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Abstract: Dispersion control is a critical aspect in nano-optical systems. Moreover, chromatic aber-
ration significantly impacts image quality. Despite metasurfaces being a novel approach to tackle
chromatic aberration in diffractive lenses, numerous challenges hinder their practical implementation
due to the complexity of 3D fabrication techniques and high manufacturing costs. In contrast, ultra-
thin graphene oxide lenses are simpler and less expensive to manufacture. The optical performance
of graphene oxide lenses, such as high focusing efficiency, large depth of field, wide bandwidth, and
zooming capability, depends on the design of the positional arrangement of reduced graphene oxide
regions. In this study, we utilized the self-constructed datasets to train machine learning models based
on the structure of the graphene oxide lens and combined it with intelligent optimization algorithms.
This approach facilitated the design of the graphene oxide achromatic lens in multi-wavelengths with
high-performance. Experimental results substantiate that the designed ultra-thin graphene oxide lens,
with a thickness of ~200 nm, effectively controls dispersion across multiple incident wavelengths
(450, 550, and 650 nm) and achieves super resolution with consistent intensity at the focal point.
Our graphene oxide lens holds the potential for integration into micro-optical systems that demand
dispersion control, providing broad applications in optical imaging, optical communication, the
biomedical field, and beyond.

Keywords: graphene oxide lens; multi-wavelength; achromatic focusing; machine learning

1. Introduction

Lenses in optical systems have diverse applications across multiple fields, including
optical imaging [1,2], communication systems [3], biomedical research [4–7], and optical
measurements [8]. Chromatic aberration is a phenomenon that occurs when light of
different wavelengths converge at separate focal points upon passing through a lens which
is caused by the dispersion effect and significantly impairs the imaging performance
of optical systems [9]. Traditional methods of addressing the chromatic aberration is
combining multiple lenses together [10] in achromatic lens designs, aimed at minimizing or
eliminating this optical phenomenon. Nevertheless, the use of traditional lens combinations
for achromatic effects is restricted due to the larger sizes and weights required, rendering
them less suitable for applications in portable devices or nano-optical systems.

In recent years, the emergence of metasurfaces has introduced new opportunities for
controlling dispersion in miniaturized optical systems. Basic principles of metasurface
dispersion control involve changing the cross-sectional shape of the subwavelength struc-
tures [11–14], adjusting parameters of periodic structures [15–19], inverse design [20,21], or
trying different combinations of regions [22,23]. As light passes through nanostructures,
it refracts or reflects at varying angles, leading to diverse dispersion effects associated
with different light frequencies. This dispersion control principle can also be applied to
other optical devices for purposes like focusing, waveguiding, and dispersion compen-
sation [24]. However, designing achromatic metasurfaces requires precise calculation of
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the phase modulation of nanostructures, involving a computational-intensive process to
create a library of nanostructures with varied characteristics and position them appro-
priately on the lens [25–27]. Meanwhile, to achieve optimal focusing performance with
various wavelengths, the nanostructural units, acting as the fundamental component of
the metasurface lens, are frequently composed of one or more substructures [28–30]. Nev-
ertheless, the fabrication of such metalenses with multiple nanostructured units requires
complex vacuum-assisted nanofabrication techniques, involving multiple steps such as
patterning, etching, and cleaning [25]. Moreover, achieving high numerical-aperture (NA)
focusing requires designing and constructing lenses with radii ranging from hundreds of
micrometers to millimeters, as the size of each nanoelement in the metalens typically ranges
from tens to hundreds of nanometers [18,21], significantly complicating the design and
manufacturing process and imposing severe constraints on the range of applications for
achromatic metasurfaces. Hence, the challenge remains to develop an achromatic ultra-thin
planar lens that is computationally efficient, cost-effective, and structurally simple, while
also being easy to manufacture.

Due to their superior optical properties, graphene and its derivatives, including
graphene oxide (GO) and reduced graphene oxide (rGO), are increasingly being the
preferred materials for ultra-thin flat lenses [31–34]. GO is derived from the oxidation
process of graphene, which is a two-dimensional carbon material with a single-atomic
thickness known for its remarkable optical properties, including high transparency and
broad-spectrum absorption characteristics. rGO is obtained by the reduction of GO, re-
sulting in a structure that closely resembles graphene, with decreased interlayer spacing.
In contrast to GO, rGO exhibits significant changes in optical properties, such as an ele-
vated refractive index and reduced transmittance, which is exactly used in modulating the
electrical and optical properties of GO films by controlling the oxygen functional group
content at various locations. Utilizing these properties to modulate the wavefront of GO,
researchers have demonstrated a variety of GO lenses with applications in micro- and
nano-optics [35,36], such as nanotracking [37].

Compared to the metalenses composed of nano-units, the fabrication of GO metalenses
and the preparation of GO films are simpler [38]. GO metalenses can be fabricated in one-
step using the direct laser-writing (DLW) [39] technique and can achieve high NA focusing
while having a small size (a few micrometers) [36]. Furthermore, iterative optimization
of the GO metalens structure using algorithms enables dispersion control with multiple
wavelengths [40] and achieves super-resolution focusing. In this study, we present a
GO metalens design capable of correcting color aberration with multiple wavelengths
based on the Rayleigh–Sommerfeld (RS) diffraction theory. To achieve consistent focusing
intensities at the various design wavelengths, we used RS diffraction theory and the
Simulated Annealing (SA) algorithm [41] to establish the datasets which correlated the
structural parameters, incident wavelengths, and focusing intensities of the GO metalens.
Subsequently, we trained a Random Forest (RF) [42] model using the datasets, followed
by employing the Genetic Algorithm (GA) [43] to optimize the model output and obtain
the final lens structure. The experimental results reveal that the GO metalens we designed
achieves super-resolution focusing, along with the ability to correct chromatic aberration at
450, 550, and 650 nm wavelengths, with the thickness of the GO metalens being ~200 nm.

2. Theoretical Model
2.1. Imaging Principle of Graphene Oxide Metalens

The schematic of the GO metalens focusing is shown in Figure 1a. The GO film
adhered to a glass substrate (depicted by the blue region in Figure 1a) is processed into
rGO regions (depicted by the yellow region in Figure 1a) using DLW technology. The
optical properties of the processed regions, including transmission, refractive index, and
thickness, undergo significant changes [36], as shown in Figure 1c, so that this structure
of alternating rows of GO and rGO regions can modulate the incident wave. When an
incident uniform plane wave E0(r1, θ1) reaches the surface (r1, θ1) of the GO metalens, it
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generates two different responses. A portion of the beams is absorbed and refracted by
the rGO region, resulting in the modulation of both amplitude and phase, as shown in
Figure 1c. The remaining beams propagating through the GO regions only experiences
ignorable amplitude modulations. Consequently, the electric field modulated by the GO
metalens can be expressed as follows:

E1(r1, θ1) = E0(r1, θ1) ·
√

T(r1, θ1) · e−ik∆φ(r1,θ1) (1)

In Equation (1), E1(r1, θ1) represents the electric field distribution resulting from the
modulation of the amplitude and phase of the incident beam by the GO film. T(r1, θ1)
denotes the distribution of transmission of the GO metalens, which can be calculated using
the Beer–Lambert equation. ∆φ(r1, θ1) is the phase modulation caused by the GO metalens
consisting of GO regions and rGO regions.

Figure 1. Schematic diagram of the focusing principle of a GO metalens. (a) The incident wave is
modulated by the GO metalens, resulting in its convergence into a focal point. Distinct regions of the
GO metalens are delineated using different colors, with the blue regions representing GO and the
yellow regions representing rGO. (b) The GO and rGO regions of the GO metalens are arranged in an
alternating pattern. (c) The transmission distribution and phase modulation of the GO lens along the
direction indicated by arrow in (b).

After the process of lens fabrication, the alterations in refractive index n(r1, θ1), thick-
ness t(r1, θ1), and extinction coefficient K(r1, θ1) due to the laser photoreduction can be
formulated as follows: 

n(r1, θ1) = nGO + ∆n · M(r1, θ1)
t(r1, θ1) = tGO + ∆t · M(r1, θ1)

K(r1, θ1) = KGO + ∆K · M(r1, θ1)
(2)

The modulation function M is defined as follows:

M(r1, θ1) = C
N

∑
m=1

e
(r1−am)2

2w2 (3)

Here, C is a constant determined by the power of the femtosecond laser. am is the
central radius of the mth rGO region, while N represents the total number of concentric
circles containing rGO. According to the aforementioned GO metalens design method, the
electric field distribution on the surface of the modulated lens can be accurately represented
by determining the position of each rGO ring, and the electric field intensity at each point



Photonics 2024, 11, 249 4 of 12

in the optical field can be accurately calculated (Supplementary Materials, Section S1) by
combining the RS diffraction theory [44].

2.2. Model of Multi-Wavelength Achromatic Aberration GO Metalens

The design of the multi-wavelength achromatic aberration GO metalens is based on
modulating the incident light on the lens surface to achieve constructive interference at
the focal point. Therefore, we need to establish an appropriate optimization model for
the design requirements based on the RS diffraction principle to obtain a lens structure
that can achieve achromatic super-resolution focusing for multiple discrete wavelengths.
The focal point of the GO metalens is determined by the modulation of multiple GO and
rGO regions. When there is light incident with a single wavelength, the GO metalens
appropriately reshapes the wavefront through the alternating distribution of GO and rGO
regions, enabling successful constructive interference of the transmitted light along the
optical axis and ultimately focusing at the focal point. Furthermore, lenses with rGO
regions of different widths and thicknesses demonstrate only slight variations in focusing
performance, while significantly increasing the complexity and manufacturing cost. In this
study, we adopt the same width and thickness for all rGO ring regions in the design process
of the GO diffractive flat lens. Thus, the radius value is the sole parameter distinguishing
each rGO region from others, describing the position information of each rGO region on
the lens. It is crucial to determine the central radius of each rGO ring region as the impact
on the field intensity at the focal point varies with various combinations of rGO region
radii. Hence, our work uses the established model to find the optimal combination of rGO
region radii for multi-wavelength achromatic focusing of the GO metalens.

To obtain a GO lens that meets design performance requirements, we need to optimize
the parameters of the GO lens, i.e., the center radii a (a = [a1, a2, a3, ..., am, ..., aN ], where am
is the radius value of the mth rGO region) of the rGO regions. Prior to the optimization
process, it becomes imperative to predefine the specifications and performance parameters
governing the GO metalens (Supplementary Materials, Section S2).

Initially, we simulate and calculate the distribution of the modulated transmitted light,
leveraging the principle of modulation of the optical field by the GO metalens. We establish
the performance analysis model of the GO metalens, utilizing the RS diffraction principle,
to calculate the intensity of the electric field at the focal point as follows:

E2( f ) =
∫ ∞

0
E1(r1)

(
−ik − 1√

f 2 + r1
2

)
exp(−ik

√
f 2 + r1

2)

f 2 + r1
2 r1 f dr1 (4)

where f is the focus length. E2( f ) is the electric field distribution at the focus of the lens F,
and k = 2π/λi is the wavenumber. For the converging GO metalens, the upper limit of the
integral in Equation (4) should be the radius of the GO lens, i.e., 200 µm. The light sources
used for simulation and calculation are uniform plane waves with vertical incidence, with
wavelengths denoted as λi, namely 450, 550, and 650 nm, respectively. The focal length
is 100 µm to fit the design of a multi-wavelength chromatic aberration-correcting lens.
Then, the SA algorithm was applied to optimize the intensity at the focal point of the
GO lens in the RS diffraction model to build the dataset. The algorithmic mechanism
of the SA algorithm is based on the iterative improvement of a single solution. At each
iteration, the algorithm contemplates only the present solution alongside a randomly
chosen adjacent solution and determines whether to adopt this novel solution according
to the Metropolis criterion, thereby facilitating an escape from local optima in pursuit of
the global optimum [45]. Due to its simple structure and speed [46,47], the SA algorithm
was employed as the method for dataset generation in our study, particularly critical
in scenarios demanding a reduction in the lens design cycle. The primary goal of the
optimization process (main parameters of the algorithms can be found in Supplementary
Materials, Section S3) is to maximize the light intensity I = |E|2 at the focal point formed
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by different incident wavelengths of the GO metalens to determine the model of the lens
with dispersion control, which can be expressed as follows:

I(F, λi) = |E2(a, f , λi)|2 (5)

where I(F, λi) is the intensity at the focus F of the GO metalens with the incident wave-
length λi. E2(a, f , λi) indicates the electric field distribution at the focal point when the
working wavelength is λi and the combination of rGO region radii is a. Additionally, in
order for the lens design to focus at the focal point for all three incident wavelengths, the
optimization criteria in this design are further modified to be

I(F) = max

{
i

√
∏

i
I(F, λi)

}
(6)

In each iteration of generating and updating a, adjustments are made to each rGO
region according to the constraints (Supplementary Materials, Section S2) to align with
our simulation model. Various a and the corresponding optimization parameter I(F) are
generated during the optimization process. A crucial consideration is the potential for
significant numerical differences among these focal intensities (I(F, λi)), which could result
in diminished imaging performance.

To minimize the difference in intensity at the focus for various wavelengths, an
independent study of the intensity of the focus formed by the three wavelengths was
considered, as shown in Figure 2. The SA algorithm optimization objective I(F) is calculated
based on the focal intensity I(F, λi) for three incident wavelengths. Therefore, we can
easily record the three focal intensity values I(F, λi) corresponding to different incident
wavelengths for the same lens design a during the optimization process (note that a here
changes randomly throughout the SA optimization process) and build three datasets
a–I(F, λ1), a–I(F, λ2), and a–I(F, λ3) accordingly. For the purpose of ensuring that the
light intensity at the focal point is as consistent as possible for different wavelengths of
incidence for the final design of the lens, we divided the range of intensity values in the
above three datasets into intervals and labeled the corresponding categories Lj in the order
of the intervals to form three new datasets a–Lj–λ1, a–Lj–λ2, and a–Lj–λ3 to train the
RF model. RF, a potent machine learning algorithm, enhances prediction accuracy and
robustness by combining multiple decision trees, each constructed using diverse subsets of
data and features, thereby minimizing the risk of overfitting through random sampling and
feature selection. Following that, under the same framework of the RF model, the training,
validation, and testing sets from the three datasets are used to train three RF models, and
the training time for each RF model at different wavelengths was less than 10 min.

After the completion of training for the three Random Forest Classification models
(RFCMs), each classification model can be employed to determine the relationship between
the set of a = [a1, a2, a3, ..., am, ..., aN ] and the label (Lj) of the focal intensity value (I(F, λi))
in the case of incidence at the corresponding wavelengths. In contrast to the optimization
method with modeling and numerical simulation for individual GO metalenses, this RF
classification approach considerably alleviates the computational burden on computing
resources. At the same time, this provides a viable way to reduce the difference in intensity
at the focal point for different wavelengths. By inputting the identical combination of radius
a into three RFCMs and employing specific selection methods, we can filter the model’s
outputs to identify the inputs and outputs that satisfy the given conditions. Through this
optimization, the optimal combination of rGO region radii can be selected based on the
three RFCMs, thereby fulfilling the requirements for chromatic aberration correction in the
GO metalens.

The approach for selection is based on GA, which is a biologically inspired computa-
tional method that emulates the evolutionary processes observed in nature, enabling it to
address optimization problems by simulating natural selection, genetic inheritance, and
evolution. This evolutionary process of the GA can effectively leverage the diverse dataset
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generated by the SA algorithm, demonstrating powerful global search capabilities when
dealing with large-scale populations, which ensures superior quality of the optimization
outcomes [47] and the lens designs. In the designed GO metalens described in this paper,
each set of rGO region radii represents an individual, and the entire collection of different
sets of region radii represents the population. Prior to the selection process, multiple initial
combinations of 150 rGO region radii, meeting the constraints, are randomly generated to
form multiple initial individuals, each consisting of 150 rGO region radii. Throughout the
selection process, these combinations of rGO region radii undergo continuous changes.

Figure 2. Schematic diagram of dataset construction. Applying RS diffraction theory, calculate the
intensity at the focal point for different combinations of radii of rGO regions. The intensity values are
categorized by wavelength and labeled based on their respective intensity intervals at the focal point.
The distributions of the electric field intensity along the optical axis are simulated and calculated, and
the distribution curves of the light intensity values along the optical axis are plotted. The intensity
values are annotated using colors corresponding to wavelengths (blue, green, and red), and arrows
are used for annotation.

In this study, we use the three trained RFCMs aforementioned to predict the labels
Lλi that correspond to the electric field intensity at the focal point of the lens for various
wavelength inputs (450, 550, and 650 nm), as shown in Figure 3. If the predicted labels
from all three RFCMs are identical, we consider the lens designs to have consistent values
of light intensity across different wavelengths. Therefore, the selection standard of GA is{

max
{

Lλi

}
− min

{
Lλi

}
= 0

Lj = max
{

Lλi

} (7)

By employing a sequence of competitive iterative procedures involving crossover
and mutation, our objective is to ascertain the most adaptable population, which entails
identifying the optimal combination of rGO ring radii that satisfy the specified selection
criteria. Within Equation (6), a cohort manifesting the minimal discrepancy in electric field
intensity at the focal point, across different wavelengths, is chosen, favoring a heightened
focal intensity value. The natural selection simulation is conducted over 50 iterations,
requiring approximately 600 s.

To summarize, the SA optimization algorithm is used to construct a–Lj–λi datasets
associated with different design wavelengths λi. These datasets are leveraged to train
RFCMs tailored for three distinct design wavelengths. This training equips RFCMs with
the capability to forecast the numerical interval of the intensity at the focal point resulting
from transmitted light modulation by the lens. Subsequently, GA are applied to select the
anticipated outputs of the three trained RFCMs as targets, with the goal of discerning the
input parameters that correspond to optimal outputs. This iterative process is designed
to ascertain the combination of rGO ring radii that facilitates the attainment of optimal
chromatic aberration correction performance by the GO metalens.
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Figure 3. Optimization and selection process of GO lens design. The output of the RFCM (the labels
of the light intensity interval at the focal point) is optimized using the GA and select input features
(the radii of the rGO regions) based on the optimization criteria.

3. Results and Discussion
3.1. Optimized Design of Achromatic Graphene Oxide Metalens

We first design the optimal combination of radius values for arranging multiple
rGO rings on a GO substrate to correct the chromatic aberration by GA selection. The
cumulative time required for designing the GO metalens is less than 185 h, consisting of
184 h for dataset construction (15,000 data points), 10 min for RFCM training, and 10 min
for selecting the optimal combination of rGO rings (150 rGO rings). In contrast, when
employing the same computational hardware to design the GO metalens, by depending
solely on a simulation model built based on the imaging principle of the GO metalens for
performing numerical simulations and iterative optimizations, the process may require
a minimum of 250 h. The design approach based on RFCMs significantly reduces the
time required during the optimization selection process, allowing for greater flexibility
in adjustments.

According to the design of the GO metalens, the minimum radius a1 for the rGO rings
is 1.45 µm, and the maximum radius a150 is 199.843 µm, as shown in Figure 4a. The specific
radii for the remaining rings can be found in the Supplementary Materials, Section S4.
Each ring has a linewidth of 0.8 µm, and the center-to-center distance (d) between adjacent
rings is at least 0.9 µm, ensuring an alternating distribution between the GO and rGO
regions. Then, we utilized the established GO metalens performance analysis model to
simulate and calculate the modulation of incident light with the wavelength of 450, 550,
and 650 nm, aiming to evaluate the modulation characteristics of the optimized GO lens
design on the incident light. As shown in Figure 5, the plane wave can be theoretically
modulated by the lens to exhibit a significant distribution of electric field intensity near the
predetermined focal point, which means that the GO metalens design predicted by RFCM
is consistent with the mathematical model. It is noteworthy that the intensities of the focal
points formed by three wavelengths are nearly identical, thanks to the interval partitioning
of light intensity during the design of the GO lens.

To validate the accuracy of the optimized design, the GO lens was fabricated us-
ing direct laser writing with a femtosecond laser (800 nm, 100 fs, 10 kHz, the prepa-
ration of the GO film sample and the fabrication of the GO metalens can be found in
Supplementary Materials, Section S5). Figure 4c displays the microscopic image of the GO
metalens, with the dark regions indicating the areas of rGO (details can be found in the
Supplementary Materials, Section S6). The thickness of the GO region is ~200 nm, while
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the thickness of the rGO region is ~100 nm. The effect of variations in laser processing
linewidth, processing thickness, and contour distribution on the chromatic aberration
imaging quality of the GO metalens is minimal.

Figure 4. The design of chromatic GO metalens. (a) The two-dimensional layout of GO metalens.
(b) GO film on slide. (c) Microscope image of the fabricated GO lens. Scale bar: 100 µm.

Figure 5. Intensity distribution curve near the focal point calculated based on the GO lens model.
(a) Theoretical curves of intensity distribution along the optical axis at wavelengths of 450, 550, and
650nm. (b) Theoretical curve of radial intensity distribution at the focal point.

3.2. Achromatic Focusing Characterization

The focal intensity distribution of the GO achromatic lens is measured using a microscope
characterization setup (Supplementary Materials, Section S7). Incident light from lasers with
wavelengths of 450, 550, and 650 nm are expanded into approximate plane waves before being
focused by the GO metalens. The experimentally measured focal intensity profiles of the
optical axis plane (x–z) and the radial plane (x–y) and corresponding theoretical results with
wavelengths (450, 550, and 650 nm) are shown in Figure 6, respectively.

Figure 6 depicts the distribution of the electric field in both the axial plane and
focal plane for various incident wavelengths, including data obtained from simulation
calculations and experimental measurements conducted. A strong consistency can be
observed between the results of experimental measurements and theoretical simulations.
The axial distribution of focal points exhibits slight tilting and minor asymmetry in the
vertical direction, possibly attributed to the unevenness of the light source emitted by the
laser. To further demonstrate the agreement between the measured results and theoretical
calculations, we plotted the intensity of the electric field along the dashed line in Figure 6e,f,
as depicted in Figure 6g,h. In Figure 6g, with an incident wavelength of 650 nm, the
light intensity distribution curve near the focal point at an incident wavelength of 650 nm
matches the theoretical distribution curve, and the focal length of the GO lens has theoretical
and measured values of 100.2 µm and 100.4 µm, respectively. Moreover, Figure 6h shows
that the radial distribution of the intensity of the focal spot in the focal plane exhibits
excellent symmetry, thus further demonstrating the reliability of the RS diffraction theory
in simulating the GO lens.
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Figure 6. Comparison of experimental and theoretical GO lens achromatic properties. (a,c,e) Theo-
retical intensity distribution in the axial and radial planes near the focal point of the GO lens with
three wavelengths of 450, 550, and 650 nm. (b,d,f) Experimental intensity distribution in the axial
and radial planes near the focal point of the GO lens with three wavelengths of 450, 550, and 650 nm.
(g,h) Intensity distribution curves along the dashed lines in (e,f). (i,j) Experimentally measured focal
intensity distributions along axial and radial directions with wavelengths of 450, 550, and 650 nm.

To observe the impact of various wavelengths on the focal length of the GO lens,
the focal length was measured at three working wavelengths, and the results are shown
in Figure 7a. The results indicate that the focal lengths of the lens when illuminated
with three wavelengths are all approximately 100 µm, with an average focal length

f̄ ( f̄ = 1
n

n
∑

k=1
fk, where fk is the focal length corresponding to each wavelength) of 99.93 µm.

The average deviation ( 1
n

n
∑

k=1
| fk − fd|, where fd is the theoretical focal length during lens

design) between the actual focal length corresponding to each wavelength and the theo-
retical focal length is 0.167 µm. The focal lengths in the experimental results exhibit good
consistency. The slight difference between the actual and theoretical focal lengths is mainly
due to the need for processing numerous and dense rGO regions on the surface of the
designed GO metalens, which results in inconsistencies in the morphology between the
rGO regions during lens fabrication. Additionally, in the characterization experiment of
the GO metalens, errors generated during the movement of the piezoelectric displacement
stage can also have a slight impact on the actual focal length. Based on the focal length, the
numerical aperture (NA) of the GO metalens is approximately 0.894.

Based on the measured normalized intensity profiles in the radial direction of the focal
point in Figure 6j, it is possible to obtain the full width at half maximum (FWHM) of the focal
spot at different wavelengths to verify the super-resolution capability of the GO metalens
that was designed. In the focal plane, the measured FWHMradial for the actual focal points,
when the incidence wavelengths are 450, 550, and 650 nm, are 0.280 µm (0.624 λ), 0.311 µm
(0.565 λ), and 0.386 µm (0.594 λ), respectively, as shown in Figure 7b. The differences
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between the experimental results and the theoretical values of the FWHM are 9.8%, 6.4%,
and 11.8%, respectively. Nevertheless, it is worthy to note that, according to the Rayleigh
criterion ( 0.61λ

NA ), the incident light of different wavelengths modulated by GO metalens
can still form focal spots with the super-resolution capability on the focal plane. The
aforementioned experimental results demonstrate that by employing design parameters
with a high numerical aperture (NA = 0.894), the focal point of the GO metalens design
can exceed the diffraction limit for each wavelength, enabling sub-wavelength resolution
imaging. This attribute is of paramount importance for applications that demand high-
quality images, particularly in fields like microscopy and optical instrument manufacturing.

Figure 7. Focal lengths and FWHMradial of the focal points as the functions of the wavelength.
(a) The focal lengths of the GO lens measured at incident light wavelengths of 450, 550, and 650 nm.
(b) Radial FWHM of the focal points and the diffraction limit.

4. Conclusions

In summary, based on RS diffraction theory, we combined machine learning and intel-
ligent optimization algorithms to present a chromatic aberration-correcting GO lens design
capable of dispersion control across multiple wavelengths, with a thickness of 200 µm.
Both theoretically and experimentally, we showcased a chromatic aberration-correcting
performance in the GO metalens, maintaining a consistent focal length when illuminated at
wavelengths of 450, 550, and 650 nm. By employing a high numerical aperture design, the
radial FWHM of the GO lens’s focal spots exceed the diffraction limit. This achievement
holds significant implications for the miniaturization of optical instruments requiring high
resolution, such as smartphone cameras, super-resolution microscopes, and endoscopes.
Furthermore, compared to metasurface lenses (both the metallic and dielectric ones), our
chromatic aberration-correcting GO lens offers the advantage of further thickness reduction.
Additionally, the GO lens fabrication through DLW technology facilitates its industrial
production, crucial for the manufacturing of miniaturized flat lenses.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/photonics11030249/s1, Figure S1: Theoretical model schematic of GO
metalens; Figure S2: Imaging model of the GO lens based on the RS diffraction theory; Figure S3:
Direct laser fabrication system; Figure S4: Localized magnification of the GO lens; Figure S5: Experi-
ment setup of optical characterization; Table S1: Main preset parameters of graphene oxide metalens;
Table S2: The main parameters of the SA algorithm; Table S3: The main parameters of the GA;
Table S4: The principal parameters of the random forest; Table S5: Design of the Graphene Metalens.
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