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Abstract—In this paper, we introduce and evaluate, for 

metasurfaces, parameters such as the intercept factor and the 

slope error usually defined for solar concentrators in the realm of 

ray-optics. After proposing definitions valid in physical optics, we 

put forward an approach to calculate them. As examples, we 

design three different lenses based on three specific unit cells and 

assess them numerically. The concept allows for the comparison 

of the efficiency of the metasurfaces, their sensitivities to 

fabrication imperfections and will be critical for practical 

systems.  
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I. INTRODUCTION 

Metasurfaces, as a two-dimensional version of 
metamaterials, have raised significant attention due to the 
simplified design afforded by generalized Snell’s laws of 
reflection and refraction [1]. They consist of arrangements of 
subwavelength elements and provide powerful solutions to 
control the phase, the amplitude and the polarization of waves 
at subwavelength scales. The metasurfaces can be theoretically 
modeled in terms of surface polarizabilities (electric and 
magnetic) with physical bounds [2]. They offer a promising 
platform for applications including optical devices for beam 
splitters [3], carpet cloaking [4] and lenses [5-7]. Among these 
applications, metasurface metalens and concentrators are 
receiving considerable attention due to their capabilities for flat 
and integrable optics, super-focusing, super-imaging and solar 
energy. 

Conventional lenses are bulky as they rely on the Snell-
Descartes laws of refraction and propagation over large 
distances—compared to the wavelength—to focus light. On the 
other hand, metalenses can concentrate light with very thin 
surfaces—of the order of micrometers— by imposing an 
abrupt phase-shift to light at some interface. For instance, a 
parabolic metallic concentrator can be replaced by a thin and 
flat metasurface which provides, to a normally incoming plane 
wave, the parabolic phase-shift given by:   

Φ = 𝑘0(√𝑥2 + 𝑓2 − 𝑓) (1) 

where k0 is the free space wave-vector, x is the distance 
between the considered element and the center of the lens and f 
is the focal length. In general, only the focusing efficiency is 
considered to determine the quality of metalenses [6-7]. The 
latter corresponds to the ratio of the power incident on the 

focus to the power incident on the lens. In the solar 
concentrator field, the efficiency is defined as the ratio of solar 
energy collected by the receiver—an optical absorber—to that 
intercepted by the lenses. The total optical efficiency of a solar 
concentrator is given by the combination of the so-called 
intercept factor, the reflectance of the concentrators, and the 
absorbance of the latter [9]. Since the efficiency of an energy 
concentrator is extremely sensitive to its geometrical 
parameters, it is essential to develop methods that allow their 
optimization. 

In this paper, we introduce a method to compare the quality 
of concentrators in the realm of metasurfaces. Specifically, we 
generalize the concepts of the slope error and the intercept 
factor.  An approach based on finite difference time domain 
(FDTD) simulations is proposed to evaluate the efficiency of 
concentrators. As examples, we design in the optical domain 
three metasurfaces based on different unit cells (with 
cylindrical, rectangular and ellipsoidal elements) made of 
titanium dioxide (TiO2) [8-10]. We compare the three designs 
with our approach and show that the rectangular element has 
the minimal sensitivity to fabrication imperfections. 

II. INTERCEPT FACTOR AND SLOPE ERROR 

In the solar concentrator field [11-15], the intercept factor 

and the slope error allow the description of the imperfections 

of a solar concentrator. For traditional solar concentrators, the 

curved mirror has been used to bend light and focus it, which lead 

to the definition of the slope error. Metasurfaces are generally flat 

and rely on phase gradients and interferences to focus light. Hence, 

we define the intercept factor as the ratio of the integrated power on 

the receiver to the power incident on the metasurface. The 

corresponding equations for the ideal and real cases are 

respectively: 

{
sin 𝜃𝑖 − sin 𝜃 =

1

𝑘0
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sin 𝜃𝑖 − sin( 𝜃 + 𝛿𝜃) =
1

𝑘0

𝑑(𝜑(𝑥)+𝛿𝜑(𝑥))

𝑑𝑥
 for the real case

 (2) 

where 𝜃𝑖  is the angle of the incident plane wave, 𝜃 the angle of the 

reflected wave in the ideal case and 𝜃 + 𝛿𝜃  the angle of the 

reflected wave in the real case. This leads us to define the 

equivalent of the slope error, a unitless phase gradient error. 

𝑆𝑙𝑜𝑝𝑒 𝐸𝑟𝑟𝑜𝑟 = |
1

𝑘0

𝑑𝛿𝜑

𝑑𝑥
| (3) 



In this case, 𝑑𝛿𝜑/𝑑𝑥  can be approximated as the ratio of the 

phase difference between two adjacent elements to dx, the distance 

between two resonators. 

III. QUANTITATIVE ANALYSIS OF INTERCEPT FACTOR AND SLOPE 

ERROR IN NON-PERFECT METASURFACE 

In order to show how such fabrication imperfections can 
degrade the efficiency of a metasurface, and how they can be 
characterized by the intercept factor and by the slope error, we 
designed metasurfaces with three different geometrical 
structures: cylinders (Fig. 1(a)), rectangular parallelepipeds 
(Fig. 1(b)), and ellipses (Fig. 1(c)) that are widely used to 
design elements of metasurfaces [5-7]. Most of fabrication 
imperfections result in difference between the fabricated and 
the ideal sizes of the resonant element. In real experiments, 
such value is around 10 nm for conventional electron beam 
lithography techniques [16]. We modeled the fabrication 
imperfections as a random phase noise that adds to the phase 
shift of the elements. Hence, the total phase at each element is 
given by, Φreal= Φ+ε ΔP(Φ). Where Φreal is the phase of the 
element with fabrication imperfections, Φ is the ideal parabolic 
phase. ε is a random number between -0.5 and 0.5, picked up 
from a uniform distribution. ΔP is the magnitude of the random 
number which is a function of the phase shift Φ. To statistically 
analyze our metasurface lenses, we run 100 simulations (Monte 
Carlo approach) for each element using a homemade FTTD 
code. Each simulation was given a certain magnitude of the 
noise related to the type fabrication imperfections. Fig. 1(d) 
shows the intercept factor as a function of fabrication 
imperfections. For a structure without fabrication 
imperfections, the value of the intercept factor is equal to unity. 
For example, for a fabrication imperfection value equal to 10 
nm for cylinders and ellipses, the value of the intercept factor is 
about 0.72. In the case of the rectangular parallelepipeds a 
similar intercept factor of 0.71 is obtained for twice as larger 
fabrication imperfections (20nm). For this same value of 
fabrication imperfections in the case of a cylinder and the 
ellipse, the value of the intercept factor is 3 times smaller than 
the rectangular one. Fig. 1(e) presents the slope error as a 
function of the fabrication imperfections. The ellipses and the 
cylinders metasurface have the approximately equal slope error 
value that is about twice that of the rectangle. This proves that 
the rectangular parallelepipeds are less sensitive to the 
considered fabrication imperfections, and they would be more 
advantageous to use to design highly efficient metasurfaces. 

In conclusion, we presented an approach to evaluate the 
robustness of metasurface lenses to fabrication imperfections. 
We started by describing the general methods used, and 
investigated three different geometries as unit cell elements 
with cylinders, rectangular parallelepipeds, and ellipses cross 
sections. We studied the effects of imperfection via the 
intercept factor and the slope error. Our approach can provide a 
guidance to design large scale and highly efficiency 
metasurface concentrators. 

 

Fig.1. (a-c) Schematic of a conventional metasurface structure. (Cylinders, 
rectangular parallelepipeds and ellipses.)  (d) Intercept factor (e) Slope error 

REFERENCES 

[1] Yu, N., P. Genevet, M. A. Kats, F. Aieta, J.-P. Tetienne, F. Capasso, and 
Z. Gaburro, “Light Propagation with Phase Discontinuities: Generalized 
Laws of Reflection and Refraction,” Science 334, 333–337 (2011). 

[2] T. Lepetit and B. Kanté, “Cramér-Rao bounds for determination of 
electric and magnetic susceptibilities in metasurfaces,” Opt. Express 23, 
3460-3471 (2015). 

[3] T. Niu, W. Withayachumnankul, A. Upadhyay, P. Gutruf, D. Abbott, M. 
Bhaskaran, S. Sriram, and C. Fumeaux, “Terahertz reflectarray as a 
polarizing beam splitter,” Opt. Express  22, 16148-16160 (2014). 

[4] L. Y. Hsu, T. Lepetit, B. Kante, “Extremely thin dielectric metasurface 
for carpet cloaking,” Prog. Electromagnetics Res. 152, 33–40 (2015). 

[5] Z. Ma, S. M. Hanham, P. Albella, B. Ng, H. T. Lu, Y. Gong, S. A. 
Maier, and M. Hong, “Terahertz All-Dielectric Magnetic Mirror 
Metasurfaces,” ACS Photonics, 3 (6), 1010–1018, (2016). 

[6] A. Zhan, S. Colburn, R. Trivedi, T. K. Fryett, C. M. Dodson, and A. 
Majumdar, “Low-contrast dielectric metasurface optics,” ACS Photonics 
3, 209–214 (2016). 

[7] A. Arbabi, Y. Horie, M. Bagheri and A. Faraon, “Dielectric 
metasurfaces for complete control of phase and polarization with 
subwavelength spatial resolution and high transmission,” Nature 
Nanotech. 10, 937–943 (2015). 

[8] L. Zou, W. Withayachumnankul, C. M. Shah, A. Mitchell, M. 
Bhaskaran, S. Sriram, and C. Fumeaux, "Dielectric resonator 
nanoantennas at visible frequencies," Opt. Express 21, 1344-1352 
(2013). 

[9] I. H. Malitson, “Interspecimen Comparison of the Refractive Index of 
Fused Silica,” J. Opt. Soc. Am. 55, 1205-1208 (1965). 

[10] J. R. DeVore, “Refractive indices of rutile and sphalerite,” J. Opt. Soc. 
Am. 41, 416-419, (1951). 

[11] Tiwari, G. N., and Arvind Tiwari, Handbook of Solar Energy: Theory, 
Analysis and Application (Springer, 2016). 

[12] D. Y. Goswami, F. Kreith, J. F. Kreider, Principles of Solar Engineering, 
Second Edition (CRC Press 2000). 

[13] Kreith F, Goswami DY. Handbook of energy efficiency and renewable 
energy, (Mech Eng Ser. Boca Raton: CRC Press; 2007). 

[14] Silverio García-Cortés, Antonio Bello-García and Celestino Ordóñez, 
“Estimating intercept factor of a parabolic solar trough collector with 
new supporting structure using off-the-shelf photogrammetric 
equipment,” Applied Energy, 92, 815-821, (2012).  

[15] J. K. Stynes and B. Ihas, “A survey of methods for the evaluation of 
reflective solar concentrator optics,” (World Renewable Energy Forum 
Denver 2012). 

[16] A. Kodigala, T. Lepetit, Q. Gu, B. Bahari, Y. Fainman, B. Kanté, 
“Lasing action from photonic bound states in continuum,” Nature 
541,196–199 (2017)

 


