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ARTICLE INFO ABSTRACT

Keywords: This review comprehensively examines the recent advancements in graphene-based metasurface lenses, shedding
Lens light on their innovative design principles, advanced manufacturing techniques, and superior optical properties.
Graphene Graphene’s exceptional electrical, mechanical, and optical characteristics, combined with the versatile func-
I;dfgii‘arif;ces tionality of metamaterials and metasurfaces, have led to the development of highly efficient and dynamic lens

systems. These lenses demonstrate remarkable capabilities, including tunable focal lengths, enhanced light
modulation, and improved photodetection sensitivity. Such properties render them highly suitable for trans-
formative applications in diverse fields like high-resolution imaging, precision sensing, and next-generation
telecommunications. The review provides an in-depth analysis of the state-of-the-art methods used in the
fabrication of these lenses, such as chemical vapor deposition, advanced lithography, and nanomanufacturing, to
achieve nanoscale precision and functional integration. Moreover, the challenges associated with large-scale
production scalability, fabrication techniques’ complexity, and graphene’s long-term stability under varying
environmental conditions are critically examined. In exploring these aspects, the review identifies key directions
for future research, emphasizing the need for interdisciplinary collaboration to overcome current limitations. By
addressing these challenges and leveraging advancements in material science and nanotechnology, graphene-
based metasurface lenses have the potential to revolutionize the future of optical lens systems and photonic
technologies.

metallic states makes it highly valuable for photonic applications
requiring transparency and conductivity in ultra-thin films. The position

1. Introduction

1.1. Graphene

Graphene is a remarkable material composed entirely of carbon
atoms arranged in a hexagonal lattice [1-4]. Carbon atoms in graphene
possess six electrons; two occupy the inner shell, while the remaining
four fill the outer shell. Three of these four electrons create robust co-
valent bonds with neighbouring atoms, conferring strength to the gra-
phene sheet. The fourth outer-shell electron is delocalized, moving
freely across the graphene layer and enabling electrical conductivity
[5-8]. Pristine graphene differs from typical insulating or semi-
conducting materials because it lacks a bandgap between the valence
and conduction bands [9]. This zero-gap property renders graphene a
unique material, functioning as both a zero-gap semiconductor and, at
times, a metallic material when the Fermi level is positioned at the
intersection point of the conduction and valence (Dirac point) [10-12].

Graphene’s versatility in switching between semiconductor and
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of the Fermi level can be tuned, adjusting the balance between gra-
phene’s semiconductor and metallic properties. This adjustment can be
achieved through chemical modifications or an electric field. For
instance, when a biasing is applied between a graphene sheet and an
underlying metal base, separated by a thin insulating layer, the electric
field alters the number of charge carriers and, consequently, the elec-
trical conductivity of graphene. A positive voltage polarity increases the
electron concentration in the conduction band, while a negative polarity
fills the conduction band states with electrons, creating holes in the
system [13-15].

1.2. Surface conductivity of graphene
It is important to understand that the graphene sheet’s frequency-

dependent surface conductivity (c) for both the surface conductivity
and the thin film models, which can be obtained using microscopic or
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experimental measurements. Here, the Kubo Model is used to derive the
following high-frequency expression [16-18]:

le]  dfo(e) fo(—€) — fo(e)
it /W+%fdemfw+mﬂ46f

—o0

_e*(w+iy,)

o(w) = de

(€8]

In the formula, e is the electron charge, # (h/2n) is the reduced
Planck constant and y, is a phenomenological carrier scattering rate. The

fermi function is: fo(e) = {exp {i} + 1} -1, that y, and Kp are the

Kp T

chemical potential and Boltzmann’s constant, respectively, and T is the
ambient temperature.

Eq. (1) includes two terms: the first represents the Intraband
electron-photon scattering transition, and the second characterizes the
Interband electron transition. For graphene, which is free from chemical
additives and zero gate voltage, at T = 0 K, charge carrier concentration
(ng) is very low. However, this value can be adjusted by changing
chemical potential doping or applying a DC voltage. The following
conditions define the chemical potential:
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where vgx 9.5 - 105 MS™! is the Fermi velocity.

1.2.1. Intraband conductivity
The Intraband term in Eq. (1) leads to [19-21]:
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If u.>KzT, the carriers exhibit degeneracy, causing the material to
behave like a metal. In this scenario,n, ~ ﬂhzvg, and the chemical po-

tential can be stated as y, ~ Er ~ \/ ﬂhzv}%, where Ey is the Fermi energy,
and finally, the intraband term can be estimated as:
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The real part of the intraband conductivity, denoted as Re(Gintra), iS
non-negative, while the imaginary part, Im(Ginta), is positive. Re and Im
represent a complex quantity’s real and imaginary components. Since
Cintra relates to surface impedance Z, a positive Im(6intra) results in Im
(Z)<0, indicating an inductive surface impedance. This property is
crucial, as the imaginary part of surface impedance fundamentally in-
fluences the boundary’s ability to guide surface waves. The imaginary
part’s sign of the surface impedance is essential in metallic surfaces, as it
determines that transverse electric (TE) or transverse magnetic (TM),
can propagate along the boundary.

1.2.2. Interband conductivity

The Interband of conductivity contribution comprises real and
imaginary components. Under low-temperature conditions, this contri-
bution can be closely approximated when || significantly exceeds kgT
(with p, as the chemical potential and KgT as thermal energy) [22-24]:
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The probability of such electrons jumping from the valence band to
the conduction band in graphene at low temperatures without high-
energy photons (such as visible or ultraviolet) is quite low. This re-
sults in a near absence of interband transitions. Consequently, under
standard conditions, especially at lower temperatures and in the absence
of external optical excitation, the interband conductivity of graphene
approaches zero, attributable to the scarcity of available states for these
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transitions within the low-energy spectrum. Besides that, graphene’s
electronic properties imply that at the Dirac point (the position of the
Fermi level in undoped graphene), no density of states will support the
conduction, hence further reducing the probability of interband transi-
tions [25].

1.3. Graphene permittivity

The surface conductivity of graphene is primarily influenced by
intraband transitions, as previously discussed. Notably, graphene func-
tions as a conductive layer that can be accurately described by the Drude
model, allowing it to support TM-polarized surface plasmon polaritons
(SPPs). The surface conductivity of graphene exhibits a linear depen-
dence on the Fermi level (Ep). In the terahertz frequency range, intra-
band transitions dominate, leading to significant losses; however, these
losses are beneficial for amplitude modulation through graphene ab-
sorption. Conversely, the conductivity decreases at mid-infrared fre-
quencies due to Pauli blocking and the relatively higher frequency,
which reduces intraband and interband transitions. In this frequency
range, the imaginary part of the conductivity becomes more prominent
than the real part, facilitating the propagation of TM SPPs with minimal
losses. For numerical simulations, graphene is often modelled as an
anisotropic medium with an effective in-plane permittivity. This repre-
sentation highlights the unique interaction between graphene and
electromagnetic waves across different frequencies, emphasizing its
tunability and effectiveness in supporting TM SPPs as [26-28]:
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where ¢ is the vacuum permittivity, t; is the thickness of graphene.

Graphene’s conductivity can be broadly adjusted at terahertz and
mid-infrared frequencies, allowing substantial changes in plasmon
resonance amplitude or frequency when it is critically coupled with a
metasurface that enhances local fields. This tunability enables graphene
to respond dynamically to electromagnetic fields, enhancing its appli-
cation in amplitude and frequency modulation. Additionally, as an ul-
trathin "metal" layer, graphene can be patterned into various shapes to
achieve targeted resonance frequencies and specific wavefront modifi-
cations. Such customization makes graphene highly versatile in
advanced photonic and plasmonic applications, enabling precise control
over light-matter interactions and supporting the design of structures for
tailored optical responses.

2. Graphene-based metasurface

Metasurfaces consist of subwavelength structures that are typically
much smaller than the wavelength of incoming electromagnetic waves
[29,30]. These constructs can be ingeniously designed to impart specific
properties to the impinging electromagnetic waves, such as phase
modulation, polarization conversion, and focusing [31]. However, the
key bottleneck associated with metasurfaces is their passive nature,
implying that the optical properties become fixed during the time of
fabrication itself [32].

Hence, hybrid graphene/metasurfaces or graphene-based meta-
surfaces will emerge due to their synergistic properties in a larger range
of adaptable and powerful applications, such as antennas [33] and
biosensors [34,35].

In the frequency range of microwaves, effective impedance matching
can be challenging in devices incorporating graphene, and thus, it will
affect operational efficiency regarding devices like antennas and tran-
sistors. Within the terahertz frequency spectrum, the intraband transi-
tions contribute to most surface conductivity in graphene. The
imaginary part of permittivity outperforms its real counterpart,
demonstrating the high impact of intrinsic losses due to intraband
transitions on graphene’s optical properties. The Fermi-level controlled
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huge variation of surface conductivity in graphene enables amplitude
modulation with large magnitude when combined with metallic meta-
surfaces that support efficient confinement of in-plane electric fields
[36,37]. The transmission change originates primarily from the varia-
tion of graphene absorbance:

AT = —AA ~ S|Einc|*1*ARe(0y). 7)

In this context, S represents the graphene area, Ei,. denotes the
incident electric field, and n=E/E;,. signifies the enhancement factor
[38,39]. As indicated in Eq. (7), a considerable modulation depth can be
achieved with a markedly improved field despite the surface conduc-
tivity being of comparatively low quality. Additionally, by adjusting
graphene, metallic resonators can produce highly amplified local fields
for terahertz modulation and sensing [40-43]. For example, SRRs are
electric resonances, the sandwich structures are magnetic resonances,
and asymmetric configurations are Fano resonances [44,45]. Addition-
ally, the optical properties developed in graphene/plasmonic metasur-
face mainly involve changes in resonant frequency that are supposed to
be tuned by varying the Fermi level of the graphene [46-48].

2.1. Graphene/Dielectric metasurfaces

The previous discussion emphasized the potential of hybrid gra-
phene/metallic metasurfaces in various applications. However, one
significant limitation of metallic metasurfaces is their susceptibility to
non-radiative losses, particularly in the near-infrared (NIR) and optical
frequency ranges. These losses result in resonances characterized by low
Q-factors and a constrained modulation depth, limiting their effective-
ness in high-performance photonic systems [49-52].

Dielectric metasurfaces have garnered considerable attention to
address these drawbacks. According to Mie’s theory, dielectric meta-
surfaces, typically composed of high-refractive-index particles
embedded within a low-refractive-index medium, offer distinct advan-
tages. They can support both electric and magnetic resonances while
maintaining inherently low intrinsic losses. This unique combination of
properties has led to their consideration as promising alternatives to
metallic metasurfaces in many photonic and optoelectronic
applications.

However, despite these advantages, the practical realization of
dielectric metasurfaces introduces several challenges. Fabrication de-
mands extraordinarily high machining precision to achieve the required
dimensions and tolerances, as the optical response is highly sensitive to
structural parameters. Furthermore, achieving optimal transmission
properties necessitates a substantially elevated Fermi level, which ex-
ceeds the capabilities of traditional electrostatic gating techniques. This
limitation poses significant hurdles to integrating these metasurfaces
into dynamically tunable devices [53,54].

Another critical challenge is the lack of experimental demonstrations
showcasing dynamic tunability in graphene/dielectric metasurfaces.
While theoretical frameworks and computational models suggest
promising results, no practical implementations have achieved the
desired level of tunability or addressed issues like scalability, fabrication
complexity, and reliability under operational conditions. The ongoing
development of advanced fabrication technologies and novel material
systems is crucial to overcoming these obstacles and realizing the full
potential of graphene/dielectric metasurfaces in next-generation pho-
tonic devices.

3. Lenses, graphene metasurfaces-based lenses and fabrication
methods

3.1. Lenses

Lenses are constructed from materials characterized by distinct
electromagnetic properties and geometrical configurations to regulate
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the propagation of electromagnetic waves [55,56]. Electromagnetic
lenses are available in several types: (1) Dielectric lenses made of glass
or plastic of relatively high refractive index. These devices work on the
principle of refraction, wherein the change in speed of light changes its
course of movement as it passes through the lens. Dielectric lenses are
frequently used in optical systems like cameras and microscopes
[57-59]. (2) Graded index lenses feature a refractive index that gradu-
ally changes across their surface, unlike traditional lenses with a con-
stant index. This gradual variation allows them to focus light without
requiring complex optical elements, resulting in simpler and more
compact lens designs [60-64]. (3) Metalenses, also known as metasur-
face lenses, are flat lenses composed of nanostructures, typically ar-
ranged in periodic patterns. These nanostructures interact with
incoming light waves to manipulate their phase, allowing for precise
control over the direction and focus of light. By leveraging metasurface
technology, these lenses can perform unconventional wave manipula-
tions, such as achieving a negative refractive index or enabling
super-resolution imaging. Their compactness and advanced function-
ality make them significant for miniaturizing optical systems and
enabling new imaging technologies [65-71]. The third classification,
referred to as lens arrays, not only demonstrates focusing incoming wave
and imaging capabilities but also reveals a variety of captivating attri-
butes that surpass those associated with single lenses. Lens arrays find
widespread application in areas such as photography, telecommunica-
tions, and optical memory [72-77].

For instance, combining a lens array with a Hartmann-Shack sensor
offers an effective method for measuring wavefronts at visible light
wavelengths [78]. Furthermore, lens arrays are broadly utilized in
cameras to enhance the quality of the images [79-81]. These lens arrays
are crucial in various applications of terahertz imaging systems and
communication technologies. Generally, each lens is paired with a ter-
ahertz detector to enable pixel detection. Additionally, lens arrays with
adjustable focal lengths can be used in two-dimensional and
three-dimensional displays and tunable photonic devices. Applying an
external voltage to graphene modifies its carrier density, which in turn
alters its optical conductivity and refractive index, enabling precise
tuning of the focal point [82-84]. However, their conventional prepa-
ration through laser direct writing in optical and silicon machining
methods is complex and expensive. Such processes require intricate
connections, storage systems, and photovoltaic imaging [85].

Lenses enabled by metasurface technology pave the way for inno-
vative designs of planar terahertz devices, with promising applications
in terahertz imaging and communications [86,87]. As mentioned, met-
asurfaces based on metallic or dielectric materials are passive and
non-tunable. However, graphene-based metasurfaces offer a distinct
advantage: the possibility to change the lens pattern or phase distribu-
tion without actually changing the structure. Therefore, we will explore
some of these lens models.

3.2. Graphene metasurfaces-based lenses

This section investigates various graphene metasurface-based lenses
and discusses some associated challenges. Ref [88] describes a
cutting-edge optical device designed for precise beam steering at the
telecommunications wavelength of 1550 nm. This device features a
reflective metalens paired with five switchable nano-antennas, while a
graphene-based switchable power divider manages incoming light flow.
To achieve high angular accuracy in the emitted beams, the author
employs a novel holographic algorithm that aligns the feeding
nano-antennas optimally with the metalens. An additional algorithm
selects the most suitable unit cells within the metalens to maintain
consistent light intensity during beam rotation, supporting efficient and
stable performance. Together, these innovations represent a substantial
leap in optical device technology, offering enhanced applications in
telecommunications.

Ref [89] illustrates a programmable graphene metasurface inspired
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by quantum effects that has been designed to achieve electromagneti-
cally generated transparency. Adjusting the DC voltages applied to
graphene sheets allows the cross-polarized transmission of each array’s
amplitude and phase to be continuously tuned, enabling switching be-
tween 0 and 180°. Adaptable control of radiation angles and focal
lengths for THz beams can be an important result of this adjustability,
supporting diverse manipulation across both amplitude and phase do-
mains. Fig. 1(a) illustrates the programmable graphene metasurface,
highlighting its capability to control THz propagation using unified line
electrodes. The detailed configuration of the fundamental unit cell is
shown in Fig. 1(b).

A versatile flat lens designed to reflect the visible and near-infrared
bands has been proposed in Ref [90]. This design integrates a hybrid
graphene-metasurface structure with switching capabilities. A
dual-purpose device that can alternate between reflective and absorp-
tive states is essential to enable this functionality. This approach in-
volves using a gold substrate featuring two opposing slits to generate an
absorption mechanism, while a graphene layer is utilized to control the
intensity of both absorption and reflection. The capability to toggle
between these states for incident light with circular polarization is
accomplished by equally modifying the p of the graphene sheet. When
the chemical potential of graphene, denoted as i, is established at 1.1
eV, the device exhibits reflective properties. This reflective state dem-
onstrates a broad optical response ranging from 715 to 800 nanometers,
with a polarization conversion efficiency exceeding 70 percent.
Conversely, setting p. to 0.75 eV results in absorptive characteristics
within the wavelength range of 700 to 780 nanometers. In addition to
developing adjustable flat lenses with single and dual focusing, a
multifunctional configuration capable of transitioning between various
modes, including unfocused, single-focus, and dual-focus modes, has
been introduced. These adjustable flat lenses show promise for diverse
imaging and sensing systems applications. Fig. 2(a) presents a direct
schematic of the proposed flat lens, which includes a TiOy nanofin
positioned above a graphene layer on a gold mirror substrate with slits.
Fig. 2(b) illustrates a representation of the operation of a flat lens with
reflective focusing based on a metasurface. The reflected wave can be
precisely focused at a selected location above the structure using an

THz wave
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optimized phase profile. This ideal phase profile (denoted as phi sub-
normal) in Fig. 2(c) corresponds to a focal distance of z = 5 Apm and a
wavelength of 740 nanometres. The phase characteristics of the flat lens
are determined by varying the angle of orientation 6 of the nanofins.
Additionally, Fig. 2(d)-(e) shows the top and front views of the proposed
flat lens with single-point focusing, respectively. Furthermore, Fig. 2
(g)-(i) displays the normalized intensity cross-section at the center focal
point along the x and y directions.

In [91], a novel approach using digital graphene-based metasurfaces
is introduced to manipulate wavefronts’ amplitude and phase,
addressing challenges within the terahertz (THz) range. These meta-
surfaces consist of digital building blocks, allowing direct digital data
modulation by choosing specific digital sequences and transmitting
them to targeted receivers at focal points. A multi-channel, high-speed
THz communication system is subsequently presented, aimed at
enabling three-dimensional wireless agile interconnection. Additionally,
in [92], another lens design is proposed, featuring a graphene-based
metasurface in a ring configuration with double oblique gaps and four
curved channels. When exposed to incident waves at 632.8 nm, surface
plasmon polaritons (SPPs) produced within the oblique gaps interact
with the curved channels, creating varied phase delays at different po-
sitions. These SPPs propagate towards a distant focal point, producing a
spatial focusing effect with a measured focal length of 2.7 ym and a full
height at half maximum of 284 nm.

3.3. Fabrication methodes

The following section will examine various lenses based on graphene
metasurfaces, focusing on their fabrication requirements and testing
methodologies within the microwave and THz frequency ranges before
delving into the specific articles detailing their fabrication methods and
experimental results.

Fabrication methods for graphene-based metasurfaces include laser-
induced graphene (LIG) for scalable, low-cost THz applications, though
it struggles with resolution and uniformity. Chemical Vapor Deposition
(CVD) produces high-quality graphene but is expensive and time-
intensive. Laser Direct Writing (LDW) allows precise patterning for

Fig. 1. (a) The graphene-based metasurface controlled by two independent DC biases. (b) A schematic representation of the basic unit cell illustrates its role within
the overall programmable configuration in controlling THz waves effectively (reproduced with permission from [89]).
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Fig. 2. (a) A simplified diagram of the basic structure of the proposed flat lens unit cell. (b) An elementary illustration of the reflective flat lens in the suggested
design. (c) The phase distribution of the lens for light incident at normal angles ensures efficient focusing. (d) The top view and (e) The front view display the
structural layout of the proposed flat lens, optimized for single-spot focusing. (g)-(i) Normalized intensity cross-sections along the x and y axes highlight the focal
spot’s center for different graphene chemical potentials, demonstrating tunable focusing capabilities (reproduced with permission from [90]).

flexible lenses but faces challenges with resolution and uniformity.
Patterned metal foil growth supports beam reconfiguration for micro-
waves but suffers from a high loss at these frequencies. Chemical etching
enables customizable patterns but risks damaging graphene. Trans-
ferring graphene onto substrates like PET creates flexible metasurfaces,
though ensuring quality and adhesion is difficult. A combination of CVD
and laser etching supports dynamic modulation but is complex with
stability issues. Table 1 presents an overview of some of the key fabri-
cation techniques that can be used for graphene-based metasurface
lenses. This table highlights various methods, each with its unique fea-
tures and limitations, providing a foundation for understanding the
challenges and advancements in this area of research. Next, we delve
into the fabrication methods of various graphene-based metamaterials
and metasurfaces in greater detail.

In [93], a graphene-based metamaterial was designed and fabricated
using a tightly focused femtosecond laser beam, demonstrating prom-
ising results with this fabrication method [94]. The fabrication of the
metamaterial involves three main steps: deposition of the silver mirror
and SiO: spacer onto a substrate, self-assembly of Graphene Oxide (GO)
and dielectric multilayers, and the reduction of GO followed by grating
fabrication using femtosecond laser writing.

The silver mirror and SiO: spacer layer are deposited via physical
vapor deposition. The graphene-based metamaterial layer is created
through the wet chemical self-assembly method, where negatively
charged GO layers and positively charged poly-
diallyldimethylammonium chloride (PDDA) are alternately deposited
due to electrostatic forces43. The selection of the dielectric material
controls the dielectric layer thickness, while the thickness of GO layers is
regulated by the concentration of the GO solution and the thickness of
GO flakes, typically 1-2 layers. The thickness of each layer and surface
roughness are measured using an atomic force microscope. A consistent
2-nm thickness for GO layers is achieved, and the surface roughness is
maintained below 2 nm, which is critical for photonic applications.

The grating is fabricated using a tightly focused femtosecond laser
beam38. A A=800 nm laser with 100 fs pulses, focused through a 0.8
numerical aperture (NA) objective lens, is used. The laser beam also
partially reduces the GO layers. The removal of oxygen-containing
groups and the restoration of the sp? graphene network are confirmed
via X-ray photoelectron spectroscopy (XPS) spectra. As the photo-
thermal effect drives the photo-reduction, the degree of reduction is
finely adjustable with laser power. At higher power levels (approxi-
mately 60 pW in this study), the GO layers are transformed into
graphene-like material with nearly completely removing oxygen-
containing groups. During this process, the 2-nm-thick GO layers are
reduced to approximately 1-nm-thick graphene layers as the atomic
spacing decreases from 8.1 A for GO to 3.4 A for graphene.

In [95], a graphene/gold bilayer metasurface is fabricated using the
CVD method. The fabrication of the graphene/gold bilayer metasurface
is centered on integrating precision and scalability to achieve a func-
tional device. The process begins with the preparation of a flexible
Rogers 5880LZ laminate substrate. Gold layers are deposited on both
sides, with one side serving as an RF ground and the other defining the
metasurface area and contact regions using a hard mask. High-quality
graphene films, synthesized through a CVD process on a Nickel cata-
lyst, are transferred onto the substrate using a wet transfer technique to
ensure strong adhesion and minimal residue.

The graphene/gold bilayer is then patterned into a specific meta-
surface design using photolithography, involving the application and
development of photoresist layers. Reactive ion etching is used
sequentially with oxygen and argon plasmas to precisely remove un-
protected regions of graphene and gold. Electrical connections are
established with silver epoxy, completing the structure. This fabrication
approach enables the creation of a highly tuneable, well-defined meta-
surface, ideal for advanced terahertz applications. Fig. 3(a)-(d) shows
the schematic of the unit cell and its fabricated structure.

Next, we will review several articles on the fabrication of graphene-
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Table 1

Fabrication methods of graphene-based metasurface lens.

Fabrication Method

Key Features

Limitations

Laser-Induced
Graphene (LIG)

Chemical Vapor
Deposition (CVD)

Laser Direct
Writing (LDW)

Growth of
Graphene on
Patterned Metal
Foils

Chemical Etching
(Laser or
Conventional)

Transfer of
Graphene onto
Substrates (e.g.,
PET)

CVD & Laser
Etching
Combined

Scalable and low-cost; rapid
production with high
resolution for THz
metasurfaces. . Ideal for
large-scale production
because of scalability and
simplicity of Operation.
High-quality graphene
growth; suitable for
complex metasurfaces.

Allows for precise
patterning of graphene
oxide for flexible lenses.

Enables beam
reconfiguration in
microwave frequency
range.

Customizable graphene
patterning for metasurfaces.

Suitable for creating thin
and flexible metasurfaces.
Ideal for large-scale
production because of
scalability, material
compatibility and
adaptability for flexible
electronics.

Enables dynamic amplitude
and phase modulation at
microwave frequencies.

Limited resolution;
difficulty in achieving
uniformity across large
areas; primarily suited for
THz.

Expensive and time-
consuming process;
challenges in integrating
with other materials.
Limited by laser resolution
and material behavior;
challenges with uniformity
in stretching.

Graphene’s high loss at
microwave frequencies
reduces efficiency; reliance
on specific metal patterns.
Requires precision in
etching for functionality;
potential for damaging
graphene layer during
process.

Difficulties in ensuring
high-quality graphene
transfers; alignment and
adhesion challenges.

High fabrication
complexity; potential issues
with material stability and
reproducibility.

based metasurface lenses. The challenge of achieving comprehensive
control over the wavefront at microwave frequencies arises primarily
from the difficulty in obtaining complete phase coverage of 2z with
equal amplitudes using graphene. However, the requirement for a
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binary-phase distribution with a © phase difference in the 1-bit coding
metasurface greatly improves the practicality of using graphene for
wavefront manipulation. This concept is inspired by coding meta-
surfaces. Research conducted by Chen et al. [96] explored the restruc-
turing of microwave beams using graphene ribbons, revealing strong
consistency between experimental and simulated results. However,
these designs did not demonstrate true dynamic reconfigurability.
Subsequently, programmable graphene metasurfaces were experimen-
tally introduced in 2020, achieving dynamic wavefront shaping [97].
The microwave programmable graphene metasurface (MPGM) was
developed and experimentally validated. The conditions for creating a
binary element with resistive materials were established through
equivalent impedance analysis. Based on this analysis, the reflection
amplitude and phase can be attained by adjusting the biasing applied to
the graphene sheet. Furthermore, the metasurfaces allow for indepen-
dent control over different elements. Both simulations and experimental
results indicate that the MPGM can perform various functions, including
beam redirection and radar cross-section reduction. This development
marks a significant advancement in applying graphene to adjust phase
amounts within the microwave frequency range. However, a notable
limitation of this study is that metallic structures and the resonance of
patterned graphene constrain the binary-phase response. In this context,
the reflection is relatively weak (approximately 0.3) due to the high loss
associated with graphene in the microwave spectrum. Following a
similar strategy, Zhang et al. [98] proposed another promising method
to independently regulate amplitude within the phase coding metasur-
face for dynamic wavefront manipulation at microwave frequencies. A
prototype of a metasurface-based metal slab comprising "0” and "1" grids
arranged in an optimized encoding arrangement was constructed using
standard printed circuit board (PCB) techniques. The layer includes 32 x
32 meta-elements printed on a 1.524 mm thick Rogers RO4350B sub-
strate. A layer of graphene sheet was also created on an 18-micron-thick
copper sheet through chemical vapor deposition (CVD). This graphene
layer was transferred onto a 75-micron-thick PET substrate via a
layering and etching process. Subsequently, the metasurface-based
graphene sheet was engineered using a normal laser beam-cutting
method.

Another significant application of lenses is in imaging; however,
achieving adjustable color imaging across the full visible spectrum poses
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Fig. 3. (a) Dimensions and array structure of the Jerusalem-cross-slot unit cell. (b) Cross-sectional view of the graphene/gold bilayer superimposed metasurface
structure, as indicated by the intersecting black plane in (c). (¢) Schematic of the 0.2 THz frequency-selective absorber device. (d) Fabricated bilayer device with a
zoomed-in optical image highlighting the well-defined metasurface structure (reproduced with permission from [95]).
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practical challenges. Fig. 4(a)-(e) and Fig. 5(a)-(i) show the shape of the
unitcell, fabricated structure and its results. In response, Shibiao Wei
and colleagues [99] proposed and experimentally demonstrated a
broadband and variable-focal-length lens made of graphene, with a
thickness of only 250 nanometers, encompassing the entire visible
range. This lens facilitates continuous adjustment of the focal length for
multiple wavelengths simultaneously. By applying lateral strain, up to
20 percent of the focal length adjustment range was achieved for red
(650 nm), green (550 nm), and blue (450 nm) light, indicating three
distinct wavelengths. Adjusting the graphene-metal strain ratio enabled
effective zoom imaging of items positioned along the optical axis for
these wavelengths. This progress paves the way for small imaging de-
vices like smartphones, wearable displays, and miniaturized communi-
cation systems, offering multichannel Spectrum capabilities. Fig. 6(a)-(i)
illustrates the fabrication of stretchable Graphene Oxide (GO) metals
and their imaging capabilities, while Fig. 7(a)-(e) displays the results of
3D imaging and focal length adjustment achieved using stretchable
graphene metals.

A graphene-based metasurface lens fabrication method is introduced
in [46], leveraging laser-induced graphene (LIG) for THz wave modu-
lation due to its high conductivity. The study presents an efficient LIG
fabrication process utilizing a nanosecond laser, a telecentric scan lens,
and scanning mirrors. This setup allows for rapidly producing a THz
metasurface (15 mm by 15 mm) with 30 um resolution in just 34 s, of-
fering a scalable and cost-effective solution.

The schematic of the LIG fabrication system, shown in Fig. 8, illus-
trates its main components. These include a Nd:YVO4 nanosecond solid-
state laser (pulse width: 15 ns, adjustable repetition rate) with an output
wavelength of 532 nm, a beam expander, a telecentric scan lens with a
focal length of 60 mm, and a scanning system. The scanning system
consists of two mirrors capable of tilting the laser beam in the x- and y-
directions. Through a controlling system, the focused laser beam is
swept across a 2D plane to produce LIG patterns.

Commercial Kapton PI tape, with a thickness of 80 um, is employed
as the carbon precursor and adhered to a 1 mm-thick quartz glass sub-
strate, which exhibits high THz wave transmittance.

In contrast to traditional LIG fabrication systems utilizing a two-
dimensional translation stage, scanning mirrors offer the benefit of
faster laser beam tilting. However, for large deflection angles, the focal
spot becomes elliptical, reducing fabrication resolution. To address this
issue, a telecentric scan lens with a 60 mm focal length and an 18 mm x
18 mm working area is utilized to avoid elliptical distortion. In this area,
the focus diameter remains under 5 pm, as detailed in Section S2 of the
Supplementary Material. Fig. 9(a)-(b) shows the fabricated structure
and its results.

Table 2 provides a detailed explanation of the fabrication methods
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used for graphene-based metasurfaces and lenses and an overview of
their key features. This includes insights into the specific manufacturing
processes, such as laser-induced graphene, chemical vapor deposition,
and laser etching, as well as the unique characteristics and functional-
ities of the resulting optical devices, including their tunability, focal
length adjustments, and application potential in fields like telecommu-
nications, imaging, and terahertz communication.

4. Challenges of fabrication of graphene metasurfaces-based
lenses

However, there are several challenges in the fabrication of graphene
metasurface-based lenses, including [100-104]:

4.1. Complexity of fabrication

The fabrication of graphene metasurfaces requires advanced tech-
niques like electron-beam lithography (EBL) and reactive ion etching
(RIE) to create precise nanoscale features. EBL enables sub-10-
nanometer resolution patterning, while RIE ensures controlled mate-
rial removal. These methods demand cutting-edge equipment and skil-
led personnel, significantly increasing production complexity and the
risk of defects. Even slight imperfections, such as uneven etching or
contamination, can alter key optical properties, affecting device
performance.

Efforts to enhance scalability and reduce defects include alternative
techniques like nanoimprint lithography and post-fabrication correc-
tions, aiming to balance precision with large-scale manufacturing
feasibility. These improvements are crucial for realizing graphene
metasurfaces’ potential in photonic and electronic applications.

4.2. Material contamination

Contamination in graphene materials represents a significant chal-
lenge, as even minor impurities can severely impact their optical, elec-
tronic, and mechanical properties. These impurities may originate from
various sources during the synthesis, processing, or handling stages.
Environmental factors such as exposure to airborne dust, moisture, or
chemical residues are common culprits. Additionally, impurities might
be introduced from synthesis equipment, storage containers, or external
reactive agents used during fabrication.

The presence of these contaminants can alter graphene’s atomic
structure and disrupt its electronic band configuration, negatively
affecting critical characteristics such as electrical conductivity, carrier
mobility, and optical transparency. For instance, contaminants may
interfere with the movement of electrons through the graphene lattice,
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leading to increased resistance and degraded performance in applica-
tions like photodetectors, transparent conductive films, or optical lenses.
Contamination can also influence graphene’s interaction with light,
causing deviations in light absorption, reflection, or transmission, which
are crucial in optoelectronic applications.

Maintaining high purity in graphene materials is paramount to pre-
serving their exceptional properties and achieving the desired perfor-
mance in graphene-based devices. Rigorous synthesis protocols,
cleanroom environments, and precise handling measures are often
implemented to minimize contamination. For advanced applications,
post-synthesis purification techniques, such as chemical treatments or
thermal annealing, are frequently employed to ensure that graphene
meets the stringent purity requirements necessary for high-efficiency
photonic, electronic, and optical systems.

values of 220 Q, 600 Q, and 1500 Q, respectively (reproduced with permission from [98]).

4.3. Financial considerations

The economic aspects of producing and refining high-quality gra-
phene are significant hurdles in advancing its commercial viability,
especially for applications like lenses. The costs associated with the raw
materials, sophisticated fabrication techniques, and stringent quality
control measures can accumulate rapidly. Additionally, scaling up pro-
duction to meet commercial demands while maintaining quality stan-
dards often leads to further financial burdens. This high cost of entry can
deter potential investors and slow the widespread adoption of graphene
technologies in various industries, from optics to electronics.

4.4. Adjustment and regulation

Achieving precise control over the optical attributes of graphene
metasurfaces is a highly challenging task, necessitating sophisticated
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Fig. 6. Fabrication and imaging of flexible Graphene Oxide metalenses: (a-c) Steps in creating graphene metalenses: (a) Preparation of the PDMS substrate. (b)
Transferring the Graphene Oxide sheet onto the PDMS substrate. (¢) Formation of graphene metalenses via laser direct writing. (d-e) Images of the metalens show an
air ring width of 1.3 Apm . (f) View of the lens. (g) The lens’s surface structure, with the lower curve illustrating. (h) Bright-field optical image of the lens in the
unstretched state, where the gray part represents the Graphene Oxide region, and the white part shows the laser-removed Graphene Oxide. Thin radial airlines were
added around the Graphene Oxide ring to enable stretching. The main lens diameter was 150 Aum (D). (i) Bright-field optical image of the metalens after uniform
stretching, with a stretch ratio of 1.1 (reproduced with permission from [99]).

(d) A, = 550nm

a=1.04 10 pem

Fig. 7. 3D targeting and variable focal length imaging with a flexible graphene lens. (a) The inset images display reflections of laser-fabricated objects "E" and "F,"
with a line width of 2 Aum and a height of 18 Aum . A 100 nm layer of silver was covered on both faces of glass with a 170-micrometer thickness. (b) Stretching the
flexible graphene lens enabled sharp imaging of objects at different field depths, as illustrated in the zoom imaging schematic. (¢, d, and e) Zoom imaging for blue,
green, and red light under various extend ratios (reproduced with permission from [99]).
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Fig. 8. The Schematic of the fabrication setup (reproduced with permission from [46]).

and accurate tuning mechanisms. These metasurfaces are designed to
manipulate properties such as phase, amplitude, polarization, and
wavelength-specific interactions of light, which require dynamic and
responsive adjustment to external stimuli. Common stimuli include
electric fields, magnetic fields, temperature variations, mechanical
strain, or chemical doping. Each of these factors introduces unique
technical demands on the metasurface design and integration process.

For example, the use of electric fields to adjust optical properties
requires careful consideration of electrode placement, field strength,
and uniformity to ensure consistent performance across the metasurface.
Similarly, magnetic field-based tuning demands precise control over
field orientation and intensity, while temperature-dependent mecha-
nisms necessitate the use of thermally robust materials and designs
capable of rapid heat dissipation or regulation. Strain engineering, often
employed to fine-tune graphene’s electronic and optical characteristics,
adds further complexity by requiring meticulous control of mechanical
deformations without damaging the material.

The necessity for real-time or near-instantaneous responsiveness
adds an additional layer of challenge. Any delay, instability, or inaccu-
racy in the tuning mechanisms could result in significant performance
degradation, especially in applications where high precision is crucial,
such as in beam steering, holography, adaptive optics, and sensors. This
demands not only precise engineering but also robust testing and vali-
dation of the metasurface under different operating conditions to ensure
reliability and repeatability.

Furthermore, the integration of these dynamic tuning systems often
involves a trade-off between complexity, fabrication cost, and device
scalability. For instance, adding more advanced tuning mechanisms can
make the system more versatile but also more difficult to manufacture
on a large scale. Designers must carefully balance these factors while
maintaining the metasurface’s intended functionality and optical
efficiency.
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Addressing these challenges often involves the development of
innovative material designs and hybrid systems that combine graphene
metasurfaces with other technologies, such as plasmonic structures or
dielectric substrates, to enhance their responsiveness and minimize
losses. Collaborative advancements in fabrication techniques, material
science, and computational modelling are critical for overcoming the
limitations and realizing the full potential of tunable graphene meta-
surfaces in cutting-edge photonic and optoelectronic applications.

4.5. Thermal regulation

Thermal management is a vital aspect of the design and operation of
graphene metasurfaces, particularly under conditions of intense illu-
mination or high-power optical applications. Excessive heat generation
can induce a range of undesirable effects, including thermal expansion,
stress within the material, degradation of graphene’s intrinsic proper-
ties, and alterations in the refractive index of the surrounding substrates.
Such thermal effects affect the metasurface’s ability to control light
precisely and lead to long-term structural and functional deterioration.

Thermal expansion, for example, can distort the precise nano-
structures required for the metasurface to manipulate optical properties
like phase or amplitude. Similarly, the increase in temperature may
modify graphene’s conductivity, bandgap characteristics, or plasmonic
behavior, thereby compromising its ability to perform efficiently in
applications such as beam shaping, sensing, or signal modulation.
Accumulated heat could also result in localized damage or delamination
of layers, which further diminishes the device’s longevity and reliability.

To address these challenges, several thermal management strategies
are being explored. One approach is the integration of thermal dissi-
pation systems, such as heat sinks, thermally conductive substrates, or
advanced cooling technologies. Materials with high thermal conduc-
tivity, such as diamond or boron nitride, can be used as substrates to
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Fig. 9. LIG terahertz metalens utilizing C-shaped antennas. (a) Schematic of the LIG terahertz metalens. (b) Simulated scattering amplitudes and phases for cross-
polarized radiation from 8 different C-shaped antennas. (¢) Photograph of the terahertz metalens, with the inset showing a microscopic view of the lens. (d-e) SEM
images of the LIG metalens. (f) Simulation results for the intensity distribution of cross-polarized light in the x-z plane. (g) Simulated field distribution on the focal
plane (x-y plane). (h) Experimental results for the intensity distribution of cross-polarized light in the x-z plane. (i) Experimental field distribution on the focal plane
(x-y plane), with the FWHM indicated in the figures (reproduced with permission from [46]).

effectively transfer heat away from the active graphene layer. Another
solution involves the design of metasurface structures that are thermally
robust, incorporating materials with low thermal expansion coefficients
or high-temperature tolerances to mitigate deformation and property
shifts.

In addition to material innovations, optimizing the layout and ge-
ometry of the metasurfaces to minimize hotspots or evenly distribute
heat can enhance thermal performance. Advanced computational
models are often employed to simulate and predict thermal behaviors,
enabling designers to implement targeted solutions during the design
phase. For applications in demanding environments, such as aerospace
or high-power laser systems, the development of hybrid systems that
combine active cooling with passive thermal regulation is increasingly
being pursued. Effectively addressing thermal regulation is crucial for
ensuring that graphene-based metasurfaces maintain their precision and
operational integrity over extended periods. By incorporating robust
thermal management techniques, these devices can function in high-
performance and harsh conditions reliably, unlocking their full poten-
tial in cutting-edge photonic and optoelectronic applications.

4.6. Electromagnetic interference

The exceptionally high conductivity of graphene, while beneficial for
numerous applications such as high-speed electronics and
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optoelectronic devices, also poses significant challenges related to
electromagnetic interference (EMI). EMI occurs when the electromag-
netic fields generated by the conductive graphene interfere with the
operation of nearby electronic components. This can manifest as signal
distortion, noise, or unintentional coupling between circuits, potentially
leading to reduced performance, instability, or even failure of devices
incorporating graphene metasurfaces.

The issue becomes particularly critical in complex systems where
graphene metasurfaces are used alongside sensitive components, such as
in advanced sensors, communication devices, or photonic systems. In
such scenarios, the unmitigated generation and propagation of electro-
magnetic noise can affect the accuracy of measurements, the stability of
electronic signals, or the efficiency of optical processes, undermining the
intended functionality of the system.

To address these challenges, meticulous design strategies are essen-
tial. One approach involves incorporating physical shielding, such as
layers of electromagnetic-absorbing materials, to isolate graphene
metasurfaces from adjacent components. Shielding can effectively block
or attenuate stray electromagnetic fields, reducing their impact on
nearby systems. Another strategy is optimizing the spatial layout and
orientation of components to minimize the coupling of unwanted sig-
nals. For example, strategic placement of metasurfaces in low-
interference zones or the use of directional antennas can help reduce
noise propagation.
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Table 2 Table 3
Summary of references: fabrication methods and features. Challenges of fabrication of graphene metasurface-based lenses.
Reference  Fabrication Method Key Features Challenge Description Solutions/Strategies
[46] Laser-Induced Graphene A scalable and low-cost method for Complexity of Advanced techniques like Explore alternative
(LIG) producing large-area terahertz Fabrication EBL and RIE are required for ~ methods, such as
metasurfaces with rapid, high-resolution nanoscale precision. These nanoimprint lithography,
fabrication. methods are costly, complex,  and implement post-
[96] Growing graphene on Demonstrates microwave beam and require skilled personnel.  fabrication corrections.
advanced-patterned metal ~ reconfiguration using binary phase Defects or uneven processing ~ Focus on balancing
foils coding metasurfaces, suitable for can affect optical properties. precision with scalability.
communication and sensing. Material Synthesis, processing, or Maintain cleanroom
[97]1 Growing graphene on Enables programmable metasurfaces Contamination handling impurities affect environments and
advanced-patterned metal ~ with binary phase control, tested for graphene’s optical and implement purification
foils wavefront shaping and radar electronic properties. techniques such as
applications. Contaminants disrupt chemical treatments or
[98] Chemical Vapor Utilizes a metal slab-based metasurface conductivity and optical thermal annealing to
Deposition (CVD) and for dynamic amplitude and phase clarity. ensure high material
Laser Etching modulation, highlighting applications in purity.
optical devices. Financial High production costs stem Optimize fabrication
[99] Laser Direct Writing of Introduces a stretchable graphene Considerations from expensive raw methods, improve
Graphene Oxide metalens capable of variable focal length materials, advanced scalability, and leverage
and zoom imaging in the visible equipment, and quality partnerships or incentives
spectrum. control demands. Scaling up to make graphene
[104] chemical vapor This groundbreaking graphene-based for commercialization production more cost-

deposition (CVD) ultrathin square subpixel lens (USSL)
introduces a paradigm shift in display
technology, offering pixel-scale,
electrically tuneable focusing with
unprecedented efficiency and versatility
for next-generation multifunctional
displays.

Advanced algorithmic solutions are also being explored, including
the development of signal processing techniques that can identify and
filter out interference in real-time. These algorithms, often powered by
machine learning, can differentiate between functional signals and
noise, ensuring reliable operation even in electromagnetically complex
environments. Additionally, the use of hybrid materials that combine
the advantages of graphene with inherent EMI shielding properties, such
as graphene-polymer composites, is gaining attention as a material-level
solution to EMI challenges.

Addressing these challenges is critical for the seamless integration of
graphene metasurfaces into complex electronic and photonic systems.
By implementing comprehensive mitigation techniques, it becomes
possible to harness the unique advantages of graphene without
compromising the stability or performance of surrounding components.
This effort is especially vital in high-precision or mission-critical appli-
cations, such as medical devices, aerospace systems, and advanced
telecommunications networks, where reliability and signal fidelity are
of utmost importance. Table 3 highlights the mentioned challenges and
their solutions for better readability.

5. Conclusion

In conclusion, developing lenses utilizing graphene metasurfaces
offers a promising direction for improving optical technologies. These
lenses provide unprecedented control over light propagation, facili-
tating functions like focusing, beam shaping, and polarization manipu-
lation with exceptional precision and efficiency. Nonetheless, several
challenges must be addressed to exploit the potential of graphene met-
asurfaces in practical scenarios fully. Fabrication intricacy, material
impurities, and cost remain key challenges in realizing high-
performance graphene metasurface lenses. Achieving perfect calibra-
tion and regulation of optical properties, minimizing thermal effects,
and overcoming electromagnetic interference is particularly chal-
lenging. Despite these hurdles, research on graphene metasurface
technology has continued, investigating inventive solutions and pio-
neering manufacturing techniques to overcome the limitations. As ad-
vancements in material science, nanofabrication, and optical
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Adjustment and

increases costs.
Precise tuning of optical

effective.
Use hybrid designs that

Regulation attributes requires responsive  combine graphene with
mechanisms driven by complementary
external stimuli, increasing technologies, enhanced
complexity and system computational models,
demands. and robust testing under
varied conditions.
Thermal Heat generated during Integrate heat sinks or
Regulation operation leads to thermal thermally conductive
expansion, degradation, or substrates and design
structural stress, reducing robust structures to
long-term reliability. manage thermal effects
efficiently.
Electromagnetic Graphene’s conductivity can Implement physical
Interference cause EMI, disrupting shielding, optimize
(EMI) neighboring components and  layouts, and develop EMI

affecting system
performance.

mitigation algorithms. Use
hybrid materials with
inherent EMI shielding
capabilities.

engineering converge, graphene metasurface-enabled lenses hold great
potential to revolutionize applications like imaging, sensing, commu-
nications, and photonic integration. The future of graphene meta-
surfaces influencing optics would appear only slightly more realizable if
the set of advanced multidisciplinary collaboration continued and the
investigation was, after all, unrelenting.
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