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The metamaterial absorbers have been artificially designed structures that have controlled and have manipulated
electromagnetic waves across different frequency regimes, which have been important in stealth technology, EMI shielding,
sensing, and energy harvesting. In particular, the efficiency and reliability of such absorbers have had a close dependence on
fabrication methods used to fabricate these absorbers. This review has given an orderly exploration of some recent
developments in the fabrication techniques of metamaterial absorbers, grouped into four major classes: Top Down, printing-
based, mold-assisted, and laser-based approaches. Each technique has been qualitatively compared based on resolution,
manufacturing cost, scalability, substrate compatibility, structural complexity, duration of fabrication, frequency suitability,
and absorption efficiency. A general comparison has summarized the advantages and limitations of each technique.
The review also has outlined emerging trends that could shape the next generation of high-performance metamaterial

absorbers.
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1 Introduction

Metamaterials are artificial structures engineered to
exhibit electromagnetic properties that are not
typically found in natural materials, such as negative
permittivity and permeability'. Among their diverse
applications, metamaterial absorbers have gained
particular attention for their ability to efficiently
suppress the reflection of incident electromagnetic
waves across a broad frequency range™. These
absorbers are widely used in applications such as
radar stealth, electromagnetic interference (EMI)
shielding, sensing, and energy harvesting*®. A typical
metamaterial absorber consists of a patterned
resonator layer, a dielectric substrate, and a ground
plane. The absorber's performance—such as its
absorption bandwidth, peak absorption, and angular
stability—strongly depends on the design of its unit
cell and the precision with which it is fabricated’. As
operating frequencies increase into the microwave,
terahertz, and optical regimes, the demand for tighter
structural tolerances and more complex geometries
also grows. Fabrication plays an important role in
determining the effectiveness of metamaterial
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absorbers. Conventional fabrication techniques like
photolithography and electron beam lithography have
been extensively used due to their ability to achieve
high-resolution patterning®’. However, these methods
are limited by high equipment costs, long processing
times, and restrictions on substrate types, making

them less suitable for flexible or large-area
applications. In response to these limitations,
alternative  fabrication techniques have been

developed. Printing-based methods, such as inkjet and
screen printing, have gained popularity for their low
cost, flexibility, and compatibility with a wide range
of substrates'™''. These techniques allow rapid
prototyping and scalable manufacturing but are often
limited in resolution. Mold assisted techniques like
nanoimprint lithography and hot embossing offer a
compromise between resolution and scalability,
enabling efficient replication of fine features,
especially on polymer substrates'”. Laser-based
techniques, including laser direct writing and laser
ablation, offer maskless, contact-free patterning that is
well-suited for fast iteration and customizable
designs".

Despite the availability of numerous fabrication
methods, selecting an appropriate technique remains
a challenge, as it involves balancing multiple
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parameters such as resolution, cost, scalability,
material compatibility, and absorber performance.
While some reviews have addressed metamaterial
absorber designs or their applications, there is still a
lack of consolidated literature focused specifically on
the fabrication techniques used to realize these
structures and their comparative evaluation.

This review aims to fill that gap by systematically
categorizing and analysing the major fabrication
methods employed for metamaterial absorbers. It
discusses recent advancements in each technique,
compares them across key performance indicators,
and provides insights to guide researchers and
engineers in selecting suitable fabrication approaches
for specific use cases.

2 Materials and Methods

The fabrication of metamaterial absorbers
operating in the various frequency range requires a
balance between performance, material compatibility,
fabrication precision, and production scalability.
Based on their operational characteristics and
material requirements, the fabrication techniques for
microwave metamaterial absorbers can be classified
into four major categories: top-down lithographic
techniques, printing-based techniques, mold assisted
techniques, and laser-based techniques.

2.1 Top-down lithographic techniques

Top-down techniques such as photolithography
and soft lithography are capable of producing
high-resolution patterns essential for defining
subwavelength unit cells'*'">. These methods are
particularly useful when the design requires precise
feature sizes and alignment on rigid substrates like
FR4, Rogers, or silicon. While electron beam
lithography (EBL) is commonly used for higher-
frequency metamaterials, standard photolithography
and soft lithography are better suited for microwave
frequencies due to lower cost and sufficient
resolution'®. These techniques are best chosen when
high precision and batch reproducibility are required,
such as in filter-integrated metamaterial absorbers or
experimental validations of complex unit -cell
geometries.

2.2 Printing-based techniques

Printing-based  techniques, including screen
printing, inkjet printing, and aerosol jet printing, are
widely employed in the fabrication of microwave
absorbers due to their simplicity, low cost, and
suitability for flexible substrates'”'®. Screen printing

is extensively used for mass production and for
printing on substrates like textiles, flexible polymers,
and FR4".Inkjet printing allows high-resolution
digital patterning with minimal material waste,
making it ideal for research and low-volume
production. These techniques are typically selected
when the application involves large-area absorbers,
wearable EM shields, or lightweight structural
integration®.

2.3 Moldassisted techniques

Mold assisted techniques, such as hot embossing
and casting, are suitable for fabricating microwave
absorbers with 3D structural features or for
embedding patterns into composite matrices. These
methods are particularly effective for creating
structured dielectric layers or embedding conductive
patterns within bulk materials. Hot embossing allows
the replication of surface patterns onto thermoplastic
substrates®, while casting is useful for forming
composite absorbers using bio-based or polymer-
filled materials. These methods are generally chosen
when low-cost bulk production and structural
durability are required, especially in automotive or
aerospace applications.

2.4 Laser based techniques

Laser-based techniques, including laser ablation
and laser direct writing, enable maskless, direct
fabrication of microwave absorbers with customizable
geometries™>. These methods offer moderate
resolution and fast prototyping capabilities on a wide
range of substrates including flexible films, metals,
and dielectrics™. Laser processing is often selected for
rapid design iteration, prototyping, or when working
with unconventional substrates where contact-based
methods are unsuitable. It is particularly advantageous
in the fabrication of test samples, curved surface
absorbers, or patterns requiring post-fabrication
tuning.

3 Results and Discussion

3.1 Top-down lithographic techniques

3.1.1 Photolithography

Photolithography is a widely used top-down
microfabrication technique for patterning the resonant
elements of metamaterial absorbers with high
precision. It is particularly suitable for defining
fine metallic features required in microwave and
terahertz absorbers. A representative demonstration is
provided by Wang et al.**, who fabricated a triple-



THAKUR et al.: FABRICATION TECHNIQUES FOR METAMATERIAL ABSORBERS 671

band metamaterial absorber using a photolithographic
process on a flexible polyethylene terephthalate (PET)
substrate. As illustrated in Fig. la of their paper, the
process begins with spin-coating a layer of positive
photoresist onto an aluminium-coated PET film. The
substrate is then exposed to UV light through a
photomask that defines the desired resonator
geometry. After development, the exposed regions of
aluminium are selectively removed via wet chemical
etching, followed by the removal of the residual
photoresist to reveal the patterned resonator structure.
Finally, a ground plane is formed by depositing an
aluminium layer on the backside of the PET film.
Photolithography was chosen in this work due to its
ability to accurately reproduce complex geometries
with microscale precision, which is crucial for
achieving multi-band and narrow-band absorption
characteristics. It also offers high repeatability, low
edge roughness, and compatibility with a wide range
of substrates, including flexible materials like PET?.
Furthermore, it is one of the most mature and scalable
processes in microfabrication, enabling high-
throughput production with consistent performance
across batches®. The final fabricated absorber using
photolithography is shown in Fig. 1b.

3.1.2 Electron beam lithography

Electron-beam lithography (EBL) is a maskless
top-down nanofabrication technique that uses a highly
focused electron beam to directly write patterns on an
electron-sensitive resist. The process begins with
spin-coating a thin film of resist, commonly
polymethyl methacrylate (PMMA), onto the chosen
substrate. A computer-controlled electron beam then
exposes the desired pattern with nanometre precision,
after which the exposed regions of the resist are
developed to create a patterned mask. This is followed
by metal deposition, typically involving gold or other
conductive films, and a subsequent lift-off process
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that leaves behind the desired resonator structures. In
some cases, an additional metallic ground plane is
deposited on the backside of the substrate to complete
the absorber structure. The complete flow of the
process is shown in Fig. 2a and the final fabricated
absorber using EBL process is shown in the Fig. 2b.
EBL is particularly valuable in the fabrication of
terahertz (THz) metamaterial absorbers due to its
capability to achieve sub-micron resolution, enabling
accurate realization of the fine structural details
required for resonance tuning at high frequencies.
For instance, Wang et al.*’ demonstrated a broadband
metamaterial absorber in the THz regime using
EBL to define the top resonator patterns, followed
by deposition and lift-off. Their work highlights the
ability of EBL to achieve high fidelity and structural
uniformity, which are essential for stable broadband
absorption characteristics. Similarly, H Tao et al.*®
employed EBL to fabricate polarization-independent
metamaterial absorbers operating in the THz
range, emphasizing the flexibility of the technique
in realizing complex geometries. Despite its
advantages, EBL is limited by low throughput since
the serial nature of electron beam exposure makes
it time-consuming and costly for large-area
devices. Consequently, its primary utility lies in
prototyping, proof-of-concept demonstrations, and
high-frequency device research rather than large-
scale manufacturing. Nonetheless, its unmatched
resolution and patterning flexibility ensure that EBL
continues to be a widely adopted technique in the
development of next-generation THz metamaterial
absorbers.

3.1.3 Thin film deposition
Thin-film deposition techniques play a crucial role
in the fabrication of metamaterial absorbers,

particularly for forming the metallic resonators
and ground planes that are integral to absorber

Fig. 1 — Photolithography for fabrication(a) Process flow diagram and (b)Fabricated absorber?*.



672 INDIAN J ENG MATER SCI, DECEMBER 2025

(iiiy __ Delearc

|
Photoresist

sus T

— () Dalctrc

e— 1)

s Glass

e o g
P o e St
T

Fig. 3 — Schematic of the thin film deposition process (a) High temperature deposition (500 °C) of BST, (b) 3-D optical microscope
picture of the vertical part of the metallic split rings, (c) SEM cross section image of a metamaterial surface unit cell and (d) enlarged area
of the device showing BST film between two electrodes. Reproduce under the license 6107380395895,

performance. Common approaches include physical
vapor deposition (PVD) methods such as thermal
evaporation and sputtering, as well as chemical vapor
deposition (CVD) for dielectric or conductive films.
In a typical process, a thin metallic layer (e.g., gold,
aluminium, or chromium) is deposited onto a
dielectric substrate, which may later be patterned
using photolithography or electron-beam lithography
to define resonant structures. In addition, sputtering
or evaporation is often used to create the bottom
metallic ground plane, while CVD can be employed
for conformal coating of dielectric layers that
improve impedance matching. For example,
Pitchappa et al*® demonstrated a tunable terahertz
metamaterial absorber by depositing a gold layer
onto a Si/SiO, substrate via electron-beam

evaporation, followed by lithographic definition
of resonant patterns. Thin-film deposition offers
advantages of uniformity, reproducibility, and
compatibility with nanoscale patterning techniques,
enabling multilayer or stacked absorber designs’'.
As shown in Fig. 3, Shreiber et al. demonstrated
the fabrication of a tunable THz metamaterial
device based on a Bag¢Srp4Tip; (BST) thin film.
The process involved deposition of the BST layer
onto aMgO substrate using RF magnetron sputtering
at 500 °C. A metallic ground plane and electrodes
were then patterned, followed by the definition of
split-ring resonator (SRR) arrays on top of the film.
This structure allowed external biasing of the BST
layer, enabling dynamic tuning of the resonant
frequency in the THz regime™.
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However, challenges such as adhesion between
metal and substrate, surface roughness, and residual
stresses must be carefully managed to ensure stable
absorber performance **. Overall, thin-film deposition
serves as a versatile and indispensable step in
constructing high-performance metamaterial absorbers,
especially in the terahertz and optical frequency ranges.

3.1.4 Etching

Etching is an essential top-down fabrication
process used to selectively remove material and
define the fine resonant patterns of metamaterial
absorbers. It is generally employed after thin-film
deposition and lithographic patterning, where the
unprotected regions of the metallic or dielectric layer
are removed to create the desired structure. Etching
can be broadly classified into wet chemical etching
and dry etching. Wet etching involves immersing the
substrate in chemical solutions such as ferric chloride
or hydrochloric acid to dissolve the exposed metallic
regions, offering simplicity and cost-effectiveness but
often leading to undercutting and reduced resolution.
Dry etching techniques, including reactive ion etching
(RIE) and plasma etching, provide higher anisotropy
and better control over feature sizes at the micro-
and nanoscale, making them particularly suitable
for terahertz and optical metamaterial absorbers™.
To better illustrate its role, Fig. 4 shows a
representative fabrication process flow for a terahertz
metamaterial absorber, where photolithography is
used to define the resonator pattern, followed by
reactive ion etching to transfer the features onto the
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substrate . This schematic highlights how etching
enables the precise removal of unwanted material,
thereby ensuring accurate resonator geometries
essential for broadband absorption performance.
Cong et al’® demonstrated a broadband terahertz
metamaterial absorber fabricated on a silicon
substrate, where inductive square-loop resonators
were patterned via photolithography followed by
reactive ion etching to achieve sharp feature definition
in the structure. Similarly, Chen et al.*” employed ion-
beam etching to define metallic split-ring resonators
with sub-100 nm precision, achieving strong
absorption in the near-infrared regime. Etching thus
plays a critical role in transferring high-resolution
patterns onto absorber substrates, ensuring accuracy
in resonator geometry and reliable performance across
wide frequency ranges.

3.2 Printing based techniques
3.2.1 Screen printing technique

Printing-based fabrication methods have recently
emerged as promising alternatives to conventional
lithography and etching approaches for the
development of metamaterial absorbers. Unlike top-
down techniques, which rely on subtractive processes,
printing techniques are additive in nature, directly
depositing functional inks or pastes onto substrates to
define the resonant elements. Screen printing is one of
the oldest and most reliable printing techniques, and it
has gained significant attention for the fabrication of
microwave metamaterial absorbers. The process
involves transferring a conductive or resistive ink
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Fig. 4 — Fabrication process flow of a terahertz metamaterial absorber, showing sequential steps of thin-film (a) Deposition,

(b) Photolithography and (C) Reactive ion etching™®.
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through a patterned mesh stencil (screen) onto a
substrate, with a squeegee used to control the
deposition thickness and uniformity as shown in
Fig. 5. By selecting appropriate mesh size, ink
viscosity, and printing parameters, it is possible to
achieve precise patterns with layer thicknesses
ranging from micrometers to tens of micrometers.
This makes screen printing particularly suitable for
the deposition of carbon-based, graphene, or metallic
inks on substrates such as FR4, PET, and flexible
polymers'’.

A key advantage of screen printing is in its ability
to deposit relatively thick conductive or resistive
layers in a single pass, which is often required for
broadband and tunable absorber designs. Moreover,
the technique is highly scalable for large-area
fabrication and does not require complex equipment,
making it cost-effective compared to lithography-
based approaches. Screen printing becomes especially
advantageous when rapid prototyping or large-
area absorber fabrication is required, or when
flexible/conformal devices are desired for integration
into wearable systems, stealth coatings, or curved
platforms **. Unlike electron-beam lithography or
photolithography, which provide nanoscale resolution
but are limited by high cost, vacuum processing, and
small substrate sizes, screen printing offers a low-cost
and scalable route that is compatible with a variety of
substrates and does not require cleanroom facilities
(39).For example, Singh and Gupta®* demonstrated
a wideband microwave metamaterial absorber
fabricated by screen printing resistive ink patterns on
a flexible substrate backed with a copper ground
plane. The absorber achieved a fractional bandwidth
of ~86.2% covering the X and Ku bands, while
maintaining mechanical flexibility. Similarly, Huang
et al.** reported a graphene-based absorber fabricated
by printing graphene nanoflakes onto a silicone

Squeeze Design Mask

Photo Emulsion

Printed Design

Fig. 5 — Schematic illustration of the screen-printing transferring
pattern on the substrate.

substrate, achieving more than 90% absorption across
the 8-18 GHz range and conformal adaptability
to curved surfaces. More recently, Li et al*
demonstrated a flexible broadband absorber based
on conductive graphene ink screen-printed on a
polyimide substrate, achieving strong absorption from
7.9-18 GHz wunder both flat and wrapped
configurations.

Despite its promise, several challenges remain in
adopting screen printing for high-performance
absorber fabrication. First, the resolution of screen
printing (typically >50 pm) is lower than that of
advanced lithographic techniques, which limits its
applicability for high-frequency terahertz or optical
metamaterials requiring sub-micrometer features.
Second, the uniformity and reproducibility of printed
layers depend strongly on ink rheology, stencil
quality, and process control, which can lead to
variability in electrical properties and device
performance. Third, adhesion of printed layers on
flexible substrates can be problematic under repeated
mechanical bending, and the long-term environmental
stability of printed graphene or carbon inks remains
an active research area’®*'. Nevertheless, with
advances in conductive/resistive ink formulations and
hybrid approaches combining printing with other
patterning methods, screen printing is expected to
play a key role in enabling low-cost, scalable, and
flexible metamaterial absorbers for real-world
applications.

3.2.2 Inkjet printing

Inkjet printing is a versatile and cost-effective
additive manufacturing technique that enables the
direct deposition of functional inks on a wide range of
substrates with high precision. This method relies on
the controlled ejection of ink droplets through
nozzles, allowing the fabrication of complex patterns
without the need for masks or multiple processing
steps. For metamaterial absorbers, conductive inks
such as silver nanoparticle ink, graphene-based ink, or
carbon-based ink are typically used to print the
resonator patterns directly on flexible or rigid
substrates* **. Compared to traditional lithography,
inkjet printing offers advantages such as maskless
fabrication, low material wastage, scalability, and
compatibility with flexible electronics. Furthermore, it
enables rapid prototyping of absorber designs, making
it attractive for broadband and tunable metamaterial
absorbers®. Yet, challenges include limitations in line
resolution, ink spreading on porous substrates, and the
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need for post-processing such as sintering to enhance
conductivity. Despite these issues, inkjet printing is
emerging as a promising method for producing
lightweight, conformal, and low-cost metamaterial
absorbers suitable for real-world applications. Jeong
et al., fabricated an optically transparent metamaterial
absorber fabricated on a PET substrate using silver
nanoparticle ink via inkjet printing can be seen in
Fig. 6.

The microscopic image shown in Fig. 6 clearly
shows the breadth of the printed conductive lines,
which typically fall in the range of tens of
micrometres depending on the ink droplet size,
substrate wetting, and printing parameters. In this
case, the deposited silver nanoparticle ink forms
uniform, continuous traces on the PET substrate with
minimal spreading, indicating good ink—substrate
compatibility and optimized rheological properties.
Their work demonstrated strong absorption along
with flexibility and transparency, highlighting the

potential of this method for next-generation absorber
designs™.
3.2.3 3D printing

3D printing, also referred as additive
manufacturing, has recently emerged as a powerful
technique for fabricating metamaterial absorbers with
complex geometries and multi-material integration.
Unlike traditional methods that rely on planar
lithography or masking, 3D printing enables direct
layer-by-layer construction of absorber structures with
tailored designs, including gradient index profiles,
Layered architecture, and conformal shapes47’48. This
capability is particularly advantageous for broadband
and multi-band absorbers, where structural design
plays an important role in achieving wide absorption
spectra. A representative example is shown in Fig. 7,
where a honeycomb-inspired absorber was fabricated
using polylactic acid (PLA) through 3D printing,
combined with resistive films applied by silk-screen
printing, and integrated on a metallic backplane.

Vertical width

Fig. 6 — Optically transparent absorber fabricated on a PET sheet using inkjet printing*.

metal backboard
s resistive patch
wwmmsm honeycomb

Fig. 7— Metamaterial absorber using 3D printing (a) Design overview, (b) Design parameters, (c) 3D-printed honeycomb structure using

PLA and (d) Fabricated absorber®.
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Experimental results demonstrated that the 3D-printed
honeycomb absorber achieved greater than 90%
absorptivity across an ultra-wide frequency band of
3.53-24.00 GHz, with stable performance for
transverse magnetic (TM) waves up to an incidence
angle of 70°%.

There are several approaches for 3D printing
metamaterial absorbers, including fused deposition
modelling (FDM), stereolithography (SLA), and
selective laser sintering (SLS)*'. Thermoplastic
filaments such as polylactic acid (PLA) or acrylonitrile
butadiene styrene (ABS) can be incorporated with
conductive fillers like carbon nanotubes or graphene to
create functional composites™. Alternatively, high-
resolution SLA allows the realization of microstructure
patterns with superior dimensional accuracy, which is
critical for high-frequency (millimetre-wave and
terahertz) absorbers. Moreover, 3D printing is
compatible with lightweight polymer substrates,
enabling large-area production and conformal
integration onto non-planar surfaces, a feature
highly desirable for stealth and EMI shielding
applications®.While offering great potential, it still
has challenges remain. The resolution of conventional
FDM is still limited for sub-millimetre features
required in high-frequency regimes, and conductive
inks or doped filaments often require additional
post-processing to achieve adequate conductivity.
Furthermore, material costs can be significant when
scaling up to industrial production®. The ability of 3D
printing to fabricate customizable, lightweight, and
multifunctional absorbers positions it as a disruptive
technique that bridges laboratory prototyping
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and real-world deployment of next-generation

metamaterial absorbers.

3.3 Mold-assisted approaches

3.3.1 Soft lithography / Nanoimprint lithography

Mold assisted fabrication approaches are based on
the use of a pre-patterned mold or stamp to replicate
micro- and nanostructures onto a substrate. These
methods are attractive because they can generate
large-area periodic patterns with good uniformity at
relatively low cost, making them more scalable than
conventional lithography techniques™°. Since the
mold can be reused, they also reduce processing time
and material waste, which is an important
consideration for practical absorber production’’.Soft
lithography, particularly nanoimprint lithography
(NIL), is one of the most widely studied mold-assisted
techniques. It allows the transfer of patterns from an
elastomeric or rigid mold to a thin polymer layer by
applying pressure and curing. The most commonly
used material for soft molds is polydimethylsiloxane
(PDMS), which is flexible, inexpensive, and capable
of replicating fine features®®. NIL can achieve sub-100
nm resolution and is especially useful for fabricating
metamaterial absorbers at optical and terahertz
frequencies, where high precision is essential’”®. An
example of nanoimprint lithography process using a
paper is shown in Fig. 8. The process begins with
spin-coating of an imprint resist on top of a multilayer
stack (Si0,/ITO/a-GaP), followed by stamping with
an inverted imprint mold to transfer the nanoscale
features. Subsequent reactive ion etching and wet
etching steps define the patterned absorber geometry.

ICP-RIE wet etch

S5mm

Fig. 8 — Fabrication of a metasurface absorber using nanoimprint lithography, (a) Schematic illustration of the fabrication sequence:
spin-coating, stamping, ICP-RIE, and wet etching, (b) Unit cell design of GaP nanostructures on an ITO/SiO: substrate, (c¢) SEM image of
the fabricated metasurface array and (d) Optical photograph of the final 5 x 5 mm? absorber sample. Adapted from®'.
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The resulting metasurface consists of periodic
a-GaP nanostructures integrated on a transparent
ITO substrate. This approach demonstrates how
soft lithography enables large-area, high-resolution
patterning while remaining compatible with
optoelectronic materials °'.

A key advantage of NIL is its ability to replicate
patterns over large areas is a simple process, which
makes it faster and less costly compared to methods
such as electron beam lithography. It also works well
with a variety of substrates, including flexible films
and curved surfaces, that opens opportunities for
conformal absorbers in stealth and wearable
technologies®™®. However, the durability of molds,
defect transfer, and alignment in multilayer structures
remain as technical hurdles. To address these issues,
researchers have combined NIL with thin film
deposition and etching, which improves the
robustness of the final structure®. Despite these
challenges, NIL is considered one of the most
practical and scalable methods for high-resolution
fabrication of metamaterial absorbers.

3.3.2 Replica molding

Replica molding is another mold-assisted technique
that has been widely used for fabricating micro- and
nanostructures. In this process, a patterned master
mold is first prepared using a high-resolution
method such as photolithography or electron beam
lithography, and then a liquid precursor such as
polydimethylsiloxane (PDMS) is cast against it. Once
cured, the polymer retains the negative of the master
pattern and can be used either as a functional
device itself or as a secondary mold for further
replication®®, For metamaterial absorbers, replica
molding provides a simple and low-cost route to
reproduce complex periodic structures over large
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areas. Its flexibility allows for replication on curved
or flexible substrates, which is particularly valuable
for conformal absorbers used in stealth coatings and
wearable electronics®’. Compared to nanoimprint
lithography, replica molding does not require high-
pressure imprinting equipment, making it more
accessible for rapid prototyping®. As shown in
Fig. 9, Han et al. demonstrated an ultrawide meta-film
replication process for large-area microwave
absorbers. The fabrication begins with precision
machining of a metallic master mold containing the
desired unit cell pattern (double-square loops).
A UV-curable resin is then applied and pressed
against a soft mold to replicate the fine features onto a
flexible film. The imprinted patterns are subsequently
filled with conductive carbon ink using a blade
coating process, followed by lamination with a
thermoplastic polyurethane (TPU) substrate and a
metallic backplane. This replica molding process
enables the production of highly reliable and
consistent feature replication. The resulting flexible
meta-films exhibited strong absorption in the X-band,
with near-unity absorption centered around 12 GHz
and a wide operational bandwidth®.

However, the mechanical softness of PDMS and
similar elastomers can lead to deformation or feature
collapse when replicating very fine nanostructures,
which limits the resolution achievable for terahertz
or optical absorbers”. In addition, the long-term
durability of molds and the possibility of introducing
defects during peeling or alignment are practical
concerns.  Despite  these  limitations, replica
molding remains a highly versatile method because of
its simplicity, reusability, and adaptability to
unconventional substrates. It continues to be a popular
approach for developing experimental metamaterial
absorber prototypes.

Meta-sheet

OCA
=
=SS TPU

== ocA

Al sheet

N . Lamination of
Gag g wl':; SOndUEtVE base flexible film and meta
sheet

Fig. 9 — Schematic representation of replica molding fabrication®.
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3.3.3 Hot embossing

Hot embossing is a thermomechanical replication
technique in which a rigid stamp or mold is pressed
into a thermoplastic substrate at elevated temperature
and pressure. Once the polymer is softened, the mold
patterns are transferred into its surface, and the
structure is fixed by cooling under pressure before the
mold is released’’. This approach enables the
replication of micro- and nanoscale features with high
fidelity and has been used extensively for optical and
electromagnetic device fabrication’.

For metamaterial absorbers, hot embossing offers
an efficient way to produce periodic structures with
good dimensional stability and uniformity over
relatively large areas. Since it has rigid molds, it can
achieve higher resolution and structural robustness
compared to soft replica moulding, making it better
suited for absorbers operating at higher frequencies.
The process is also compatible with a wide range of
thermoplastic polymers, which can be doped with
conductive or dielectric fillers to enhance absorber
performance”. A schematic of the hot embossing
process is presented in Fig. 10, where the square-
shaped unit cell design on the copper mold is
replicated onto a PET substrate using hot embossing.
In this, the copper mold and PET sheet are placed
between two pre-heated metallic plates. Under
elevated temperature, the PET softens, and the
application of pressure allows the mold features to be
precisely transferred onto the polymer surface.
After cooling, the PET retains the embossed
microstructures’”.

The main limitations of hot embossing are the need
for high temperature and pressure, which restricts its
compatibility with certain flexible substrates, and the
relatively slow cycle times compared to other scalable
techniques such as roll-to-roll nanoimprinting”.
In addition, mold fabrication requires precision
machining or lithography, which increases the initial
cost. Despite these drawbacks, hot embossing remains
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Fig. 10 — Process flow of hot embossing: transfer of periodic
features from Cu mold onto PET substrate”.

an attractive method for prototyping and medium-
scale production, where its ability to combine
structural precision with repeatability is particularly
valuable’®".

3.4 Laser enabled techniques

3.4.1 Laser direct writing

Laser-assisted fabrication has become an important
route for developing metamaterial absorbers because
it allows direct patterning of materials without the
need for masks or complex processing steps. By
focusing a laser beam onto a surface, precise heating,
melting, or removal of material can be achieved,
which makes it possible to create absorber patterns
with fine resolution. Laser direct writing (LDW) is
one of the most widely adopted laser-assisted methods
for fabricating metamaterial absorbers. In this
process, a highly focused laser beam is scanned across
the substrate to directly form the desired absorber
geometry. Since no masks or molds are required,
LDW provides exceptional flexibility in prototyping
complex or customized designs. The resolution
typically ranges from the microscale down to
sub-micrometre features, depending on the laser
wavelength, pulse duration, and focusing optics
used’®”. A laser direct writing technique is used to
pattern a Ge,Sb,Tes (GST) alloy thin film deposited
on a sapphire substrate, as shown in Fig. 11(a).
A tightly focused beam micromachine ablates
material to define an array of periodic squares
(or holes), achieving high spatial resolution without
masks. The processed structure exhibits uniform
periodicity in both the plane and depth profiles, as
seen in Fig. 11(d)*.

A major advantage of LDW is its capability to
work with diverse materials, such as conductive films,
polymers, and composites, making it suitable for
absorber designs across different frequency ranges.
Additionally, the process is relatively fast compared
to conventional lithography and allows rapid design
iteration, which is useful in research and development
environments. However, its scalability for large-area
manufacturing remains limited, and the cost of high-
precision laser systems can be significant®'*>. Recent
studies have shown that LDW can be used to pattern
thin films, and even flexible substrates for microwave
and terahertz absorbers, offering tunability and
compact device integration™. These strengths make
LDW a promising choice for rapid prototyping of
next-generation absorbers.
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3.4.2 Laser ablation

Laser ablation is another widely used technique for
fabricating metamaterial absorbers, relying on the
controlled removal of material from a substrate when
it is exposed to high-energy laser pulses. Unlike laser
direct writing, which primarily involves surface
modification or selective curing, ablation physically
removes material to generate patterns with high
precision. This makes it particularly useful for
producing intricate absorber geometries that require
clean edges and well-defined dimensions®*’. The
resolution of laser ablation depends strongly on the
laser wavelength, pulse energy, and interaction time
with the substrate. Short-pulse and ultraviolet lasers
are often preferred since they can minimize the heat-
affected zone and prevent thermal damage to the
surrounding material®®. The ability to create features
down to the micrometre scale makes ablation suitable
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for absorbers operating from microwave to terahertz
frequencies.

One of the advantages of this approach is its mask-
free nature, which reduces fabrication complexity and
time. Moreover, ablation can be applied to metals,
ceramics, and polymer composites, broadening
its compatibility with different absorber designs.
However, limitations include slower throughput for
large-area fabrication and the potential for surface
roughness or redeposition of ablated debris, which
can affect absorber performance if not properly
managed®”*®. In Fig. 12(a) the process flow of the laser
ablation is shown in which we can see the metal coated
FR4 sheets used to make the design pattern in which a
mask plate is used to guide the laser that removes the
material from the surface of the substrate and make the
design patterns. The final fabricated absorber using
laser ablation process can be seen in Fig. 12(b)¥.

o

-~

10 pm
—_—

Fig. 11 — (a) Schematic illustration of the laser inscribing process of a 150 nm GST film through direct laser writing technique, (b) AFM
image of the fabricated sample, (¢) TEM image of the deposited GST film and (d) Optical microscope photograph of the fabricated
Sample. Reproduce with permission® under license number 6106430828638.
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Fig. 12 — Laser ablation for fabrication (a) Process flow chart of Laser ablation

ultra-broadband absorber®.
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and (b) Fabricated prototype of the proposed
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3.5 Comparative analysis

The development of metamaterial absorbers relies
heavily on the choice of fabrication technique, as this
directly influences performance, scalability, and
practical deployment. Each method offers distinct
advantages in terms of resolution, cost, scalability and
substrate compatibility. For example, photolithography
and electron beam lithography remain the gold
standards for high-resolution structures but are limited
by high costs and low scalability. On the other hand,
printing-based and mold-assisted approaches enable
large-area and flexible device production, though with
reduced resolution. Laser-based methods provide a
balance between precision and adaptability, making
them suitable for both prototyping and specialized
applications.

A comparison of the most widely used fabrication
techniques is summarized in Table 1, highlighting
their key features.

3.6 Emerging techniques and future outlook

The progress of metamaterial absorbers is linked to
the advancement of fabrication strategies. While
significant developments have been made, challenges
such as high production cost, limited scalability,
structural imperfections, and environmental concerns
continue to restrict their widespread adoption. Recent

research indicates a shift toward innovative
approaches that not only overcome these limitations
but also open new opportunities for absorbers in next-
generation technologies.

3.6.1 Hybrid fabrication approaches

A promising direction involves hybrid fabrication,
where two or more techniques are combined to get
their individual strengths. For instance, nanoscale
lithography can be employed for high-precision
patterning, followed by large-area printing to reduce
cost and enhance scalability. Such multi-step
strategies enable an advance absorber design that
cover wide frequency ranges and exhibit multi-band
performance'” ', This balance between resolution
and manufacturability is critical for applications
requiring both fine structural detail and large-area
deployment.

3.6.2 Eco friendly and flexible materials

Sustainability and adaptability are becoming key
factors in absorber design. The use of biodegradable
polymers, natural fibers, and recyclable composites
provides a pathway toward environment friendly
absorbers  without sacrificing electromagnetic
performance''”'"!. At the same time, flexible and
stretchable substrates such as PET, polyimide, and

Table 1 — Fabrication techniques comparison table based on their abilities, scalability and production cost.

Technique Resolution Substrate Structural Scalability Cost references
Compatibility Complexity
Photolithography High Rigid wafers, High Limited High (90,91)
(um scale) some polymers (lab-scale)
Electron Beam Very high Rigid wafers Very High Poor Very High (92,93)
Lithography (nm scale) (slow, costly)
(EBL)
Thin-Film High (nm—pm) Metals, oxides, High Limited High (94,95)
Deposition semiconductors
Etching High (um-nm) Silicon, glass, High Moderate Moderate—High (96,97)
polymers
Screen Printing ~ Moderate Polymers, foams, Moderate Excellent Low (98,99)
(50-200 pm) flexible films (scalable)
Inkjet Printing Moderate Polymers, paper, Moderate High Low—Moderate (100)
(20-50 pm) flexible films
3D Printing Moderate Polymers, High High Moderate (101,102)
(tens of pm) composites (scalable)
Soft High (sub-pum Elastomers, High Moderate Moderate (103)
Lithography possible) polymers,
composites
Nanoimprint Very high Polymers, resists  Very High Moderate Moderate—High (104)
Lithography (sub-100 nm)
Laser Direct High Metals, ceramics, High Moderate Moderate—High (105)
Writing (um scale) polymers
Laser High Metals, polymers, High Moderate Moderate (106)
Ablation (um scale) ceramics
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elastomers, coupled with conductive inks, are being
integrated into designs for wearable electronics,
conformal sensors, and adaptive shielding
systems''>'". These material choices not only
improve user comfort and system integration but also
align with global efforts toward greener technologies.

3.6.3 AI driven design and fabrication

Artificial intelligence (AI) and machine learning
(ML) are transforming the design-to-fabrication
pipeline of metamaterial absorbers. Data-driven
models can predict absorption spectra, optimize
geometrical parameters, and even anticipate
deviations caused by fabrication tolerances. This
integration reduces reliance on time-intensive
simulations and trial-and-error experimentation.
When combined with automated printing or digital
fabrication, Al-driven strategies promise rapid
prototyping of absorbers that are highly customized
for specific operational environments''*'.

3.6.4 Industrial scalability and integrations

Bridging the gap between laboratory prototypes
and industrial applications requires fabrication
methods that ensure repeatability, and compatibility
with existing manufacturing lines. Roll-to-roll
printing, scalable nanoimprint lithography, and
advanced 3D printing techniques are emerging as
practical solutions to achieve mass production without
compromising performance''”''®. These approaches
are expected to enable absorbers that are not only
high-performing but also cost-effective, positioning
them for deployment in communication systems,
automotive platforms, and consumer electronics.

3.6.5 Future applications

In defence, advanced stealth systems demand ultra-
thin, broadband, and angle-insensitive absorbers
capable of maintaining performance under varying
incident angles. Meeting these requirements
increasingly relies on nanoimprint lithography and
thin-film deposition methods, which allow precise
control of feature dimensions while maintaining
conformal integration on complex platforms. In
civilian domains, the rapid growth of 5G/6G
communication networks and IoT platforms has
intensified the need for compact, conformal, and
flexible absorbers that can function as effective
EMI shielding layers, ensuring -electromagnetic
compatibility in densely integrated circuits. To
achieve this, fabrication strategies such as screen
printing with conductive inks, roll-to-roll printing on

flexible substrates, and additive manufacturing have
emerged as cost-effective and scalable solutions for
large-area  deployment. Beyond communication
technologies, metamaterial absorbers are increasingly
explored for energy-related applications, where their
strong resonant confinement is utilized to harvest
ambient RF signals and enhance the efficiency of
wireless power transfer systems. Here, 3D printing
combined with hybrid lithography enables the
realization of multi-band structures optimized for
maximum energy capture, thereby supporting the
development of self-powered sensors and battery-free
IoT nodes. Furthermore, in biomedical and healthcare
sectors, high-Q absorbers operating in the microwave
and terahertz regimes are being investigated as highly
sensitive diagnostic tools, enabling non-invasive
monitoring of physiological parameters and detection
of disease biomarkers with enhanced accuracy. Such
applications benefit from soft lithography, laser-
assisted printing, and flexible substrate processing,
which together facilitate portable, lightweight, and
biocompatible sensing platforms. Collectively, these
developments highlight how tailored fabrication
strategies will play a decisive role in bridging
performance demands with manufacturability for
next-generation defence, communication, energy, and
healthcare technologies''* "',

4 Conclusion

The advancement of metamaterial absorbers is
intrinsically tied to the evolution of fabrication
strategies. This review has highlighted how
conventional top-down methods remain indispensable
for achieving sub-micron resolution, while
printing-based and mold-assisted techniques enable
scalable and flexible device production. Laser-
assisted approaches, in turn, provide rapid prototyping
capabilities and adaptability across diverse substrates.
A comparative analysis shows that no single method
is universally optimal; rather, the choice depends on
balancing resolution, scalability, cost, and substrate
compatibility. Emerging trends point toward hybrid
fabrication schemes, eco-friendly and flexible
materials, and Al-assisted design workflows that can
accelerate the transition of absorbers from laboratory
prototypes to industrial applications. The use of
sustainable materials and scalable processes is
expected to be particularly influential in expanding
their role in defence, communication, energy
harvesting, and biomedical sensing. By aligning
fabrication precision with application-specific
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requirements, next-generation absorbers can deliver
high performance while remaining cost-effective and
environmentally responsible. This convergence of
materials innovation, processdevelopment, and digital
design tools will ultimately define the future
landscape of metamaterial absorber technologies.
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