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Abstract: In this paper, the implementation of optical elements in the form of Pancharatnam-
Berry optics is considered. With respect to 3D bulk and diffractive optics, acting on the 
dynamic phase of light, Pancharatnam-Berry optical elements transfer a phase that is 
geometric in nature by locally manipulating the polarization state of the incident beam. They 
can be realized as space-variant sub-wavelengths gratings that behave like inhomogeneous 
form-birefringent materials. We present a comprehensive work of simulation, realization, and 
optical characterization at the telecom wavelength of 1310 nm of the constitutive linear 
grating cell, whose fabrication has been finely tuned to get a π-phase delay and obtain a 
maximum in the diffraction efficiency. The optical design in the infrared region allows the 
use of silicon as candidate material due to its transparency. In order to demonstrate the 
possibility of assembling the single grating cells for generating more complex phase patterns, 
the implementation of two Pancharatnam-Berry optical elements is considered: a blazed 
grating and an optical vortices demultiplexer. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Metasurfaces based on high-index dielectric materials have gained increasing attention due to 
their ability to locally manipulate the amplitude, phase and polarization of impinging light 
achieving high spatial resolution, low intrinsic losses and showing potential compatibility 
with standard industrial processes [1]. Unlike diffractive and refractive elements, the phase 
shaping is not introduced through optical path differences but results from the geometrical 
phase that occurs with the space-variant polarization manipulation in the spatial domain [2,3]. 
The basic principle of metasurfaces optics is based on the generation of spatially-variant 
artificial birefringence by properly structuring the substrate surface. The form-birefringence 
can be induced by the nanopattering of high-resolution gratings in combination with the local 
control of the orientation of the grating ridges [4]. At a first glance, the metasurfaces are 
constituted of ultra-thin 1D dielectric grating pixels (Fig. 1) that have the periodicity in the 
regime of sub-wavelength respect to the light, and an arbitrary grating vector orientation 
relative to light polarization [5]. The local rotation of the gratings is proportional to the 
geometric phase, also known as Pancharatnam–Berry (PB) phase, whose local control allows 
the design of the phase map over the full area of the optics surface. The key-element of such a 
Pancharatnam-Berry optical element (PBOE) is varied pixel-by-pixel in order to transfer the 
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amorphous and polycrystalline silicon devices can efficiently operate in the infrared 
wavelength ranges, while single-crystal silicon devices can efficiently operate at near-infrared 
wavelengths due to their relatively low absorption losses. 

For these reasons, a huge interest is going to be developed in telecommunications and 
silicon photonics for metasurfaces made of silicon working in the near infrared regime where 
silicon has real peculiar properties because of the high index of refraction and low absorption. 
Silicon PBOE can replace the conventional free-space bulky components for wavefront and 
polarization control, imaging, and even on-chip integration. The use of silicon will enable the 
integration of metasurface devices into existing technology platforms, due to the mainstream 
industrialization and mature development of silicon in electronics, on-chip photonics, and 
microelectromechanical systems [25]. 

In this view, this article will study the optimized conditions for the nanostructuring of 
PBOE made of crystalline silicon for near-infrared regime and specifically for telecom 
applications at 1310 nm wavelength, on which one of the two transmission windows of silica 
fibers are centered. Beside the main control parameter represented by the grating vector 
rotation, the efficiency conversion of the optical element depends on the geometric profile of 
the grating, i.e. on the duty-cycle and on its periodicity. Provided the period is much smaller 
than the wavelength in order to satisfy the regime of metasurface, it is necessary to determine 
the precise thickness as a function of the grating duty-cycle and period in order to achieve a 
precise control of the material optical parameters. 

While a few examples of silicon sub-wavelength grating metasurfaces have been 
presented and tested in literature [5,21,22], to the best of our knowledge a complete 
experimental analysis of the fabrication processes and of the resulting optical response is still 
missing. The aim of this work is to bridge this gap, considering in depth the relation between 
the fabrication procedure of a subwavelength grating and the corresponding optical response, 
according to which a geometric phase delay is introduced. The thickness, period and duty-
cycle of silicon grating for the determination of the optimal geometric phase has been 
computed and experimentally measured at a wavelength of 1310 nm and then 
computationally extended in the range 1260-1360 nm. 

We performed a systematic control of the grating nanofabrication process and determined, 
by ellipsometric analysis and transmission measurements, the ordinary and extraordinary 
values of the effective refraction indices at the wavelength of 1310 nm. Electron Beam 
Lithography (EBL), Nano-Imprint Lithography (NIL) and Induced-Coupled Plasma Reactive 
Ion Etching have been exploited as nano-fabrication techniques to produce linear grating 
samples. 

In order to demonstrate the possibility to assemble the single grating cells for the 
generation of more complex phase patterns, besides a simpler blazed grating, we also 
considered the realization for the first time of a PB mode-division demultiplexer for the 
sorting of optical beams carrying orbital angular momentum (OAM) of light [26]. Recently, 
the phase structuring of light has known an upsurge of interest in the so-called mode-division 
multiplexing, which exploits the spatial degree of freedom in order to increase the 
information capacity of optical links [27]. Modes carrying non-null OAM present a twisted 
wavefront induced by a phase term exp(iφ), being  the amount of OAM per photon in units 

of  . Modes with different  values, i.e. different OAM, are orthogonal to each other and 

provide distinct channels for information transfer [28]. We considered the sorting method 
based on OAM-mode projection [29,30] and we designed and fabricated a silicon metasurface 
performing both polarization-division multiplexing (PDM) and OAM-mode division 
multiplexing of 7 beams with OAM in the range from −3 to + 3, for a total of 14 OAM 
channels. With respect to previous implementations in a diffractive form [30], the fabrication 
of the sorter with a both inhomogeneous and anisotropic medium allows the sorting of optical 
beams with the same OAM and orthogonal circular polarization using a single optical 
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( )

exp / 2 0

0 exp / 2

i

i

δ
τ δ

δ
−

=
+

 (4) 

In case of sub-wavelength grating, the matrix in Eq. (4) describes a form-birefringent 
medium whose phase retardation δ is determined by the grating profile in terms of period, 
duty-cycle and depth, and by the refractive index of the substrate material, and it is assumed 
to be constant for each pixel. The validity of last equation relies on the thin element 
approximation where the pixel size, ΔL, the grating depth, d, and the wavelength, λ , fulfill 
the condition ΔL2>>dλ. 

For simplicity, we work with the helicity basis in which [1 i] and [1 –i] denote right-hand 
circular polarization and left-hand circular polarization, respectively (the normalization factor 

1 / 2  has been omitted). In this representation, the resulting wave consists of two 
components: the zero-order, exhibiting the same polarization of the incident beam and no 
phase modification, and the diffracted order, exhibiting an orthogonal polarization and a 
phase term equal to twice the local orientation of grating, with a sign depending on the input 
handedness: 

 21 1 1
cos sin

2 2
iT i e

i i i
θδ δ ±        = −        ± ±        

 (5) 

It is worth noting that a maximum in diffraction efficiency can be achieved by assuming a 
retardation equal to π, i.e. the metasurface behaves as a rotated half-wave plate. In this case 
the zero-order term can be eliminated and the components of T(x,y) assume the explicit form: 

 21 1iT ie
i i

θ±   
= −   ±   

 (6) 

Therefore, the desired phase modulation can be achieved just by varying the orientation of 
the sub-wavelength structure of each pixel, and a potentially continuous phase modulation 
can be obtained just by using a binary grating, eliminating the need of complicated multiple-
step and grey-scale fabrication procedures (Fig. 1). 

2.1 Simulation and design 

In this work, the uniaxial form-birefringence properties of the basic PBOE cell (PBC) is 
obtained by structuring the medium with a sub-wavelength grating. It can be physically 
explained by the change of the boundary conditions experienced by the electromagnetic 
waves in the two directions, parallel and perpendicular to the grating vector. To express the 
two effective refractive indices as a function of the geometric features of the grating, two 
different approaches have been considered: Effective Medium Theory (EMT) and Rigorous 
Coupled-Wave Analysis (RCWA). 

The Effective Medium Theory (EMT) is an approximate method where the sub-
wavelength grating is described as a thin anisotropic birefringent meta-material with effective 
refractive indices [32,33]. Under this approach, the effective refractive indices are formulated 
in terms of powers of the ratio between grating period and wavelength. Then, while in the 
zero-order EMT only the duty-cycle, i.e. the fraction between the grating and the surrounding 
medium, plays a role, in the second-order formulation the grating period starts to be a design 
parameter and the validity of the approximation is extended. On the other hand, the Rigorous 
Coupled-Wave Analysis (RCWA) is an exact approach and the effective refractive indices are 
given by numerical computations using a rigorous electromagnetic grating theory based on 
Fourier series expansions [34–36]. 

Simulations have been performed in order to obtain theoretical values for the effective 
refractive indices of the grating and to choose the best grating geometry in terms of thickness, 
period and duty-cycle, taking into account fabrication limits and experimental feasibility. 
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For the fabrication of linear sub-wavelength grating with high aspect ratio a stamp process 
has been considered. The original EBL pattern was transformed in an imprinting mold for 
subsequent imprinting replica and ICP-RIE etching to achieve the final sample. 

The resist pattern was transferred in the silicon substrate by means of STS MESC 
MULTIPLEX Reactive Ion Etching (RIE) plasma etching in Inductively Coupled Plasma-
Reactive Ion Etching (ICP-RIE) configuration working at 13.56 MHz frequency. The ICP-
RIE recipe used to transfer the resist pattern on the silicon substrate is composed by three sub-
steps: O2 stripping for the residual layer removal characterized by 40 sccm O2 flow rate, 200 
W of RF power of coil for the generation of plasma, 4 mTorr of chamber pressure, RF platen 
power of 10 W for the acceleration of ions to the sample. An etching step is performed in a 
three-gases-mix plasma (C4F8 at 60 sccm of flow rate, SF6 at 30 sccm and Ar at 10 sccm) 
with a coil RF power of 400 W, a RF platen power of 20 W (corresponding to an acceleration 
bias of 90 V) and a chamber pressure of 8 mTorr. Finally, an O2 cleaning step was conducted 
characterized by 50 sccm of O2 flow rate, a coil RF power of 800 W, RF platen power of 20 
W and a chamber pressure of 20 mTorr. 

The Thermal-NanoImprint Lithography process for the master fabrication was conducted 
using a Paul-Otto Weber hydraulic press with heating/cooling plates [39,40]. The pattern 
generated by EBL is transformed into master stamp after a silanization process with 
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane PFOTS [41,42]. MR-I 7010E was spun on a 
silicon wafer at 2000 rpm to obtain a thickness of about 124 nm and a soft bake was 
conducted for 2 minutes at 140°C on the hot plate. 

The T-NIL process is carried out at 80°C for an imprinting time of 20 minutes at a 
pressure of 100 bar, followed by cooling down at room temperature. 

For the fabrication of the final samples (Fig. 4), the imprinting process was performed on 
a film of MR-I 7020E spun on silicon substrate at 1750 rpm to obtain a thickness of about 223 
nm and baked for 2 minutes at 140 °C on the hot plate. The T-NIL process was conducted at 
80°C at a pressure of 100 bar for 10 minutes followed by cooling down. Finally, the ICP-RIE 
etching was performed using the previous reported recipe. 

3.2 Ellipsometric analysis 

The analysis of ellipsometric data requires a model for the optical behavior of the material, 
defined in terms of its optical constants and layer thickness. In our case of interest, a thin film 
of uniaxial birefringent material over a bulk silicon substrate has been considered. Ordinary 
and extraordinary refractive indices have been assumed to follow a Cauchy model, and the 
initial theoretical values for the fit have been obtained from second-order EMT simulations. 

A VASE Ellipsometer (J. A. Woollam) has been used in RAE (Rotating Analyzer 
Ellipsometer) configuration. The setup consists of a Xenon (Xe) lamp working in the range 
190 nm - 2 μm with a monochromator and a focusing system. The polarization state is 
controlled by a first polarizer that can be set at the desired angle. The light beam, reflected by 
the sample into an elliptical polarization state, travels through a continuously rotating 
polarizer, and it is finally collected by a photodiode system. 

For ellipsometric measurements, samples have been fabricated on single polished silicon 
wafers, in order to avoid the back-side reflection contribution which badly affects the fitting 
operation. 

The data collection has been extended in an experimental range of wavelengths 1000 nm< 
λ< 1600 nm explored with a 5-nm step, while two different angles of incidence were chosen: 
50° and 60°. Ellipsometric analysis output provides, besides the grating thickness, also the 
Cauchy coefficients of the biaxial index of refraction, nTM and nTE, and eventually provides 
the phase delay of the samples, according to Eq. (1). 

In Fig. 5, the experimental phase delay is shown as function of the grating depth. As 
expected, the phase delay scales linearly with the grating thickness. In Table 1, data 
concerning nearly-optimized samples are reported. 
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5.2 Optical characterization 

The optical behavior of the sample has been tested for illumination under beams carrying 
OAM, generated with a LCoS spatial light modulator (X13267-08, Hamamatsu, pixel pitch 
12.5 μm). The output of a DFB laser (λ = 1310 nm) is collimated at the end of the single 
mode fiber with an aspheric lens with focal length fF = 7.5 mm, linearly polarized and 
expanded before illuminating the display of the SLM. In order to generated an OAM beam 
with index , the corresponding helical wavefront exp(iφ) is loaded on a doughnut intensity 

profile with a radius of 500 μm and a width around 200 μm and imaged on the SLM display 
using a phase and amplitude modulation technique [43]. Then, a 4-f system with an aperture 
in the Fourier plane isolates and images the first order encoded mode. A second 50:50 beam-
splitter is used to split the beam and check the input beam profile with a first camera (WiDy 
SWIR 640U-S, pixel pitch 15 μm). Afterwards, the OAM beam illuminates the patterned 
zone of the silicon sample. The far-field is collected by a second camera (WiDy SWIR 640U-
S) placed at the back-focal plane of a lens with focal length f = 5.0 cm. A sequence of linear 
polarizer and quarter-wave plate is placed before and after the optical element, in reverse 
order, in order to generate and filter the desired circular polarization state. A Mach-Zehnder 
interferometric setup is added in order to analyze the phase pattern of the generated OAM 
modes. As Fig. 13 shows, the number and the helicity of the spiral arms in the interferograms 
denote the helical structure of the phase-front and the carried OAM value and sign. 

The far-field has been collected for input optical beams with well-defined OAM in the set 
from −3 to + 3 and circular polarization states. When an OAM beam illuminates the sorter, 
the far-field is the result of the projection of the field over the mode set for which the element 
has been designed. Therefore, a bright spot appears in correspondence of the detected OAM 
value, when it is present, at the position given by the channel constellation in Fig. 11(b). As 
Fig. 13 shows, the sorter separates the orthogonal polarization states onto two distinct lines, 
and the OAM beams are correctly detected according to the theoretical scheme. 

6. Conclusions 

In this work, we focus on the optimization of a linear sub-wavelength grating as constitutive 
basic unit for the design and implementation of high-efficient Pancharatnam-Berry Optical 
Elements in silicon working in the infra-red range. A three-step fabrication protocol, based on 
high resolution electron-beam lithography, thermal nano-imprinting lithography and ICP-RIE, 
has been optimized and finely tuned for the realization of sub-wavelength grating samples 
with a phase delay value closed to π in order to obtain the maximum diffraction efficiency for 
an optimized single pixel. This effective half-wave plate represents the basic unit for the 
implementation of any phase pattern in the form of geometric-phase optical elements. 

Simulation performed with RCWA showed that the thickness for the definition of the π 
phase delay also depends on the period and duty cycle of the grating. The experimental phase-
delay determination confirmed the validity of the simulations that therefore can provide 
useful data for the design of PBOE. 

The possibility to move from diffractive optical elements to PBOEs has been 
demonstrated with the design and test of two patterns: a blazed grating and a mode 
demultiplexer. 

The sawtooth profile of a blazed grating has been discretized and each phase level has 
been converted into the corresponding rotation angle of the meta-pixel fast axis. A 
scatterometry analysis was used to confirm the goodness of our fabrication process for the 
realization of a quasi-ideal PB blazed grating. The optimal geometry of the PBOE obtained 
by matching the fabrication design specifications almost cancel the presence of spurious zero 
order peak contribution. 

In a second step, we considered a more complex optical element performing the sorting of 
optical modes differing in their orbital angular momentum content. The optical 
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characterization of the sample confirms the expected capability to sort circularly-polarized 
optical beams with different handedness and orbital angular momentum, providing a single 
optical element which can measure the total angular momentum of light. 

This work paves the way for the realization of efficient Pancharatnam-Berry optical 
elements in the form of spatially-variant silicon sub-wavelength gratings for infrared 
applications, which could be exploited for the broad-band polarization-dependent phase-
structuring and manipulation of light in the telecom field. 
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