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Computationally Efficient Metalens Design 
Framework 

Abstract— We propose the design of an all-silicon metalens 

operating in the Mid-IR at λ = 6.6 μm. The device employs 

silicon pillars with a silicon nitride anti-reflection coating to 

achieve high transmission and full 0–2π phase modulation. A 

custom hybrid Huygens–Fresnel propagator is introduced for 

time-efficient assessment of a  metalens. The proposed 

framework shows excellent agreement with reference full-wave 

FDTD simulations. 
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Fourier optics, computational cost 

I. INTRODUCTION  

Metasurfaces are planar arrays of subwavelength 
structures, known as meta-atoms,. These structures have 
enabled a wide range of functionalities including augmented 
and virtual reality (AR/VR) displays [1], highly selective 
mirrors [2], sensing and spectroscopy platforms [3], and 
advanced imaging systems [4]. Their ability to engineer 
optical wavefronts using compact nanostructured elements 
makes metasurfaces a promising alternative to conventional 
bulky optical components. Among the various metasurface-
based devices, metalenses, metasurfaces designed to perform 
lensing functions, have attracted significant attention [5]. By 
introducing spatially varying phase shifts through carefully 
designed meta-atoms, metalenses can focus light while 
maintaining a flat and compact architecture. This approach 
allows precise wavefront control while significantly reducing 
the device thickness and fabrication complexity compared to 
traditional refractive lenses. However, the design and 
optimization of metalenses typically rely on full-wave 
electromagnetic simulations, such as finite-difference time-
domain (FDTD) methods. While highly accurate, these 

simulations become computationally demanding for large-
area and high numerical aperture (NA) metalenses. 
Consequently, developing hybrid modeling approaches 
capable of predicting the optical response of metalenses with 
reduced computational cost is highly desirable. In this work, 
we present the numerical design and numerical 
characterization of an all-silicon metalens operating at a 
wavelength of � = 6.6 �� . Custom hybrid propagation 
method based on the Huygens–Fresnel diffraction principle 
and RCWA is implemented, enabling rapid evaluation of the 
metalens focusing performance while maintaining good 
agreement with full-wave simulations. 

II. METHODS 

The proposed metalens consists of silicon pillars on a silicon 
substrate, coated with a silicon nitride anti-reflection layer. 

The unit cell has a period of � = 3.2 ��, silicon thickness 


�� = 4.7 �� , and anti-reflection layer thickness 
�� =

0.84 �� , with pillar radii varying from 0.5 ��to 1.1 �� . 
The optical response was calculated using three-dimensional 
Rigorous Coupled-Wave Analysis (RCWA), mapping the 
geometry to transmission and phase, with the silicon nitride 
layer improving transmission above 60% while maintaining 

full 0–2�  phase coverage. The phase library was used to 

design a metalens with focal length � = 150 �� and 

numerical aperture �� = 0.6. To evaluate performance, two 
methods were employed: full-wave FDTD simulations and a 
custom Huygens–Fresnel hybrid propagator. In the latter, 
each unit cell is modeled as a secondary source, with 
amplitude and phase from RCWA, allowing near-to-far field 
projections to reconstruct the optical field. The focus of this  

Giovanni Piscopo  

Munster Technological University,  

Centre for Advanced Photonics &  

Process Analysis 

Rossa Avenue, Bishoptown,  

T12 P928, Cork, Ireland 

Department of Electrical and 

 Information Engineering 

Polytechnic University of Bari,  

Via Edoardo Orabona, 4, 70125,  

Bari, Italy 

giovanni.piscopo@mycit.ie 

g.piscopo1@phd.poliba.it 

Artem S. Vorobev 

Munster Technological University, 

Centre for Advanced Photonics & 
Process Analysis 

Rossa Avenue, Bishoptown, T12P928, 

Cork, Ireland 

Tyndall National Insitute 

Lee Maltings Complex Dyke Parade, 
T12 R5CP, Cork, Ireland 

artem.vorobev@mtu.ie 

 

Jesus Hernan Mendoza-Castro  

 Institute of Chemical Technologies and 

Analytics,  
TU Wien, 

Getreidemarkt 9/164, 1060,  
Vienna, Austria 

Department of Electrical and Information 
Engineering 

Polytechnic University of Bari 

Via Edoardo Orabona, 4, 70125,  

Bari, Italy 
jesus.mendoza-castro@tuwien.ac.at 

 Giovanni Magno 

Department of Electrical and  

Information Engineering 

Polytechnic University of 
Bari,  

Via Edoardo Orabona, 4, 
70125,  

Bari, Italy 
giovanni.magno@poliba.it 

IEEE Member 

 

Liam O’Faolain 

Munster Technological 

University, Centre for 

Advanced Photonics & 

 Process Analysis 

Rossa Avenue, Bishoptown,  

T12 P928, Cork, Ireland 

Tyndall National Insitute 

Lee Maltings Complex Dyke 

Parade, T12 R5CP, Cork, 

Ireland 

william.whelan-curtin@mtu.ie 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
work is on the efficiency of the Huygens–Fresnel propagator, 
which dramatically reduces computational time while 
providing accurate results compared to FDTD simulations. 
 

III. RESULTS 

Figures 1(d–e) show the normalized intensity distribution in 
the (xz) plane obtained using FDTD and the Huygens–Fresnel 
propagator, respectively. Both methods predict a well-defined 
focal spot at the designed focal distance. The FDTD 
simulation gives a full width at half maximum (FWHM) of 
approximately 6 μm, while the Huygens–Fresnel method 
predicts a slightly smaller value of 5.6 μm, resulting in a 
6.67% error. For the focusing efficiency, which is calculated 
as the fraction of transmitted optical power contained within a 
circular region of radius (3 x FWHM) centered at the focal 
spot, FDTD calculates 74.3%, while the Huygens–Fresnel 
method gives 67.87%, corresponding to an 8.65% error. These 
small errors indicate that the Huygens–Fresnel method is a 
reliable alternative to FDTD for evaluating metalens 
performance. The key advantage of the Huygens–Fresnel 
approach is the significant reduction in computational time: 
FDTD took approximately 9 hours and 27 minutes, while the 
Huygens–Fresnel method completed the calculation in just 
150 seconds. This makes it a valuable tool for quickly testing 
different design configurations. However, despite the 
efficiency and accuracy of the Huygens–Fresnel method, the 
final design should still be verified with full-wave simulations 
to ensure the precision of the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV. CONCLUSIONS 

We presented the design and numerical characterization of an 
all-silicon metalens operating at � = 6.6 ��with a nominal 
numerical aperture �� = 0.6and a focal length � = 150 ��. 
The device achieves a transmitted power above 60% and full 
0–2�  phase modulation using silicon pillars with a silicon 
nitride anti-reflection coating. Full-wave simulations predict a 
focal spot with ���� � 6 ��and a focusing efficiency of 
74.3%. To accelerate the design process, we developed a 
custom propagation method based on the Huygens–Fresnel 
principle. This method closely matches the FDTD results 
while reducing simulation time from over 9 hours to just 150 
seconds, enabling rapid evaluation of metalens designs. 
However, while the method significantly speeds up design 
selection, the final chosen design must still undergo full 
FDTD simulation to ensure precise performance. 
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Figure 8. (a) – (c) Side and Top View of the proposed unit cell. The design parameters are � = 3.2 ��, 
�� = 4.7 ��, and 
�� = 0.84 �� while the pillar 
radius �is varied from 0.5 �� to 1.1 ��. (c) Transmittance and Phase as a function of the pillar radius �. By adding a silicon nitride AR coating, a total 
transmitted power above 60 % can be reached while maintaining a full 0 - 2π phase modulation. (d) – (e) Normalized intensity distribution in the �  plane 
obtained using FDTD and the Huygens–Fresnel propagator respectively. 


