onto the xy-plane) is only 3% of the total area. That the filing fraction is small means that the writing time of the EBL step is relatively short. For example the writing time for a very large PIXIP device (2.4 mm×2.4 mm) is only ~2 hours, which is comparatively short for EBL, given the overall extent of the device.     In order to quantify the splitting performance of the PIXIP device, we measure the power received by two representative pixels as a function of polarization angle. These are termed pixel-1 and pixel-2, and correspond to the top-left and top-right pixels of Fig. 4(c), respectively. For each polarization angle, we record the experimentally-measured intensities integrated over pixels 1 and 2. The results are plotted as Fig. 5, and show that the transmitted power gradually switches from pixel-1 to pixel-2 as polarization angle changes from zero (horizontal polarization) to 90 degrees (vertical polarization). Intensity distributions measured for one unit cell of the PIXIP device over this range of polarization angles are shown as Fig. S5 of SM. The power switches back to pixel-1 when the polarization angle is varied from 90 to 180 degrees. 
4. CONCLUSION  In summary, we present a new concept for polarization-splitting using a-Si nanoridges. This polarization dependent photon-sorting capability provides a new mechanism to encode polarization at the pixel level with a device architecture that is extremely compact and, being based on a dielectric, has very low loss. Our approach has a number of attractive features, including high efficiency and extinction ratio, simplicity and straightforward fabrication, scalability from the visible-to-infrared frequencies, and reproducibility on large scales. When integrated with an image sensor, the proposed PIXIP devices could enable high efficiency polarization-resolved imaging with promising applications in microscopy, security, night vision, astronomical observation, and free-space communication networks. These polarizer elements could potentially also play crucial roles in other applications, such as polarization information encryption [34-35] and nonlinear optics [36]. In addition, there is the obvious potential for extending the concept to more spectral bands, especially into the mid/far-infrared where a-Si maintains its low loss. For extension into the visible wavelength range, gallium phosphide could be used. Its refractive index is high (similar to silicon in the infrared), but it has low loss. 
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