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Abstract: The use of optical systems in medical imaging, computer electronics, large-scale indus-
tries, and space exploration is common. The performance of these devices is closely related to the
compactness and fast responses of lenses that are used in these optical systems. Typical lenses
suffer from several key issues, including limited efficiency, significant size, and the presence of
diffraction-induced distortions that compromise their overall performance. Herein these limitations
are addressed by designing and simulating an ultra-thin compact metalens also known as a flat lens
using a dielectric metasurface. A 1D array of 31 nano-cylinders is placed on a glass substrate that is
utilized for focusing the incident wave both on and off center in the focal plane using simulations.
The nano-cylinders are comprised of amorphous silicon hydrogenated (a-Si:H), which has a varying
radius in a 1D configuration. Amorphous silicon hydrogenated (a-Si:H) nano-cylinders are utilized
for the manipulation of the phase of the incident beam working at a frequency of 474 THz. Three
metalenses are introduced with focal lengths of 7.46 µm, 10 µm, and 12.99 µm, each having a nu-
merical aperture (NA) of 0.7, 0.6, and 0.5, respectively. The designed single-array metalens showed
a transmission efficiency of 73%. The nano-cylinders obtained a full 0–360 phase control that is
beneficial in focusing the beam at the center and beyond the center. Symmetric focusing is obtained
in the case of off-center focusing on both sides of the optical axis. The design and simulations of the
metalens are performed using finite difference time domain (FDTD) simulation tools.

Keywords: ultra-thin metalens; dielectric metasurfaces; amorphous silicon hydrogenated; focal
length; numerical aperture

1. Introduction

The polarization, phase, and amplitude portray the wavefront of electromagnetic
(EM) waves. Controlling these three parameters using the same device was impossible
several years ago. Lenses [1], mirrors [2], and spatial phase modulators [3] have been
utilized to control the phase. For the control of polarization, wave-plates [4] or polarization
beam-splitters [5] are utilized, while absorptive [6] or reflective filters [7] are utilized for the
amplitude control. Therefore, optical systems have become large and difficult to realize and
miniaturize. Metamaterials enable the control of these properties using a single device. They
are man-made nanomaterials in which the structure is engineered artificially for specific
uses and can control light at the nanoscale. This control of light at the nanoscale provides a
plethora of new phenomena and has numerous applications, such as flat lenses [8], invisibil-
ity cloaking [9], phase masks [10], and holography [11]. Similarly, they are also compatible
with operating in terahertz (THz), the frequency range making them suitable for different
applications, specifically as absorbers [12,13]. However, 3D metamaterials (bulk) exhibit
losses and are not ideal for operation. Therefore, we utilize metasurfaces for the realization
of different devices. Metasurfaces are 2D ultra-thin materials utilized to avoid losses in
the third dimension and can be artificially engineered [14]. A dielectric metamaterial (DM)
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is utilized because it shows low losses in both the transverse electric (TE) and transverse
magnetic (TM) modes compared to metallic materials, which exhibit high losses and require
extra masking for protection [15]. DMs with a complex refractive index (n′ = n+ ik) n > 2
and an absorption coefficient k ≈ 0 should be adopted to obtain high transmission and full
control over the phase [16]. This is because low absorption yields high transmission, and a
high refractive index provides full 0 to 2π-phase control, which allows for deflection of the
beam at a certain angle [17]. The exceptional control over light manipulation, broadband
performance, compact form factor, and design flexibility offered by metasurfaces make
them an ideal choice for incorporating into optical instruments in the form of metalenses.
The conventional lenses are generally large, expensive, and require a significant amount of
time for their production [18]. They rely on phase accumulation along the passage of light
propagation to focus plane waves at a specific location. Furthermore, they exhibit high
transmission losses due to absorption in the visible and near-infrared (NIR) regions [19].
Accordingly, integrating these large devices with modern optical technologies presents
a significant challenge, and to fill this gap, researchers have diverted their attention to
metamaterials, especially metasurface-based metalenses [20]. The design of high-efficiency
achromatic metalenses that have a large operation bandwidth using bilayer architecture is
presented in [21]. A multi-foci metalens is also presented as capable of both spectrum and
polarization recognition and reconstruction in just a single shot [22]. Similarly, a silicon-
based THz metalens is constructed using dynamic phase to obtain single-handed circular
polarization conversion [23]. The design of efficient metalenses has experienced a long
struggle owing to material losses and the non-compatibility of the structure. Metalenses rely
on the manipulation of light at subwavelength scales, which can lead to significant optical
losses [24]. Metalenses often involve intricate and complex structures, which may not be
compatible with traditional fabrication techniques or materials [25]. Several designs have
been presented for the construction of plasmonic metasurfaces [26], high-contrast transmit
arrays [27], and gratings [28]; however, their functionalities are limited. In the designs
proposed so far, plasmonic metalenses have demonstrated low efficiency related to their
ohmic losses [29], and transmitted array operations that demonstrate high transmission
efficiency [30]. The operations of these metalenses are restricted to the near-infrared (NIR)
regions, and because of their constituent materials, they demonstrate optical losses in the
visible region. In 2016, Capasso et al. first reported metalenses in the visible band with an
amorphous titanium oxide metasurface using bottom-up nanofabrication via atomic layer
deposition (ALD) [31]. A design of high-efficiency achromatic metalenses that have a large
operation bandwidth using bilayer architecture is presented [21]. A multi-foci metalens is
also presented that is capable of both spectrum and polarization ellipticity recognition and
reconstruction in just a single shot [22]. Titanium dioxide (TiO2) and gallium nitride (GaN)
have demonstrated promising results with a high refractive index (n) and low extinction
coefficient (k); however, they have a high aspect ratio and require complex and costly
fabrication techniques for realization [32]. On the other hand, the refractive index of TiO2
is high, which can cause chromatic aberration in metalenses designed for the visible region.
This can be a problem if the metalens is intended to operate over a broad wavelength
range. Khorasaninejad et al. [31] note that chromatic aberration can limit the bandwidth of
metalenses designed with TiO2 in the visible region. TiO2 exhibits high absorption at cer-
tain wavelengths in the visible region, which limit the efficiency of the designed metalens
with this material. When considering the operation of metalenses, it is important to have
materials that exhibit minimal absorption of visible wavelengths. TiO2 nano-cylinders,
however, tend to absorb visible light, which is beneficial in solar cell applications [33] but
is not suitable for the designing of metalenses. This absorption can significantly affect
the performance of metalenses, as it leads to a loss of energy and reduces the efficiency
of focusing or manipulating light. As a result, TiO2 nano-cylinders are considered less
suitable for metalens applications where high transmission and low absorption of visible
wavelengths are desired for optimal performance. Similarly, in recent studies, the metalens
design has been somewhat refined in the form of super-oscillatory focusing [34], widefield
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imaging [35], and reflective metalenses [36]. Additionally, there has been extensive research
on other 2D layered materials, such as graphene and transition metal dichalcogenides
(TMDCs) represented by the formula MX2, where M denotes a transition metal atom (such
as Mo or W) and X represents a chalcogen atom (such as S, Se, or Te). These materials have
garnered significant attention as promising candidates for future nanometric optoelectronic
devices. Their strong light–matter interactions, attributed to the effects of 2D quantum
confinement, make them particularly attractive for a wide range of applications in the field
of optics and photonics. [37,38]. Flat lenses employing 200 nm thick graphene oxide (GO)
films have demonstrated remarkable capabilities in achieving efficient three-dimensional
(3D) focusing with high resolution (32%) [39]. This is attributed to the notable refractive
index and absorption modulation achievable through the laser reduction of GO. However,
it should be noted that reducing the thickness of GO beyond this point may result in a
compromise in focusing efficiency and resolution. While optical lenses utilizing multi-layer
graphene [40] and transition metal dichalcogenides (TMDCs), such as MoS2 [41], have
been successfully demonstrated, they face limitations in terms of focusing resolution (>10λ)
and efficiency (<1%) due to the constrained phase and amplitude modulation achievable
with current technologies. While the existing designs of metalenses have provided insights
into their characteristics, they have exhibited certain limitations regarding miniaturization,
aberration correction, and the incorporation of multiple focal lengths within a single design.
Notably, the majority of simulated designs have emphasized on-center focusing, while
off-center focusing capabilities have remained relatively unexplored. Additionally, most of
the designs presented so far are 2D arrays that have limitations in terms of their fabrication,
compactness, and efficiency [1]. To address these gaps, we present a novel proposal for a
compact 1D array comprising 31 unit cells that exhibits multiple focusing functionalities in
the visible region while minimizing aberration and ensuring notable efficiency. This single
design offers versatile applications, enabling both on-center and off-center focusing with
varying focal lengths and numerical apertures (NA) within the visible range. The phase re-
quired at each position can be determined according to the phase distribution formula [42].
Phase manipulation of the incident light can be performed using both the geometric phase
mechanism and Hugen’s principle techniques [43]. The phase of the incident waves is
changed by the geometry as well as the manipulation of incident light at the wavefront
in nano-cylinders at the aperture. These nano-cylinders act as phase shifters that can be
considered as reduced waveguides whose effective refractive index neff is responsible for
the phase change of the incident wave. A phase delay is produced in most cases due to
these nano-cylinders that are responsible for the beam steering by changing neff. Similarly
by customizing the position and lateral size of the nano-cylinders [44], the neff can be
tailored. The cross-section of the structure can be tailored to produce either a polarization-
dependent [45] or -independent [46] optical response from the scatterers. Titanium dioxide
(TiO2), gallium nitride (GaN), graphene, and transition metal dichalcogenides (TMDCs) 2D
layers are mostly considered, but they have discrepancies in the form of high chromatic
aberration, elevated absorption, and large sizes, which make them less efficient. Here we
present an amorphous silicon hydrogenated (a-Si:H) nano-cylinders-based 1D structure
that is more compact as well as showing reduced chromatic aberration and absorption in
the visible range. The proposed structure exhibits full-phase control 0–360◦ of the incident
beam with high transmission efficiency.

The remainder of this paper is structured as follows: The methodology, which is com-
prised of the unit cell and array designing with their respective parameters, is discussed in
Section 2. The simulated results for single-spot focusing are presented in Section 3. Finally,
Section 4 concludes the study by summarizing the findings, discussing their implications,
and suggesting future research directions.

2. Methodology

The designed unit cells can operate as phase shifters, enabling them to manipulate
the incident light. Phase shifters offer complete phase control of the incoming light wave,
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ranging from 0–360◦, allowing it to be precisely steered and focused onto a single point.
The phase of the incoming light is altered as it passes through the unit cells with specified
radii by the focal length. Phase shifters can modify the light at the wavefront of incoming
waves, making them more adaptable for practical applications. By altering the radius of
the nano-cylinders, it is possible to modify the phase and amplitude of the transmitted
wave. The phase profile imparted by each nano-cylinder at the position (x, y) for focusing
is given by,

φ(x, y) = 2nπ − 2π

λ

(√
x2 + y2 + f 2 − | f |

)
(1)

where x and y are the unit cell coordinates on the metasurface, f is the focal length, and λ is
the working wavelength in free space. The design for a metalens, which possesses the ability
to focus the incident wave on- and off-centers, is created using nano-cylinders comprised
of amorphous silicon hydrogenated (a-Si:H). To determine the phase of each scatterer,
a lensing function based on the x-coordinate of the unit cell is used. The incident wave is
effectively focused at the center utilizing nano-cylinders, employing a phase manipulation
mechanism to attain precise and comprehensive control over the phase of the incident
wave. The position along with the neff of the a-Si:H nano-cylinders are also responsible for
the phase change that focuses the incoming beam at the center. The phase profile of the
incoming wave is defined by the following expressions for single spot on-center focusing:

φ(x) = 2π − 2π

λ

(√
x2 + f 2 − | f |

)
(2)

The value of f represents the focal length, π corresponds to the operating wavelength,
and x denotes the position of the unit cell on the substrate. Equation (2) provides the phase
distribution over the metalens aperture as a function of the x-coordinate and focal length.
To achieve the desired focus point in the xz-plane, each nano-cylinder must be placed at a
specific position along the substrate. To achieve off-center focusing, the position of each
unit cell must be changed, which in turn produces a phase delay. By controlling the size
and spacing of the nanostructures, you can control the phase delay and, consequently,
the focusing. The phase delay introduced by each nanostructure determines the overall
phase profile of the metalens as it is proportional to the distance the light travels between
two unit cells. The distance between the unit cells is determined by the position of the
unit cells in the metasurface. By changing the position of the unit cells in the metasurface,
a metalens with a varying phase profile is created. This varying phase profile can be used to
focus incident waves at a point off the optical axis. The phase profile of the nano-cylinders
for off-center focusing is obtained using the following equation:

φ(x) = 2π − 2π

λ

(√
(x2 − x2

1) + f 2 − | fa|
)

(3)

where
fa =

√
x2

1 + f 2 (4)

x1 = ±5 ∗ P (5)

The incident light is focused at an arbitrary position by changing the position of the
unit cell in the focal plane (xz-plane). The position x of the unit cell will be changed by a
factor x1 that is equal to ±5 times the periodicity of the unit cell along the x coordinate,
as denoted by Equation (5). Arbitrary focal length ( fa), which shows the focal length of the
point off the optical axis, is also one of the factors for off-center focusing and is achieved by
adding x1 and focal length f , as denoted in Equation (4). The assigned value is positive for
right-side focusing and negative for left-side focusing along the x coordinate. By utilizing
identical parameters, including the NA and focal length, two separate outcomes were
achieved for off-center focusing on both positive and negative sides.
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For both on-center and off-center focusing simulations, we employed a consistent
simulation environment using Lumerical FDTD (finite difference time domain) method.
In our simulations, a plane wave source was illuminated along the z-axis, with a specific
frequency of 474 THz corresponding to the desired wavelength of interest. This choice of
source configuration allows for controlled and reproducible excitation of the metasurface
structure. To characterize the performance of the designed metalens, we utilized a Discrete
Fourier Transform (DFT) monitor. This monitor was strategically placed to capture the
response of the transmitted waves and precisely determine the location of the focal point.
By measuring the focal location, we were able to evaluate the focusing capability of the
metalens structure. In addition to the focal point analysis, we performed a cross-sectional
analysis to assess the efficiency of the metalens in terms of transmission and absorption.
This analysis provided valuable insights into the performance and overall effectiveness
of the designed metalens. To ensure accurate and reliable simulation results, appropriate
boundary conditions were implemented along the x-, y-, and z-axes. These boundary
conditions helped create a suitable computational domain for capturing the behavior of the
electromagnetic waves and interactions with the metasurface structure. A single design
was used in the same simulated environment.

2.1. Unit Cell Design

The material utilized to design the unit cell in this study is amorphous silicon hydro-
genated (a-Si:H), which has a comparatively high refractive index (n = 3.247) with minor
losses due to a low extinction coefficient (k = 0.0471). A higher refractive index results in a
decreased aspect ratio [47]. The maximum aspect ratio (AR) sets a bound on the minimum
radius (R) of a nano-cylinder that can be readily handled in fabrication, expressed as:

AR =
H

2Rmin

The height of the nano-cylinder is denoted by H, while the minimum radius is rep-
resented as 2Rmin. It should be noted that the maximum radius of the cylinder must not
exceed the size of the unit cell. Nano-cylinders with a lower aspect ratio (AR) are preferred
over those with a higher aspect ratio due to their increased durability and the avoidance of
the need for extra metal masks during fabrication [48]. This paper discusses an aspect ratio
(AR) of 5 for the nano-cylinders with the smallest radius of 40 nm and a height of 400 nm,
which is significantly smaller compared to that of TiO2 and GaN, which are 7.5 [49] and
12 [32], respectively. Plasma-enhanced chemical vapor deposition (PECVD) enables the
low-temperature deposition of hydrogenated amorphous silicon (a-Si:H) [50]. Compared to
standard amorphous silicon (a-Si), a-Si:H exhibits reduced absorption at visible frequencies
due to the presence of hydrogen impurities, which effectively decrease the defect density
of the material [51,52]. Furthermore, a-Si:H with a high refractive index offers strong
confinement of wave into the nano-cylinder, which results in full hold over the phase of
refracting wave. The a-Si:H nano-cylinder introduces phase retardation to the refracted
wave, which can be tuned over 0–360◦ by varying the radius of a-Si:H nano-cylinder.

To optimize the unit cell, we performed a parameter sweep on the radius using finite
difference time domain (FDTD) simulations. By varying the radius within a specific range,
we evaluated the transmission efficiency and phase change at each point in accordance with
the change in the radius of the unit cell. Throughout the optimization process, the height
and periodicity of the unit cells were kept constant. The transmission and phase profiles
of the proposed unit cell obtained from the parameter sweep on radius are illustrated
in Figure 1a, which provides details about the transmission and phase response of the
unit cell with varying radii. The transmission and phase profiles of the proposed unit cell
demonstrate the effectiveness of the design. The average transmission efficiency is 73% at
633 nm, which is achieved due to the low absorption characteristics of the designed a-Si:H
nano-cylinders. To design the unit cell, the essential parameters such as the radius, height,
and periodicity of the unit cell are inserted into a finite difference time domain (FDTD)
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simulation software tool (Lumerical FDTD). Phase control (0–360◦) made it possible to
focus the incident beam on- and off-center using nano-cylinders. It is observed that for
the range of R from 40 nm to 140 nm with periodicity P = 300 nm and H = 400 nm, the
maximum transmission amplitude along with full phase control is achieved. The unit cell
is positioned on a glass substrate composed of SiO2, with a subwavelength size. The phase
and transmission profiles of the unit cell are due to the relatively high refractive index
(n > 2) and low absorption (k ≈ 0) of the a-Si:H nano-cylinders. The refractive index (n)
corresponds to the ability of the material to bend light, while the extinction coefficient (k)
indicates the level of absorption. A high refractive index facilitates efficient light bending
and focusing, while a low extinction coefficient implies minimal absorption of light, leading
to reduced energy losses. The refractive index (n) and extinction coefficient (k) of a-Si:H
over the whole visible spectrum are presented in Figure 1b [51].

(a) (b)
Figure 1. (a) Transmission and phase profile of the proposed unit cell with varying radius (b) The
refractive index (n) and extinction coefficient (k) of a-Si:H for the entire visible spectrum [51].

Schematics of the proposed unit cell with boundary conditions along the coordinates
are illustrated in Figure 2a. The x- and z-axes were bounded by perfectly matched layer
(PML) boundary conditions, whereas periodic boundary conditions were employed along
the y-axis. Figure 2b illustrates the side view of the metalens unit, where H is the height
of the a-Si:H nano-cylinder that has a value of 400 nm. The top view of the unit cell is
illustrated in Figure 2c, which indicates the radius (R).

(a) (b) (c)

Figure 2. (a) Schematics of the unit cell: a-Si:H nano-cylinder on a glass substrate. (b) Side-view of
the unit cell showing the height H. (c) Top-view of the unit cell portraying radius R, and periodicity
P of the a-Si:H nano-cylinders.

2.2. Proposed Array

A 1D array of 31 unit cells was placed on a glass substrate to engineer the phase of
the incident wave by adjusting the position of the unit cells in the xz-plane as illustrated
in Figure 3. The x span of the substrate is 9 µm, y span is 0.3 µm, and z span is 2.2 µm,
while the total length of the structure is 5.58 µm. The dimensions of the substrate are
compatible with the arrangement of the unit cells and are enough to accommodate them
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to design an efficient array. Similarly, the a-Si:H nano-cylinders are placed in a varying
radius manner in which the radius is larger at the center and shows an exponential decrease
when moving toward the edges on both sides. The purpose of this arrangement is to
accommodate the phase of the incident wave by creating a phase delay using the nano-
cylinders. The optical device presented is a polarization-insensitive metalens that is utilized
to focus the incident wave on- and off-center. These metalenses, which are based on a-Si:H,
exhibited high efficiencies compared with conventional designs based on TiO2 and GaN.
Circular geometry was considered because of its polarization-insensitive behavior [17].

The principle of the arrangement of the array is based on two things: one is the
propagation phase mechanism, which is responsible for a spatially varying phase response
achieved by varying the radii of the nano-cylinders. This allows full control over the phase
of the incident wave by introducing phase delay. Secondly, the position of the unit cells in
the array along the substrate also plays a vital role in focusing and defining the direction of
the transmitted wave. The properties of on-center and off-center focusing are incorporated
in the unit cells using these techniques along with the propagation phase mechanism. Both
mentioned properties define the working principle of the arrangement of the unit cell.

Figure 3. Schematics of the metalens in the xz-plane when an array of a-Si:H nano-cylinders is placed
on a glass substrate.

3. Results and Discussion

A single metalens design was developed to achieve focused incident waves at specific
wavelengths. The metalens demonstrates its focusing capabilities at three distinct focal
lengths that are 7.46 µm, 10 µm, and 12.99 µm. These focal lengths were carefully selected
to correspond to the desired numerical aperture (NA) values of 0.7, 0.6, and 0.5, respec-
tively. By incorporating multiple focal lengths, a comprehensive evaluation of the metalens’
performance across different numerical apertures is achieved. The selection of these spe-
cific focal lengths allows for a thorough investigation of the metalens’ focusing abilities
within the visible region. Through adjustments made within the FDTD Lumerical software,
the values of the focal lengths are modified for each simulation manually, enabling a de-
tailed analysis of the metalens’ design under varying conditions. This approach provides
valuable insights into the metalens’ behavior and performance in achieving precise on- and
off-center focusing in the xz-plane. The results for both on- and off-center focusing are
presented in this section that portrays the multi-functionality of the 1D metalens that can
be used for different focal lengths. This study presents a comprehensive analysis of the met-
alens’ performance in achieving on-center focusing, as demonstrated in Figures 4a–c and 5.
The electric-field intensity distribution within the focal region (xz-plane) provides valuable
insights into the metalens’ focusing capabilities. The electric-field intensity distribution
reveals the precise focus achieved at the center, resulting in a well-defined focal spot that
emulates the behavior of a conventional curved lens. This characteristic highlights the effec-
tiveness of the metalens in directing incident waves to a specific focal point with accuracy.
To further illustrate the sharpness of the focal spot, Figure 5 displays the intensities of the
focused waves in the horizontal plane at 633 nm for the given focal lengths. The intensity
distribution in Figure 5 serves as additional evidence, corroborating the metalens’ ability to
focus on-center on incoming plane waves.



Electronics 2023, 12, 2953 8 of 14

(a) (b) (c)
Figure 4. (a–c) Electric field intensity distribution of the incoming wave for on-center focusing for
focal lengths 7.46 µm, 10 µm, and 12.99 µm.

Figure 5. Intensities of the transmitted energies indicated at x = 0 for focal lengths 7.46 µm, 10 µm,
and 12.99 µm.

In addition to achieve on-center focusing, the designed metalens also exhibited the
ability to focus incident beams at off-center points by manipulating the phase of the
incident beam. This off-center focusing capability is achieved by adjusting the position of
the unit cell along the glass substrate and implementing a phase delay operation by the
unit cell. The electric field intensity distribution and focal spot intensity of the metalens,
with a focal length of 7.46 µm and a numerical aperture (NA) of 0.7, was investigated for
off-center focusing. Figure 6a,b visually depict the off-center focusing capabilities of the
metalens, showcasing the concentration of energy in the xz-plane away from the optical axis.
Furthermore, Figure 7 provides a comprehensive illustration of the metalens’ performance
in off-center focusing by displaying the intensities on both the positive and negative sides.
This visualization highlights the metalens’ ability to focus incident waves proportionally on
both sides, indicating its symmetrical response during off-center focusing. The symmetric
behavior exhibited by the metalens ensures a balanced and precise concentration of energy
at the desired off-axis focal points.
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(a) (b)
Figure 6. (a,b) Electric the field intensity distribution of the incoming wave along the positive and
negative side for off-center focusing using focal length 7.46 µm in the xz-plane.

Figure 7. Intensities of the transmitted energies shown at x = −1.78 µm, 1.78 µm.

A similar methodology was utilized to achieve off-center focusing in the xz-plane
using the same designed metalens by changing the focal length to 10 µm and numerical
aperture (NA) to 0.6, as depicted in Figure 8a,b. These figures display the electric field
intensity distribution of the focal spot at arbitrary points in the xz-plane, providing a visual
representation of the metalens’ off-center focusing capabilities. Figure 9 enhances the
analysis by presenting the intensities of the transmitted energies along the x-coordinate.
This depiction showcases the balanced alignment of intensities on both sides, illustrating
the symmetrical nature of the metalens’ focusing behavior. The figure serves as evidence
of the metalens’ ability to effectively focus the incoming light off-axis, demonstrating its
versatility and precision in achieving off-center focal points.
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(a) (b)
Figure 8. (a,b) Electric the field intensity distribution of the incoming wave along the positive and
negative side for off-center focusing using focal length 10 µm in the xz-plane.

Figure 9. Intensities of the transmitted energies displayed at x = −1.38 µm, 1.38 µm.

The optical response of the flat lens with a focal length of 12.99 µm and a numerical
aperture (NA) of 0.5 in the xz-plane is presented in Figure 10a,b. These figures showcase
the electric field intensity distribution, highlighting the off-center focusing capabilities of
the designed metalens. Additionally, Figure 11 displays the intensities of the transmitted
energies at arbitrary points along the x-coordinate, revealing symmetrical intensities on
both sides. These findings are consistent with the observations presented in Figure 10a,b.
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(a) (b)
Figure 10. (a,b) Electric the field intensity distribution of the incoming wave along the positive and
negative side for off-center focusing using focal length 12.99 µm in the xz-plane.

Figure 11. Intensities of the transmitted energies displayed at x = −1.18 µm, 1.18 µm.

Overall, these figures illustrate the effectiveness and versatility of the designed 1D
metalenses as promising candidates for both on- and off-center focusing in the visible region.
Owing to their ability to achieve high levels of accuracy and precision, metalenses offer
exciting opportunities for numerous applications ranging from microscopy and imaging to
sensing and optical communication.

4. Conclusions

The metalens proposed in this study offered a way to tailor incoming waves with
their compact size and simple arrangement and resulted in unique characteristics that
were achieved by manipulating the phase of the incident waves. The proposed metalens
showcase a high transmission with accurate focusing at the desired focal lengths using
a single design. The 1D array of unit cells is capable of both on- and off-center focusing
along the optical axis, which shows the multiple functionality. The full phase control (0
to 2π) gave it the ability to bend the incoming plane wave in the direction we wanted to
focus it by altering the phase of the incoming wave. The nano-cylinders were responsible
for the phase delay that steers the incoming plane waves. Our design displayed versatility
in its ability to focus the incident plane wave on and off the optical axis. The techniques
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are based on the propagation phase mechanism and the varying relative position of the
unit cells. The designed metalens exhibits multiple functionalities that are portrayed by a
single design with different focal lengths and NA in the visible region. The results obtained
from simulations are in agreement and portray that the designed structure shows optimal
efficiency with low losses as well as the ability to steer the incident waves to obtain focusing
at the given focal lengths. The proposed design can be used to fabricate a flat lens that can
change the phase of incoming waves and focus it on and off the optical axis. The mentioned
technique can be implemented across various optical devices in approximately all optical
systems, with the aim of achieving high efficiency and phase control. It possesses the ability
to focus multiple times using a single design in the visible region with a high transmission
efficiency that can be used for better resolution and reduced aberration. The single working
wavelength and the material’s refractive index also reduce the aberration errors that are
found in conventional optical systems. In the future, this design can be extended to operate
at different wavelengths in the visible spectrum and also beyond it. Similarly, this design
can be used to focus the incident wave on a dual spot both on and off center.
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