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Abstract: Metasurfaces consisting of ultrathin nanostructures are utilized to 
control the properties of light including its phase, amplitude and 
polarization. Hereby, we demonstrate the capability of such structures to 
perform arbitrary polarization selective beam shaping using dielectric 
nanoscale metasurfaces implemented in silicon. By illuminating the 
structure with right handed circular polarization we reconstruct a desired 
image. When switching the polarization into its orthogonal state, we obtain 
the reconstruction of a different image. This demonstration shows the 
potential of using dielectric metasurfaces for high efficiency beam shaping 
applications in general, and specifically for polarization coded beam 
shaping. 
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1. Introduction

Controlling the refractive index of materials at will is a prime goal of photonics research. It is 
well known that the refractive index can be manipulated by structuring the material at the 
subwavelength scale [1], using the concept of effective index. Over the years, this capability 
had led to a large number of demonstrations in which artificial dielectric materials has been 
created [2–11]. In particular, such structures exhibit strong birefringence properties, also 
known as “form birefringence”, which can be an order of magnitude higher than the 
birefringence of natural materials. Using this property, numerous demonstrations of 
polarization transformations could be achieved, including for example the generation of 
radially and azimuthally polarized light [12–15]. Following this plethora of demonstrations, 
recent years brought into the forefront the concept of metallic metasurface, in which thin 
metallic nanostructures have been used for the purpose of controlling the properties of light 
[16–18] polarization of the incident beam, yet with limited energetic efficiency due to the 
ohmic loss in the metal. The latter claim is particularly true for transmission type devices. 
This limitation has tailored the research focus back towards dielectric metasurfaces, with 
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several recent important demonstrations, e.g. the use of thin silicon nanoantennas for phase 
and polarization control [19–27] as well as directional light scattering and reflection [28,29]. 

Hereby, we demonstrate the capability of a dielectric metasurface to perform arbitrary 
polarization selective beam shaping. While polarization selectivity in such structures has been 
observed, e.g. for the purpose of polarization and wavelength dependent focusing and splitting 
[30–36], achieving an arbitrary polarization selective beam shaping with a single dielectric 
metasurface is yet to be demonstrated. Specifically, we show here for the first time that by 
modifying the polarization of an incident beam of light one can switch between two arbitrarily 
chosen images. It should be noticed that polarization selective hologram was recently 
demonstrated in metallic metasurfaces in reflection configuration [32]. 

2. Theoretical background

We begin by defining the problem in hand. Given a single metasurface, we would like to 
illuminate it by a right handed circularly polarized light and achieve a reconstruction of a 
desired image at a specific distance away of the metasurface. Furthermore, by switching the 
polarization to its left handed orthogonal state, the same metasurface should provide a 
reconstruction of a different image per our choice, which is located at the same image plane. 
This is shown schematically in Fig. 1. 

Fig. 1. Schematic representation of our structure. 

We now turn into selecting our metasurface and study its properties. Our metasurface 
consists of a pixilated structure. In each pixel, a subwavelength periodic structure is defined 
and etched into the silicon substrate. A schematic representation of this structure is given in 
Fig. 2. 
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Fig. 2. Schematic representation showing a top view of our dielectric metasurface. In each 
pixel a nanoscale subwavelength 1-D grating is defined. The orientation of this structure is kept 
as a free parameter and is used to control the phase of the light emanating from our 
metasurface. 

We consider a plane wave transmitted through the metasurface located at z = 0, with x and 
y being the transverse coordinates. Neglecting Fresnel reflections, the transmitted field is 
given by, 

1( , , 0 ) ( , ) ( , ) inET x y z R x y GR x y V+ −= = (1)

Where 

( ) ( ) ( )
( ) ( ) ( ) ( )( )

( )( )
cos , sin , exp , / 2 0

, and ,
0 exp , / 2sin , cos ,

x y x y i x y
R x y G x y

i x yx y x y

θ θ φ
φθ θ

   −      = =   
−             

    

are the rotation and the Jones matrix, respectively, and inV  represents the Jones vector of the 
incident field. The matrix G describes the birefringence of the subwavelength grating in each 
pixel. The obtained phase retardation, φ(x,y) is determined by the geometry of the 
subwavelength grating (duty cycle and grating depth), and by the refractive index of the 
substrate material. θ(x,y) represents the orientation angle of the subwavelength grating at each 
pixel with respect to the x axis (see Fig. 2). The validity of Eq. (1) relies on the thin element 
approximation, which holds as long as the pixel size is large and the grating depth is not too 
large compared to the wavelength. Assuming constant retardation for each of the pixels (i.e. 
the grating is identical at each pixel, with the result of space invariant values of φ and G), the 
rotation angle ( ),x yθ is the only free parameter.

For right and left hand circularly polarized (RCP and LCP respectively) incident light with 
the corresponding Jones vectors VinR = [1, i]T and VinL = [1, -i]T, we can now express Eq. (1) 
as [6,10,11], 

( ) ( ) ( ) ( )1 1
, , 0 cos / 2 sin / 2 exp 2 ,TRE x y z i i x y

i i
φ φ θ+    

= = − +      −   
 (2a) 

and 
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( ) ( ) ( ) ( )1 1
, , 0 cos / 2 sin / 2 exp 2 ,TLE x y z i i x y

i i
φ φ θ+    

= = − −     −   
 (2b) 

respectively. 
The cosine term can be eliminated by designing the grating parameters such that a π phase 

retardation (φ = π) is achieved. For such a case, the metasurface provides pure phase 
modulation, with the obtained phase being twice the rotation angle. Therefore, the desired 
phase modulation can be achieved simply by varying the orientation of the periodic structure 
in each pixel, such that a continuous phase modulation is achieved using a binary grating. 
This approach eliminates the need for complicated multiple step or gray scale fabrication 
procedures, significantly reducing the fabrication complexity and cost. We used pixel size of 
8 micron to be larger then the wavelength of optical fields to allow validity of thin element 
approximation [37]. The pixel size can be further decreased down to about 3 microns [11] 
while preserving the good performance of the hologram. The 8 micron pixel size was chosen 
as a convenient number which is comparable to commercial available liquid crystal on silicon 
spatial light modulators. Further reduction of the pixel size is possible, nut requires a slightly 
different mechanism, in which the scattering efficiency from a single rod is enhanced by 
operating close to resonance. 

3. Design and simulations

Our device was designed based on a modified version of the Gerchberg Saxton (G-S) 
algorithm [37]. Specifically, we take advantage of the phase degree of freedom, namely, we 
are only interested in the amplitude of the reconstructed images, and thus their phases can be 
used as free parameters. 

Our goal is to achieve two independent images in the Fresnel domain, at a distance Z0 
away of the metasurface plane. If illuminated by RCP the complex transmission function of 
the metasurface is given by H(x,y), while for LCP illumination, the complex transmission 
function of the metasurface is given by -H*(x,y). In the output plane, the images are given by 
the Fresnel transform, i.e. 

( ) ( )( ) ( ) ( )

( ) ( ) ( )

0 2 2
1 0

0 0

2 2

0 0

exp
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2
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λ
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and: 
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   

 
 (3b) 

Can the two distributions ( )1 '', ''f x y  and ( )2 '', ''f x y  represent two non-identical intensity 

functions? Indeed, this is possible. We now release all restrictions on the displayed phase, and 
only require that the amplitude of those distributions should match the desired to images. 

We now need to find the function H(x,y) which can generate the desired distributions I1 
and I2. Such a function can be found by using the G-S algorithm, bearing in mind that the 

amplitude distribution of f1 and f2 are the constraints i.e.
2 2

1 1 2 2,f I f I= = . While the phase 

distributions are free parameters with no restrictions. Applying the G-S algorithm with these 
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constraints, we can find the function H(x,y) that would reconstruct the two desired images 
with minimal error. 

4. Fabrication and measurements

After calculating the value of H(x,y) we can now turn into fabricating the actual device which 
will produce the desired phase distribution. First, we find the desired rotation angle for each 
pixel which is simply half of the phase of H(x,y). Once the orientation of the grating is know, 
we have all the needed parameters for the device fabrication. Our metasurface was fabricated 
on a double sided polished 2-inch p-type silicon wafer. First, an etching mask was defined in 
the resist (ZEP 520A) by Electron Beam Lithography (Raith E_Line 150). Next the pattern 
was transferred to the silicon substrate by Reactive Ion Etching (Corial 200RL) of silicon 
(depth ~500nm to provide π  retardation). Finally the resist was stripped and the fabricated 
element was inspected in Scanning Electron Microscope (SEM), and a top view of the final 
structure is shown in a Fig. 3. The metasurface consist of 128X128 pixels, 8 micron each with 
sub wavelength grating ( 400nmΛ = , duty cycle 50%) embedded into each pixel. 

Fig. 3. Left - Scanning Electron Microscope micrographs showing a top view of fabricated 
device. Right - Magnified image. Scale bar is 2 micron in both figures. 

To characterized the polarization selective dielectric metasurface we illuminated the 
device at a wavelength of 1550 nanometer using a single lens imaging system (F = 150mm) 
with a magnification of 4. A fiber coupled laser (Thorlabs S3FC1550) was connected to the 
laser collimator followed by a quarter wave plate that was mounted on a manual rotation stage 
for converting the incident linearly polarized beam into left and right circularly polarized 
beam. A near-infrared InGaAs 2-D focal plane array (Sensors Unlimited) was placed at some 
distance away of the back focal plane of the optical system in order to capture the images in 
the Fresnel domain. The schematic diagram of measurement system is shown in Fig. 4. 

Fig. 4. Schematic diagram of the experimental setup. 

The obtained experimental results for RCP and LCP incident beams are shown in Fig. 5 
a,b respectively. The corresponding computer simulation results with the same color scheme 
as the obtained results are presented in Fig. 5 c,d respectively. As an example, the two set of 
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letter “POL” and “SEL” were selected, to represent the polarization selective property of our 
dielectric metasurface. The calculated purity of the reconstructed image in the simulation, 
defined as a ratio between the all optical power of the image and the integrated optical power 
of the reconstructed object, was found to be 17% and 20% for the RCP and LCP incident 
beam respectively. In our measurements we found the purity of the conversation for LCP and 
RCP to be ~13% and ~11% respectively. This can be further improved by using a more 
elaborated optimization process. The efficiency (the ratio between an optical power in the 
image plane and the incident power before the element) was measured to be 57%. Most of the 
power loss (~30%) is due to Fresnel reflection in the interface between the air and the silicon. 
This can be easily overcome by using an additional antireflective coating layer of silicon 
nitride on the back side of the fabricated element. 

Fig. 5. Experimental result, showing the obtained images obtained by illuminating our 
dielectric metasurface with a) left and b) right circularly polarized light. The corresponding 
simulated results are shown in Fig. 5c and 5d respectively. 

5. Summary

In conclusion we demonstrate the design, fabrication and experimental characterization of a 
dielectric metasurface acting as a polarization selective computer generated hologram, and 
operating at near infrared wavelength of 1550 nm. The device is based on allocating a sub 
wavelength grating to each pixel. By controlling the orientation of this grating one can 
achieve desired phase modulation. Taking advantage of the conjugate phase modulation 
obtained by illuminating the dielectric metasurface with LCP and RCP, we were successful in 
demonstrating of two independent images, for the two orthogonal polarization states. The 
reconstruction is obtained in the Fresnel domain. The energy in the reconstructed letters with 
respect to the incident power is given by the multiplication of the efficiency and the purity, 
i.e. it is in the range of 6%. Further improvement can be achieved by the use of AR coating 
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and advanced optimization. The quality of the reconstructed images can be further improved 
by using additional degrees of freedom, e.g. grating depth and/or duty cycle. The 
demonstrated concept paves the way for achieving arbitrary polarization selective beam 
shaping using a single dielectric metasurface. 
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