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ABSTRACT

Imaging under polarized light provides more surface details of the photographed object compared to capturing it
under natural light, as we can trace the different ways, varying degrees of polarized light interact with complex
surface details of the object. In previous works, linear and circular polarization filters used in [1]on the camera lens
as well as polarization-sensitive image sensors used in [2] have been used to acquire this information. Refractive
optics that have traditionally been used for material acquisition using polarized light are bulky and as a result,
it is non-trivial to rapidly capture polarized images using polarization filters from the same view angle without
specialized sensors. In this work, we leverage nanoscale imaging by designing and implementing a metalens to
record two incident polarizations under the same viewpoint and show that we can use polarimetry to solve for
the surface details of the captured object. We achieve this by, first, simulating a polarization-sensitive bifocal
metalens enabling us to record and verify the far-field profiles of cross and parallel polarized incident illumination
under the same viewpoint so that they are resolved separately, as two focus peaks, on the same focal plane but
with a small distance between them. We then record the designed metalens’s response to an object lit by this
polarized incident illumination to infer the diffuse and specular properties of the surface, thereby allowing us
to capture material properties with a nanoscale system as well as deriving more information from the designed
imaging system in a single shot.
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1. INTRODUCTION

Photorealistic digital representation of real-world objects in a 3D scene requires the appearance of the object to
be faithfully represented virtually. The interaction of the lighting in the scene with the object, parametrized by
its material properties and geometry dictates how the object appears to the observer. In order to render the
object in 3D, the same object-lighting interactions need to be modeled, thereby requiring the object’s physically
based material properties and 3D shape. While the 3D shape is acquired by photogrammetry approaches,
such as in [3–5], the object’s material can be acquired by measuring its surface reflectance properties as in
[1,6,7]. The rendering algorithm is highly streamlined when the diffuse and specular reflectance of the object are
separated as shown in [8]. Several approaches have been studied and developed for diffuse-specular reflectance
separation, mainly image intensity-based methods such as[9,10] and polarization separation-based methods such
as [11–13]. Authors of [1] used a linearly polarized lighting control rig along with multiview cameras tuned
to linearly polarized filters to provide the ground truth polarization-difference imaging data needed to acquire
surface geometry and reflectance properties of the object being imaged. In [14], the authors used a single camera
[2] with a polarization grid for four polarization angles on the camera image sensor to solve for the properties of
the object material. However, these approaches need active lighting and bulky optics-based cameras which are
unsuitable for AR and VR applications as the application requires small form factors.

Polarimetric Imaging has been an effective method as shown in [15], separating the environment and objects
of interest due to the difference in recorded polarization between smooth and scattering, rough media. Shape
from Polarization(SfP), such as [1, 16, 17] measures how the geometry and material of an object scatter light
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to solve for surface normals of an object. Polarimetric difference imaging allows us to leverage the unchanged
polarization and scattered components of the reflected light from an anisotropic object and solve for its surface
properties. In the previous work [14,18,19], the authors use Stokes vector - Mueller matrices to characterize light
and material. We propose an alternative method of acquiring polarimetric difference images by using nanoscale
optics in the form of metalens to separate out object surface properties. Research on metalenses has become
increasingly popular in the past decade for optical imaging [20–24], efficiency increasing wide FOV [25, 26 ],
in AR/ VR applications [27–30], holography [31, 32] and even computer vision applications like depth sensing
[33] and edge detection [34]. Metalenses have been designed and fabricated to image single shot polarization
separation parametrized in wavelength, such as in [35], separated by location on the same focal plane (bifocal),
as in [36, 37], and varifocal variations with the advantage of separating the object surface reflectances based on
polarization without any absorption. Among these three approaches, our method is most similar to the approach
in [36, 37]. However, we apply our designed bifocal polarization-sensitive metalens for a practical application
of separating the diffuse and specular reflectance of an object, which enables us to retrieve the BRDF material
properties of the object.

In this work, we design a bifocal polarization sensitive metalens to TE and TM polarizations to show how,
when we image an object under this metasurface, we can separate the diffuse component from the specular
component. We can record the specular and diffuse components of a 3D object, similar to using a linear
polarizer. By using a bifocal polarization-sensitive metalens, which can assist in downstream tasks like gathering
the assets required for the calculation of the bidirectional reflection function, we take advantage of the benefits
of nanoscale metasurfaces. We validate our design with Finite-Difference Time-Domain (FDTD) simulations
with polarized sources, unpolarized sources, and finally from the light reflected from rough (scattering) and
smooth(non-scattering) objects, thereby capturing the diffuse and specular components individually.

2. DESIGN PRINCIPLE

We design a metalens, whose target phase profile ϕ(x, y)ideal given by Eq. 1 and 2, to produce two focal peaks
for TE and TM incident polarizations separated by distance df on the focal plane. The metalens is illuminated
from below its substrate along the z-axis by a plane wave with λ wavelength and is designed to focus at positions
(x1, y1) and (x2, y2) on the x−y plane at a focal length of f with a scattering angle of θ. Hence, sin(θ) = df/2f ,
provides the delta by which the two separated polarization focus peaks are displaced from the center.
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Figure 1. Schematic of metalens working principle (a) Design of bifocal polarization sensitive metalens. The metalens
consists of an array of Si nanopillars sitting on top of a SiO2 substrate. The thickness of the device is around 500 um
which is much thinner than conventional lenses. (b) The unit cell of a metalens with a rectangular nanopillar of height h,
breadth b, and length a.



3. IMPLEMENTATION FRAMEWORK

In this section, we describe how we generate a library of dielectric [38] nanopillars, construct the full metalens
of diameter D to produce the desired target phase profile, and then verify the generated bifocal metalens for
polarization sensitivity using FDTD (Finite-Difference time- domain).

Generating a phase v/s radius library of nanopillars

We use the RCWA (Rigorous Coupled-Waved Analysis) solver from [39] to propagate the electromagnetic
fields of normal incident illumination to calculate the eigen modes per structure. The diffracted waves through
the unit cells are then calculated and a phase library of nanopillars to realize the required phase shifts is built.
Based on the boundary conditions, the overall transmission and reflection efficiencies are calculated using the
respective scattering matrices of each unit cell. We sweep for lengths (L) and widths (W) of the nanopillar from
100 nm to 420 nm for a fixed Height H = 650 nm, We run this simulation to determine where the properly
arranged array of nanopillars will have a lattice constant of Px = Py = 480 nm. The phase and transmission of
a library of rectangular nanopillars in a square lattice, with different lengths L of a unit cell and the same height
(H = 650nm) are calculated( Fig. 2b)

Figure 2. Transmission & Phase map of generated nanopillar library and Optimization of target phase profile (a) Com-
parison of the target phase profile to the optimized phase profile and the error between them along the y-axis. The phase
profile of the optimized metalens is matched well with the target phase in Eq. 1 and 2 with an acceptable low error.
(b) Transmission and Phase map of the nanopillar library from 100nm to 420nm. In an ideal library, the phase response
should cover the entire range of [0,2π] and transmission should be as close as possible to 1. (c) The reflectance of the
optimized metalens is close to zero. Zero reflectance allows for maximum transmission efficiency.

Constructing a metalens by optimizing for the phase profile

From the nanopillar library, each nanopillar is associated with a phase shift ϕx−pol, ϕy−pol and transmission
Tx, Ty. Consider a metalens with a diameter of 0.5mm and periodicity of 480nm in a rectangular grid M . Using
least squares, we minimize the error between the designed phase profile and the ideal phase profile(Eq. 3). For
each position on the grid Mx, My, we select the pillar with the least error for the required phase profile at that
position, repeating this process throughout the entire grid. In Figure 2 (a), we see that the error between ϕideal

and ϕ for both x- and y- polarizations has been minimized. We also see that in Fig.2 c, the reflected light from
metalens is almost zero for both polarizations, which is a necessary quality when it comes to the characterization
of the fabricated device in the real world and other simulation software.
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Figure 3. Far-field transmissive electric intensity profile of metalens illuminated by polarized and unpolarized incident
illumination. (a) and (d) Show the X-Y(focal plane) and X-Z plane (propagation direction) when the incident illumination
is P-polarized, the S-polarized component (right focal peak) is zero (b) and (e) when the incident illumination is S-
polarized, the P-polarized component (right focal peak) is zero (c) and (f) when the incident illumination is of mixed
polarization(both S-polarizations and P-polarizations) when separating out the light that reflects with P polarization S
polarization on the left and right focus peaks respectively. We interchangeably use x-polarization as P-polarization and
y-polarization as S-polarization.

Polarization Description
Mixed Transmitted |E|2 field intensity at both focus locations present
s-pol Transmitted |E|2 field intensity is cut off at the P-pol focus location
p-pol Transmitted |E|2 field intensity is cut off at the S-pol focus location

Table 1. Transmitted |E|2 field behavior for different incident polarized illuminations

Verifying the constructed metalens with FDTD simulation

After constructing the metalens, we validate its far-field profile using Finite-Difference Time-Domain simula-
tion so as to be able to employ it in other simulation software. We simulate three types of incident illuminations
of varying polarization and verify our bifocal polarization-sensitive metalens. The optimized metalens can focus
two polarizations at two focal points that are at a distance of 9.6um from each other, which guarantees the
design of a multi-focal metalens with working distances matched with the pixel size of most cameras. We also
verify that a incident illumination of only S- or P- polarized light produce only one focus peak at its respective
designed location on the focal plane.

4. VERIFICATION OF BRDF ACQUISITION WITH ROUGH AND SMOOTH
OBJECTS

To prove that our designed metalens is in fact able to capture the diffuse-specular separation, we use it to image
objects - a non-scattering periodic surface and a scattering irregular surface with known diffuse and specular
reflectance. Wile using the field profile of these objects as source illumination we run a FDTD simulation of
the metalens to observe the resulting far-field profiles. Both simulations have an incident illumination with
S-polarization. We see from Fig. 4 (a) that the scattering object does in fact scatter the polarized light thereby
producing two focus peaks on the far-field profile. Since the object was lit with S-polarization illumination, we
see a denser energy peak formed on the right side of the x-y plane cross-section. This implies that the object



Figure 4. Far-field response for electric field intensity of the metalens to (a) partially scattering and (b) non-scattering
objects. It is seen that the partially scattering objects focus on both X and Y polarization illumination.

retained a lot of the incident polarization and hence it was not a completely scattering object. For the second
non-scattering object we observe that in Fig. 4 (b) with an incidence illumination of S-polarization, there is
only sensitivity to that polarization with the formation of the focus peak on the right, and hence the object is
completely specular with very minimal scattering. Thus, for the partially scattering object, by measuring the
electric field intensities at the XY focal plane, we can say that the diffuse component is given by the left peak
and the specular component is given by the difference of the two similar to the diffuse-specular separation in [1].

5. CONCLUSION AND FUTURE WORK

In this paper, we design a bifocal polarization-sensitive metalens and show that our design focuses the x- and y-
polarizations of incident illumination onto separated focus peaks measured by the far-field profile of the metalens.
We also show by using two objects, a non-scattering periodic surface and a scattering irregular surface with
known reflectance and transmittance, the smooth reflective object the metalens focused the peak at the respective
incident illumination polarization, and for the irregular object there was in fact light scattered and it was focused
on the opposite peak of the incident illumination. Simulating the entire system with an image sensor rather than
a field profile is the next natural progression. We have yet to realize a physical metalens system by fabricating
the metalens with a larger diameter. This system can then be further extended to a light array system that is
sensitive to more than two polarizations allowing us to achieve material properties using Stokes-Muller analysis
with passive illumination.
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