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Abstract 

Dielectric metasurfaces have significant potential for delivering miniaturized optical systems 

with versatile functionalities, leading to applications in various fields such as orbital angular 

momentum generation, imaging and holography. Among the different materials, crystalline 

silicon has the advantage of technological maturity and high refractive index, which increases 

design flexibility and processing latitude. The second, and often overlooked, advantage of 

silicon is that it affords embedding the metasurface in a protective material such as silica, which 

is essential for practical applications. The trade-off against this high refractive index is the 
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silicon's absorption at visible wavelength, which we need identify design strategies to tolerate. 

Here, we identify such a strategy based on metasurfaces supporting air modes that can lead to 

a transmission efficiency as high as 87% at a wavelength of 532 nm. This exceptional efficiency 

is obtained by using the high index to confine the electric field in the periphery of the meta-

atoms, thereby reducing absorption losses. As an example, we describe the design of a fully 

embedded metasurface that can generate vortex beams with various orders of orbital angular 

momentum. We envision that the proposed strategy paves the way for practical applications of 

high-efficiency metasurfaces based on crystalline silicon. 

 

1.Introduction 

Metasurfaces are composed of meta-atoms, which are nanostructures that impose a local 

modulation on an incoming wavefront to achieve a desired optical functionality,[1–3] such as 

orbital angular momentum (OAM) generation,[4–9] metalenses[10–18] and holograms.[19–25] Their 

small footprint, sub-wavelength thickness and compatibility with large-scale fabrication 

techniques have provided a new research direction in nanophotonics and have excited the 

community about the opportunities offered by “flat optics” as one of the top 10 emerging 

technologies in 2019.[26]  

Recent research has focused on realizing metasurfaces in dielectric materials following the 

recognition that earlier plasmonic realizations were too lossy, especially when operated in 

transmission.[1,2,27] Indeed, high efficiencies around 90% at 532 nm[15] have been obtained with 

dielectric metasurfaces made of materials of moderate refractive index n and very low 

extinction coefficient k, such as TiO2 and GaN.

[28] For many applications, however, it is 

necessary to embed the metasurface in a background material with a planarized surface, e.g. to 

provide a protective coating,[29] to increase the numerical aperture using a high-index oil[11] or 

to realize multilayer structures.[10,30] In these scenarios, and to generate the phase delay required 
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for efficient modulation, it is of great advantage to build the metasurface with dielectric 

materials of high refractive index. 

Crystalline silicon (c-Si) appears as a natural choice,[11,13,36,22–24,31–35] as it is a high index 

material that is available at high quality and compatible with CMOS processes, which is 

important for scale-up manufacturing. Different optimization methods have already been used 

to reduce the impact of silicon absorption on metasurface performance.[11,34,35] Hence, despite 

its well-known absorption in the visible regime (e.g. a ≈ 104/cm at 532 nm), we have already 

shown high focusing efficiency (67% in transmission) and high NA (NA = 1.47) operation at 

this wavelength,[11] the latter having been achieved via high-index oil immersion. Furthermore, 

c-Si metasurfaces with more than 60% transmission efficiency has also been demonstrated in 

deflection,[31,35] for orbital angular momentum (OAM) generation,[32] and for holography 

applications.[23,24] The high index of silicon has also enabled the first demonstration of a 

metalens with a field of view as high as ±89°.[36] The question is whether this performance can 

be improved even further and made comparable with that achieved in TiO2, which has 

demonstrated multiple functionalities and an efficiency up to h ≈ 90%. In order to answer this 

question, we have identified a metasurface design strategy that is more tolerant to absorption 

losses, thus paving the way to the highest efficiency operation also in crystalline silicon.  

Our design uses meta-atoms composed of c-Si nanobricks, similar to those used by 

Khorasaninejad et al.,[12] but we extend the design to utilize air modes that are mainly situated 

in the space between the nanobricks yet with their electric field at the periphery of the 

nanobricks, which helps to mitigate the absorption losses.  

To exemplify this strategy, we have chosen the important problem of high order OAM 

generation, which has a number of applications, such as high-purity OAM laser,[4] high capacity 

optical communication[37,38] and multiplexing channels OAM holography.[25,39] We realize 
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OAM beams using the Pancharatnam-Berry (PB) phase approach; we design the metasurface 

to be embedded in silica, to operate at a wavelength of 532 nm and predict a transmission as 

high as 87%.  

 

2.Theory and methods 

The structure is illustrated in Figure 1. The PB phase modulation is achieved by rotating the 

meta-atoms that act as miniature half-waveplates. A straightforward Jones matrix analysis 

shows that, when circularly polarized light is incident on a wave-plate with a rotation angle of 

𝜃, then a phase shift Φ = ±2𝜃 is imposed on the orthogonal circular polarization state, where 

‘+’ is applied for left-circularly polarized incident light while ‘-’ is applied for right-circularly 

polarized light.[40] Therefore, it is possible to control the transmission phase Φ by tuning the 

geometrical phase 𝜃. See Supporting Information Section 1 for more details on the Jones 

matrix description of the PB phase. 

There are four parameters of the c-Si nanobrick to be determined: length (L), width (W), 

height (H) and the period of the unit cell (P) as illustrated in Figure 1(a). The layout of the 

nanobricks during the optimization procedure is depicted in Figure 1(b), where the rotation 

angle of the nanobrick θ is 0. Periodic boundary conditions are applied in X and Y direction. A 

hybrid optimization algorithm (HOA)[11] is then used to find the optimized parameters of the c-

Si nanobrick for 532 nm wavelength operation. We note that, to optimize the efficiency of the 

PB phase modulation, the array has to impose a π phase shift while maintaining a high and 

uniform transmission along the two principal axes of polarization.[40,41] The PB phase is utilized 

here due to its characteristic of equal size of all nanobricks, which supports the air-mode 

irrespective of phase. It should also be noted that several sets of optimized parameters are 

obtained with the help of HOA, but the design described hereafter is chosen due to its larger 

period, which facilitates the fabrication. 
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Figure 1. (a) Schematic of the nanobrick in a hexagonal unit cell. The inset is the top view of a 

single unit cell. W, L, H are the width, length and height of the nanobrick respectively; P is the 

distance between the two parallel sides of the hexagonal lattice; θ represents the rotation angle 

between the major axis of the nanobrick and the X direction. (b) Top view of the layout of 

nanobricks during the optimization procedure when the rotation angle is 0. The grey rectangle 

represents the c-Si nanobrick.  

 

The design achieves a maximum conversion efficiency of 88% at 15, 75 and 135 degrees, as 

shown by the red curve of Figure 2 (a). The conversion efficiency is defined as the ratio of the 

converted circularly polarized light (right-circularly polarized light) to the incident light (left-

circularly polarized light). This high conversion efficiency, even in the presence of absorption 

losses, arises because of the air-mode design[42,43] resulting in a concentration of the electric 

field in the space between the nanobricks. The electric field profiles are shown in Figure 2 (b), 

where the field confinement outwith the c-Si nanobricks can clearly be seen, which minimizes 

overlap with the lossy material and therefore absorption losses of the metasurface device. In 

order to quantify the electric field confined inside (Ein) and outside (Eout) of the nanobricks, we 

determine the absolute value of the electric field in the two regions and find that the ratio of 

Eout/Ein is 7.36, in accordance with Figure 2 (b). 
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Figure 2. (a) Simulated conversion efficiency (red line) and phase (blue line) of the optimized 

c-Si nanobrick. The black dashed line represents the ideal phase control which is twice the 

rotation angle when illuminated with left-circularly polarized light. Electric field profile for the 

case of q = 0 (Figure 1(b)) in (b) the X-Z plane and (c) the Y-Z plane. The dashed black lines 

depict the boundaries of the nanobricks. The parameters of the optimized c-Si nanobricks are 

as follows: L = 151 nm, W =26 nm, H = 476 nm, P = 153 nm. The background refractive index 

is 1.5. The arrows highlight the angles of 30, 90 and 150 degrees. 
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The ideal PB phase is shown as the dashed black line in Figure 2(a). It is clear that there is 

some coupling effect, which induces a phase deviation for certain angles, but otherwise, the PB 

phase (blue line) closely follows the ideal phase. The phase deviation follows the 60-degree 

rotational symmetry of the hexagonal lattice and occurs for rotation angles around 30°, 90° and 

150° , as highlighted by the red stripes of Figure 2(a). The phase deviation is clearly 

accompanied by a drop in conversion efficiency. As illustrated in Figure 2(a), the nanobricks 

are aligned at these angles, resulting in a vanishingly small gap. Figure S1 shows the 

corresponding electric field profiles which highlight the strong coupling effect between the 

nanobricks upon alignment. This strong coupling effect results in the conversion efficiency dip 

and phase mismatch (for detail, see Supporting Information Section 1). As discussed below, 

in order to maintain high efficiency, we will therefore avoid these rotation angles in our design; 

avoiding these angles is also advantageous technologically, as it would be very challenging to 

fabricate such small features reproducibly. 

The advantage of using the air mode can be appreciated by comparing our design to one that 

does not support air modes (for detail, see Supporting Information Section 2) and which has 

a maximum conversion efficiency of 77%. In the absence of the air mode, the electric field is 

confined more strongly to the nanobricks, thus increasing absorption and limiting the 

conversion efficiency. A further comparison is made with an array made of TiO2 with its 

parameters taken from reference.[44] The TiO2 array is non-absorbing, thus allowing a high 

conversion efficiency. Base on the data of Ref [44], our simulation shows that a maximum 

simulation conversion efficiency of 92% can be achieved (Figure S3). By immersing the TiO2 

lens in water or oil, however, the efficiency drops significantly[28, 45] (by a factor 1.5-2).  

In order to optimize the efficiency of the metasurface, we refer to the phase map (Figure 2) 

and simply omit the regions highlighted by the red stripes. In these cases, the rotation angle 

with the maximum conversion efficiency is selected. Furthermore, for any metasurface design, 
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the full 2π phase is typically discretized, e.g. in π/8 or π/10 increments, so we can choose a 

discretization which avoids the critical sections. Figure 3 shows a possible realization whereby 

the red diamonds represent the data points actually used in our design. The black dashed line 

depicts the ideal PB phase as in Figure 2. Notice that most of the red diamonds lie outside the 

“red stripe” low conversion efficiency regions. This phase conversion efficiency map with 17 

efficient points can now be used to design metasurfaces with specific functionalities, e.g. high 

order OAM generation; examples are shown in the next section.  

 

Figure 3. Phase (blue dots) and conversion efficiency (red diamonds) map for the optimized c-

Si nanobrick design. The black dashed line depicts the ideal PB phase. Phase compensation 

can be achieved by choosing the rotation angles according to the phase map, instead of using 

the linear relation represented by the black dashed line. The low conversion efficiency regions 

are highlighted by the red stripes. Notice that most points actually used for the design lie outside 

these regions of low efficiency.  
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3. OAM generator metasurfaces  

The advantage of our air-mode design is finally exemplified via an OAM generator where we 

use the c-Si nanobrick geometry to generate OAM beams of different orders and with high 

transmission efficiency.  

The simulated intensity distributions for orders 1, 5 and 10 are shown in Figure 4; other 

orders and corresponding converted light intensity distributions are shown in the Supporting 

Information Section 3. The c-Si nanobricks utilized here are the same as those shown in Figure 

2: L = 151 nm, W = 26 nm, H = 476 nm, P = 153 nm. The desired phase profiles of the different 

orders l of OAM beams can be expressed as exp(ilφ), where φ is the azimuthal angle. This phase 

profile is then discretized into hexagonal lattices according to the phase map of 17 points shown 

in Figure 3. As an example, for the canonical vortex beam of topological charge 1, the 

characteristic “donut” shape is clearly observed (Figure 4(a)). Importantly, the simulated 

transmission of these embedded metasurfaces reaches a remarkable value of 87% for 

topological charge l=1. For higher orders, the efficiency drops slightly (to 85% for l=5 and 83% 

for l=10). The transmission efficiency is defined as the ratio of the transmitted light passing 

through the OAM generator to the incident light. We also note slight imperfections in the beam 

shape, which is the small penalty for missing some amplitude terms[4,46] (see also Supporting 

Information Section 4).  

 

Figure 4. Simulated light intensity distribution of OAM generator metasurfaces with different 

orders of (a) l=1, (b) l=5 and (c) l=10. The corresponding transmission efficiencies are (a) 

87%, (b) 85% and (c) 83%. 
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We emphasize that the above demonstration of an OAM generator is only one of many 

possible examples, and that other highly performing metasurface functionalities can be 

achieved using the air modes of coupled meta-atoms.  

 

4. Discussion & Conclusion 

We have introduced a new design for creating metasurfaces utilizing the PB phase; the PB 

phase uses the geometrical rotation of meta-atoms shaped as “nanobricks” to impart a phase 

change onto a circularly polarized input beam. Our design exploits the phenomenon of air 

modes that can be confined between high refractive index nanostructures; by using these air 

modes and confining the optical field near the edge of the nanobricks, it is possible to maintain 

the phase control required for metasurface operation while minimizing the impact of the strong 

absorption of silicon. As a result, we are able to predict a conversion efficiency as high as 87% 

at a wavelength of 532 nm, which is very close to the value of 90% achieved with a TiO2 array.  

In addition, we explore the important issue of embedding the metasurface in a protective 

medium such as silica or a polymer. The issue of embedding is rarely considered in the literature 

and results are typically only shown for “bare” metasurfaces whereby the nanostructure is 

directly exposed to air. In contrast, for real-world applications, it is generally accepted that it is 

preferable to embed such fragile nanostructures in a protective medium. Embedding the silicon 

metasurface has little impact on its optical functionality given the high refractive index of the 

material, i.e. the 87% quoted above were actually achieved for a fully embedded structure. In 

contrast, the lower index of TiO2 and Si3N4 make these materials much more susceptible to 

local refractive index changes with a reported efficiency loss of a factor 1.5-2. 

These observations combine to lead us to the remarkable conclusion that high refractive 

index is more important than loss for a metasurface material, which is quite a profound insight. 

The downside of the approach we put forward here is twofold, namely a) very small period 
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and feature size, and b) coupling between the nanobricks for certain rotation angles, in particular 

when the bricks almost touch. These issues can be addressed as follows: 

a) The smaller period of P = 153 nm we propose is a direct consequence of the embedded 

design and the increase in effective index it produces. Reducing the period is therefore a 

challenge facing most metasurface designs as they aim to enter the realm of practical 

applications. The technological difficulty of defining and reproducing meta-atoms is made 

somewhat easier, however, when the meta-atoms are of equal size, as is the case for the PB 

approach; the fill-factor of a PB metasurface does not change irrespective of the desired phase, 

which mitigates proximity effects that occur during lithography. We note that we have already 

produced a metasurface with a different, polarization-independent design whereby the size of 

the meta-atoms does change as a function of the desired phase. This design is more difficult to 

produce, yet we have experimentally demonstrated high-performance operation with a period 

of 190 nm.[36] We therefore believe that a PB phase metasurface of 153 nm period is realistically 

achievable. In terms of feature size, we also note that a similar aspect ratio of 40 nm width and 

600nm height has already been successfully demonstrated with silicon nanobricks [22] further 

supporting the feasibility of our design. Note that we also discuss design tolerances in the 

Supporting Information Section 5. 

b) Regarding the coupling problem, we already propose a solution, which is to avoid the most 

critical geometries, as highlighted by the red stripes in Figure 3. We show that even by omitting 

certain points from the phase map, demanding functions such as higher order OAM beam 

generation can be successfully realized.     

In conclusion, the air mode design we propose here provides a realistic route to producing 

high-efficiency silicon metasurfaces with all the technological advantages offered by the silicon 

industry; moreover, the design embeds the meta-atoms in a protective dielectric coating which 

makes it most suitable for practical applications. Our work therefore supports the claim of using 

silicon as the material of choice for high-performance metasurface realizations.  
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5. Methods 

There are four parameters of the c-Si nanobrick to be determined: length (L), width (W), height 

(H) and the period of the unit cell (P). A self-adaptive hybrid optimization algorithm (HOA) is 

used to search the global optimized set of parameters with the objective to achieve a π phase 

delay while attaining high and uniform transmission. For more details of the optimization 

procedure, see reference.[11] The phase control and conversion efficiency of the nanobrick array 

are then calculated using the commercial software FDTD Solutions (Lumerical Inc.) based on 

the finite difference time domain (FDTD) method. In the FDTD simulation, left-circularly 

polarized light of 532 nm wavelength is injected from the substrate. The boundary conditions 

are periodic along the X and Y direction and we use perfectly matched layers (PMLs) along the 

Z direction. The simulation of the OAM generator metasurfaces is also carried out in FDTD, 

applying PML boundary conditions in all directions with 532 nm left-circularly polarized light 

injected from the substrate direction. 
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