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Abstract

Meta-lens are a new type of planar optical element that can flexibly manipu-
late the phase, polarization and amplitude of the beam, and are currently re-
ceiving a great deal of attention as they are easier to process and manufacture.
Off-axis meta-lens are a special type of meta-lens with a certain degree of
dispersion that can be used as a beam-splitting element, providing a unique
and feasible way to realize micro-miniature instruments. We analyze the ef-
fects of different numerical apertures and off-axis angles on the spectral reso-
lution, focusing efficiency and simulation results of off-axis meta-lens to pro-
vide ideas for subsequent research and application of off-axis meta-lens. A
number of off-axis meta-lens with parameters NA = 0.408 a= 13", NA = 0.18
a= 13" and NA = 0.408 a = 20° were simulated through Lumerical software.
The results show that the off-axis angle is related to the resolution; the larger
the angle, the better the spectral resolution but the lower the focusing effi-
ciency; when the numerical aperture is smaller, the smaller the coverage of
the phase distribution, which will lead to a larger deviation between simula-
tion and theory. The designer needs to balance the numerical aperture, off-axis
angle and other parameters reasonably according to the requirements in or-
der to achieve the desired effect. The findings of this study have important
reference values for the theoretical analysis of off-axis meta-lens and the de-
sign of parameters in practical applications.
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1. Introduction

Meta-lens are planar optical devices composed of two-dimensional meta-materials
that can flexibly manipulate the phase, polarization, amplitude and other prop-

erties of light to achieve control of the spatial distribution of reflected and

DOI: 10.4236/0pj.2023.136007

Jun. 30, 2023

87 Optics and Photonics Journal


https://www.scirp.org/journal/opj
https://doi.org/10.4236/opj.2023.136007
https://www.scirp.org/
https://doi.org/10.4236/opj.2023.136007

J.G.W.Huetal

transmitted light fields in a compact form [1], and their planar structural cha-
racteristics give them the advantages of simple fabrication and low insertion loss,
which have become a current research hot spots.

In order to effectively regulate the electromagnetic wave front, conventional
lenses generally achieve phase distribution regulation by modulating the geome-
try or refractive index of the interface, but due to the restricted dielectric con-
stant and magnetic permeability of natural materials, existing conventional opt-
ical lenses are usually large in size and not easily integrated [2]. Meta-lens can
obtain the desired phase distribution by adjusting the distribution of the unit
structure, which can greatly reduce the size and volume of the element. Depending
on the application, different types of meta-lens have been designed, such as ach-
romatic meta-lens [3] [4] [5] [6] [7], meta-lens-based band-pass filters [8],
sub-resolution meta-lens [9] [10], artificial intelligence-assisted meta-lens [11],
color holography [12] [13] [14], multifunctional meta-lens [15] [16] [17] [18]
and re-configurable meta-lens [19] [20] [21].

Off-axis meta-lens has certain dispersion capability compared to co-axial me-
ta-lens, which are intercepted partly off-centre on a co-axis Meta-lens, and the
focusing position changes when beams of different wavelengths are incident,
which can be achieved by controlling the phase distribution to focus at a speci-
fied position. Off-axis meta-lens can be applied in spectrometers, providing new
ideas for the realization of compact spectrometers.

In 2016, Khorasaninejad studied a compact spectrometer in the near-infrared
band based on off-axis meta-lens, which were designed with off-axis angles of
45° and 80°, respectively. In addition, the working band can be increased by stitch-
ing together multiple meta-lens to achieve high resolution over a wide wave-
length range [22]. In 2017, Capasso’s group also studied a compact spectrometer
in the visible band based on off-axis meta-lens with a spectral resolution as small
as 0.3 nm and a total working wavelength range of more than 170 nm, and inte-
grated multiple meta-lens with different numerical apertures on a single sub-
strate, making it possible to have a variety of different spectral resolutions and a
flexible working wavelength range [23]. In 2018, Yungui Ma’s group at Zhejiang
University investigated the effect of structural parameters on the effective spec-
tral range and spectral resolution of an off-axis meta-lens-based spectrometer using
fluctuating optics and geometrical optics methods. Two off-axis meta-lens-based
spectrometers were numerically proposed for different applications [24]. In
2019, the Capasso research team implemented a miniature aberration-corrected
spectrometer with nanometer spectral resolution using an off-axis meta-lens,
operating at a distance of only a few centimeters from the lens to the detector, a
distance that is essentially unconstrained in any way [25].

Currently, research on off-axis meta-lens at home and abroad is limited by a
single application scenario and incomplete characterization. More detailed pa-
rametric analysis is needed to fully understand the characteristics of off-axis
meta-lens, and this information is crucial for the design of micro-compact de-

vices based on off-axis meta-lens. In order to further enhance the influence of
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off-axis meta-lens design parameters on its spectral focusing capability, we have
carried out simulations of off-axis meta-lens with different parameters, analyzed
the effect of off-axis angle on spectral resolution and focusing efficiency, and
analyzed the effect of numerical aperture on the deviation of the theoretical cal-
culation results from the simulation results of the focusing position of the meta-
lens, in order to provide a reference for the subsequent development of off-axis
meta-lens design and extended applications.

2. Working Principle of Off-Axis Meta-Lens

There are three types of meta-lens to achieve phase modulation in the 0 - 2n
range: transmission phase type, circuit phase type and geometric phase type [26].
We use transmission phase type meta-lens to achieve phase coverage of 0 - 2r by

selecting pillars of different radii.

2.1. Co-Axis Meta-Lens

As shown in Figure 1(a), the focus position of the co-axis meta-lens is on the

axis and the phase distribution satisfies Equation (1):
d)(x,y)=27”-(f—\/x2+y2+f2) (1)

2.2. Off-Axis Meta-Lens

As shown in Figure 1(b), the phase at the origin of the plane where the off-axis
meta-lens is located is ®(0), and the phase at any position on the off-axis meta-
lens is ®(x, y). The focus position Fis selected, and if the beam is to be focused
at the point £ the phase needs to satisfy Equation (2):

0+ 2 iyt =0y + (o S +(y-y @

According to Equation (2), the phase distribution function of the off-axis me-

ta-lens with focus position (x5 yi 29 is [23]:
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Figure 1. Focusing diagram. (a) Co-axis meta-lens. (b) Off-axis meta-lens.
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Off-axis meta-lens can be focused in any position and have some dispersion
capability compared to Co-axis meta-lens. Once the focus position has been se-
lected, the discrete phase distribution on the off-axis meta-lens is obtained by

Equation (3) to achieve modulation of the incident light wave.

3. Characterization of Off-Axis Meta-Lens

In order to avoid the influence of polarization, a cylindrical cell structure with a
height of 1 um and a cell period of 500 nm is chosen, the material of the pillar is
Si, and the substrate material is SiO,. The phase distribution corresponding to
different radius unit structures is shown in Figure 2.

When performing off-axis meta-lens characterization, the phase distribution
can be obtained by Equation (3) after the off-axis focusing angle, NA, has been
selected. After selecting a cell structure in the phase library that is close to the
desired phase, we use Lumerical to model and simulate an off-axis meta-lens.

1) Effect of different numerical apertures on simulation results

The tensor angle of the off-axis meta-lens at the focus position in Figure 1 is
p. The numerical aperture NA = sin(f/2). When the off-axis meta-lens diameter
D and the off-axis angle a are fixed, different NA will result in different ranges of
calculated phase distributions. Figure 3 shows the theoretical phase distribution
and Lumerical simulation results for an off-axis meta-lens with D = 30 um, a =
13°, incident wavelength A, = 1.55 um and focal length /= 32.986 um, where NA
= 0.408.

Figure 4 shows the theoretical phase distribution and Lumerical simulation
results for an off-axis meta-lens with D = 30 um, a = 13°, incident wavelength A,
= 1.55 um and focal length /= 80 um, where NA = 0.18.

According to Figure 3(a) and Figure 4(a), it can be seen that for off-axis me-
ta-lens, when the NA is small, the phase distribution range is reduced, as in Fig-
ure 4(a) where the right half of the phase is covered. Comparing the deviation of
the theoretical calculation and simulation of the focus position for different NA

in Table 1, it can be seen that the smaller the NA, the larger the deviation
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Figure 2. Design flowchart of off-axis meta-lens.
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(a)

Figure 3. Phase distribution and simulation results for D = 30 um, a =13, Ao = 1.55 um,
£=32.986 um. (a) Phase profile. (b) Simulation result diagram.

x10°® 1E1A2 (x-z plane)

z (um)

9.51e-07

(a)
Figure 4. Phase distribution and simulation results for D = 30 um, a = 13", Ao = 1.55 um,

f= 80 um. (a) Phase profile. (b) Simulation result diagram.

Table 1. Comparison of theoretical calculation and simulation focusing positions of off-
axis meta-lens with different NA (Unit: um).

Comparison of Theoretical calculation and simulation focusing positions of off-axis
meta-lens with Different NA (Unit: um)

Theoretical focus Simulation of focus o
Parameters NA . I Deviation dx-dz
positions x-z position x-z
0.408 (7.4202, 32.141) (7.1,31.2) (0.3202, 0.941)
0.18 (17.996, 77.9496) (14, 62) (3.996, 15.9496)

between the theoretical calculation and simulation, and the size of the deviation
depends on the size of the missing part of the phase.

Therefore, in order to more accurately analyse the effect of different off-axis
angles on the resolution and focusing efficiency, and to reduce the deviation of
the simulation results from the theory, a meta-lens parameter of NA 0.408 will
be chosen for the subsequent analysis.

2) The influence of different off-axis angles on spectral resolution and focus-

ing efficiency
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The off-axis meta-lens has a certain dispersion capability, which focuses the
beam at different positions when different wavelengths of light are incident. The
resolution of the off-axis meta-lens can be calculated from Equation (4) for the

corresponding parameters.

5, =32 0614
"™ |ar|  NA

_ di . 0.614, 4)
t dsint| @+ 9ysi Sin(ltanld":cosa)
sin (+jg9ﬂna -« 2 4E? 1

When NA = 0.408, 4y = 1.55 um and D = 30 um, the dispersion characteristics

of the off-axis meta-lens were simulated for a = 13° and a = 20° respectively. As

shown in Figure 5, the phase coverage of the off-axis meta-lens with different
off-axis angles is similar when the NA is the same.

At a = 13° and Ay, = 1.55 um, the minimum resolution of this off-axis me-
ta-lens can be calculated from Equation (4) to be 0.4716 um. As shown in Figure

6, comparing the simulation results for Ay = 1.55 um and A, = 2.0216 um.

-5
2 %10 %10

(a) (b)

Figure 5. Phase distribution of off-axis meta-lens with different a. (a) Phase distribution
at a=13". (b) Phase distribution at a=20".
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Figure 6. The intensity distribution of the off-axis meta-lens along the Z axis when a =
13° and different A incident. (a) Z-axis intensity distribution when Ao and A incident. (b)
Add the corresponding intensities of the two wavelengths.
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According to Figure 6(b) it can be seen that the minimal value in the middle
of the two maxima is less than 81% of the minimal maxima, which satisfies the
Rayleigh criterion, Ze. it can be distinguished.

At a = 20° and A, = 1.55 um, the minimum resolution of this off-axis me-
ta-lens can be calculated from Equation (4) to be 0.3063 um. As shown in Figure
7(a), comparing the simulation with 4 = 1.55 um and A, = 1.8563 um.

According to Figure 7(b), it can be seen that the minimal value in the middle
of the two maxima is less than 81% of the minimal maxima, which satisfies the
Rayleigh criterion, so that it can be distinguished.

The simulation results show that the larger the off-axis angle, the smaller the
spectral resolution when NA is certain.

In addition, for off-axis meta-lens, the choice of off-axis angle has an impor-
tant influence not only on the spectral resolution, but also on their focusing effi-
ciency. The off-axis meta-lens with a wavelength of 1.55 um and a numerical
aperture NA of 0.408 was designed by the control variables method, and off-axis
meta-lens with off-axis angles of 13°, 20° and 27° were simulated respectively,

and the achieved meta-lens focusing efficiency is shown in Table 2.
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Figure 7. The intensity distribution of the off-axis meta-lens along the Z axis when a =
20° and different A incident. (a) Z-axis intensity distribution when A and A incident. (b)
Add the corresponding intensities of the two wavelengths.

Table 2. Simulation results of different parameters (Unit: um).

Comparison of Theoretical calculation and simulation focusing positions of off-axis
meta-lens with Different NA (Unit: um)

Off-axis Working Spectroscopic Efficiency in
Parameters .
angle a wavelength 1 (um) resolution (um) focus
13° 1.55 59.14%
0.4716
13° 2.0216 29.32%
20° 1.55 57.36%
0.3063
20° 1.8563 34.86%
27° 1.55 0.2263 55.42%
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As can be seen from Table 2, when NA and incident wavelength are fixed, the
focusing efficiency becomes progressively smaller and the spectral resolution
gradually increases as the off-axis angle gradually increases. In addition, when
NA and off-axis angle a are fixed, if the incident wavelength deviates from the
design wavelength, the focusing efficiency will be significantly reduced. If high
focusing efficiency and high spectral resolution are to be achieved at the same

time, the off-axis angle needs to be chosen as a compromise.

4. Conclusion

This paper presents the working principle of off-axis meta-lens and analyses the
effects of different parameters of off-axis meta-lens. The simulation results show
that the numerical aperture, off-axis angle and incident wavelength affect the
simulation results of off-axis meta-lens. The smaller the numerical aperture, the
smaller the coverage of the phase distribution and the larger the deviation be-
tween theory and simulation; the larger the off-axis angle, the stronger the dis-
persion characteristics of the off-axis meta-lens, but the larger the off-axis angle,
the lower the focusing efficiency. We will continue our research on the disper-
sion capability of off-axis meta-lens and design a double-layer diffraction struc-
ture based on off-axis meta-lens, which is capable of achieving both color sepa-
ration and focusing at the same time. This structure can be used in a spectrome-

ter, providing a novel way to achieve an ultra-compact spectrometer.
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