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Abstract: We showcase the application of resonant flat optical elements as insertable angular filters 

that facilitate phase contrast imaging. With high accuracy direct angular filtering, quantitative 

phase contrast imaging is achieved akin to Fourier optics approaches.    

1. Introduction

Fourier optics plays a key role in many optical image-processing applications [1]. By differently manipulating the 

diffracted and undiffracted light using a Fourier filter, one can perform traditional image processing functions and 

achieve novel imaging capabilities, such as phase contrast enhancement and super resolution [2,3]. Despite its broad 

range of application, the usage of Fourier optical image processing has been limited due to the use of bulky optical 

systems that require complex alignment. The application of flat optics to optical image processing and computing is 

starting to provide new opportunities [4-6]. However to date, the connection between Fourier optics and flat optics 

for image processing can benefit from more in-depth theoretical studies and experimental demonstrations. Here, we 

propose a novel and compact method that applies guided-mode resonator devices (GMRD) for phase contrast 

imaging. The method opens a new avenue for quantitative phase retrieval of various transparent objects with high 

accuracy and a greatly simplified setup. 

2. Fourier image processing using resonance based angular filter

Phase objects, such as cells and nano-patterned samples, are visually transparent objects that have spatially varying 

phase profiles. In contrast to amplitude objects, the visualization of phase objects usually associates with enhancement 

of light scattered by the objects. Phase contrast enhancement is a method invented by Nobel Laureate Fritz Zernike 

that smartly rebalances the weak scattered field (AC component) and the strong un-scattered field (DC component) in 

the Fourier plane, where the two are spatially separate [2]. The DC component is suppressed and 𝜋/2 phase-shifted 

to be comparable in amplitude and aligned in phase with the AC component to achieve maximum interference contrast. 

Fig. 1. (a) Optical setup for GMRD phase contrast imaging. (b) Schematic of GMRD cross-section view. (c) Magnetic field distribution inside 

GMRD with incident light at different angles. (Re{Hy/H0}).(d) Angle dependent transmittance and phase delay simulated using Rigorous 

Coupled-Wave Analysis (RCWA).
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GMRD contrast imaging is a method inspired by Zernike’s approach, but it directly operates on the angular spectrum 

of the diffracted field from a phase object. In the system layout shown in Fig. 1(a), a nanopatterned angular filter is 

inserted above the phase object in a bright-field microscope. The required amplitude and phase manipulation is 

simultaneously achieved by the GMRD. Fig. 1(b) shows the cross-sectional view of the proposed GMRD. One-

dimensional surface relief gratings are carved into a single-mode nitride waveguide. Normally-incident light (the DC 

component) can follow two pathways through the device. First, the light can excite the GMR and leak into the forward 

direction when the grating coupling condition is met, as shown in Fig.1(c) [7]. When the wavelength and angle of the 

incoming light do not satisfy the exact grating coupling condition, the light follows a direct pathway. Destructive 

interference of the two pathways on resonance causes a strong reduction of the undiffracted light intensity with respect 

to the diffracted light that is virtually non-attenuated. The GMR also imparts a phase shift onto the undiffracted light 

by approximately π/2.  

 

 

3. Quantitative phase retrieval with GMRD 

 

The designed GMRD is fabricated by electron beam lithography followed by dry etching. The AFM image of the 

fabricated is shown in Fig. 2(a). The angle dependent transmission is measured by a home-built angle-resolved setup 

at an illumination wavelength of 𝜆 = 631𝑛𝑚, as shown in Fig.2 (b). To evaluate the phase retrieval accuracy, we 

fabricate a phase contrast metasurface that is made of silicon nitride nanoposts on quartz. With all nanoposts having 

the save height but different diameters, the incoming light experiences a gradually varying phase profile when 

transmitted. The simulated phase profile and transmittance are shown in Fig. 2(c). The setup used for the phase 

contrast imaging is shown in Fig. 1(a). The contrast of different elements monotonically increase as the phase 

increases, as shown in Fig. 2(d), The good agreement of the simulated phase and experimentally-obtained phase 

with the GMRD shows close agreement (about 0.01 rad accuracy). 

 

Fig. 2. (a) AFM image of fabricated GMRD. (b) Simulated and measured angle dependent transmittance. (c) Design of phase metasurface used 
quantitative phase evaluation target . The inset shows the SEM image of the fabricated square latticed nanoposts. d) GMRD contrast image of the 

phase metasurface. The line plot corresponds to the normalized cross section pixel value of second row of top image. 

4. Conclusion  

Optical phase retrieval is achieved by using a resonance based angular filter in an imaging system. GMRD-based 

contrast imaging is demonstrated to be an optical method to obtain phase information with a comparable accuracy to 

scanning methods such as atomic force microscopy (AFM) and scanning electron microscopy (SEM). At the same 

time, it also offers a new perspective in achieving Fourier-type image processing using flat optics.   
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