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This study presents a pioneering approach to fabricating single-layer Frequency Selective Surfaces (FSS) using Laser-Induced Graphene
(LIG). The FSS structure proposed consists of periodic resistive patterns of LIG synthesized through a one-step laser photothermal
process directly on the surface of a thin polyimide substrate. The structural and electrical properties of LIG were thoroughly investigated
to develop an electrical model aiming at optimizing the design and absorbing properties. After that, a 12 mm thick LIG-FSS microwave
absorber prototype was fabricated and tested under real conditions, demonstrating over 90% absorption in the frequency band from
1.69 to 2.91 GHz with a thickness of only 0.068 times the maximum wavelength (Amax), demonstrating good agreement with the
simulations and theoretical results. Additionally, we discuss the tunability of the frequency response of the absorber by adjusting
accordingly the induced material’s properties. Finally, we also demonstrate the versatility of this approach for the fabrication of FSS
structures based on alternative patterns. The findings presented in this work highlight the promising potential of sustainable microwave
absorbers based on LIG-FSS structures.
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I. INTRODUCTION

ICROWAVE absorbers have gained significant attention in various applications fields, including military uses and

everyday applications, such as stealth technology and anechoic chambers [1]. In addition, with the rise of the Internet

of Things (loT) and the increasing number of wireless devices exchanging data remotely, electromagnetic (EM)
radiation pollution has become a significant concern. Consequently, there is a rising interest in advanced materials and structures
designed to absorb microwave energy effectively [2]. Among them, resistive patterned Frequency Selective Surface (FSS)
absorbers are attracting increasing attention due to their superior performance compared to traditional radar absorbers like Salisbury
and Jaumann screens. FSS structures offer enhanced absorption efficiency with reduced volume, overcoming the thickness-
bandwidth ratio limitation of other alternatives [1]. The precise design of the FSS geometric characteristics enables the adjustment
of the surface impedance to achieve different filtering characteristics, such as low-pass, band-pass, or band-stop filters [3]. One of
the desired features for FSS structures is the capability to tune their frequency of resonance and/or their bandwidth, typically
achieved by altering material properties or incorporating concentrated/distributed elements [4], [5], [6]. This latter alternative is
the most common in traditional implementations based on printed circuit boards (PCB). However, introducing additional elements
to tune the FSS may result in increased size, weight, and complexity. Therefore, the most promising advances in FSS technology
have been made possible thanks to the introduction of new materials, such as conductive inks and carbon-derived metamaterials,
as well as innovative fabrication techniques like screen-printing or inkjet printing [7], [8], [9]. These advancements have led to the
production of diverse FSS structures, including multilayers and multiple resistive patterns with unique features, including
transparency, tunability, lightweight, and flexibility [10], [11], [12]. Therefore, these structures have potential applications beyond
the scope of microwave and optical frequency filters and radar absorber materials, extending to chipless Radio-Frequency
Identification (RFID) wearable sensors and other applications with irregular surfaces [13], [14], [15]. The potential of FSS in RFID
applications has already been demonstrated as a successful approach for improving the electrical performance of RFID antennas,
including enhancements in reading range, interference mitigation and reduction of power losses [16], [17]. For instance, Lazaro et
al. proposed the use of active FSS to reduce both Radar Cross-Section (RCS) area and backscattering in ultrawideband (UWB)
semi-passive RFID tags [18]. Similarly, Jiménez-Saez et al. introduced a FSS model to reduce the RCS and enhance the reading
range of chipless RFID tags with reduced power consumption [19]. The use of FSS to improve the reading range of RFID tags
with enhanced gain and electromagnetic interference immunity was also demonstrated by Sharma et al. [17], [20]. Finally, EI-
Mahgoub et al. demonstrated that FSS can also be tuned to achieve either total reflection or complete transmission for the entire
UHF RFID global band [21].

In recent years, one of the fabrication techniques that is gaining significant interest is based on the laser photothermal treatment
of carbon-rich materials to isolate and rearrange their carbon bonds, thus obtaining an amorphous form of nanographene (laser-
induced graphene, LIG) with relatively good mechanical, thermal and electrical properties [22]. LIG has been proposed as a
sustainable alternative for the fabrication of electronic devices across a wide range of applications, including sensors, energy-
storage devices, or antennas, among others [23], [24], [25]. The interest in LIG technology lies in the possibility of achieving



complex resistive patterns on the surface of diverse substrates following a single fabrication step at room temperature without
requiring lithographic masks or hazardous materials. Furthermore, it also offers the possibility of controlling the conductivity of
the resulting material by adjusting the laser parameters accordingly. LIG has been used in many RF applications, such as RFID
antennas [26], [27], [28]. All these features make LIG a really promising simple and low-cost contender when it comes to FSS
fabrication as we demonstrated in our preliminary experiments [28].

Therefore, as an extension of our preliminary work, this paper presents the optimization of the laser-photothermal process to
improve the absorption properties of the FSS structure with an analysis of its working principle and equivalent circuit. Additionally,
the versatility of the fabrication process, not only to tune the absorption properties of a specific FSS structure, but also to fabricate
FSS structures with multiple diverse patterns and frequency responses is demonstrated.

In particular, after this introduction, Section Il presents the design and fabrication procedure of the FSS structure together with
the characterization of both structural and electrical properties of the resistive material (L1G). In Section I11, these properties are
used in a 3D EM simulation software to tune the FSS structure for the desired frequency bands, as well as to obtain the equivalent
circuit model of the absorption mechanism. The experimental results of the optimized FSS structure are included in Section IV,
demonstrating good agreement with both the electrical model and the EM simulation results. This section also demonstrates the
tunability of the frequency response by adjusting the sheet resistance of LIG as well as the potential of the laser photothermal
process to produce advanced FSS patterns without increasing the complexity of the fabrication process. Finally, the main
conclusions are drawn in Section V.

Il. FABRICATION AND MATERIAL PROPERTIES

A. FSS structure fabrication process

The proposed absorbing structure is composed of a lossy frequency selective surface over a thin grounded dielectric slab, as
illustrated in Fig. 1. The surface consists of a resistive pattern made of LIG directly on top of a Kapton® HN polyimide film with
a thickness of 150 um. The dielectric spacer is made of 12 mm polystyrene foam, as determined through the optimization process
detailed in Section 111, while an aluminum plate at the bottom serves as the ground plane.

Among the various typical shapes, such as rings, meanders cells or Jerusalem crosses, square patch elements were selected as
they offer better performance for wideband absorbers at fixed frequencies [8]. The patterning of the polyimide surface was carried
out using a Rayjet® 50 CO; laser with an infrared wavelength of 10.6 um. The laser treatment induces a photothermal effect on the
lattice of the substrate, leading to a significant increase of the temperature. As a result, a considerable portion of the weaker bonds
(imide and carbonyl) within the polyimide chain are broken [29], hence isolating the carbon bonds while releasing oxygen and
nitrogen in the form of gases [25]. This process transforms the insulating substrate into an electrically conductive material by
rearranging the polymeric chain into a graphene-derived structure known as LIG. In this case, the polyimide does not introduce
any significant effect to the electromagnetic response of the absorber, as its thickness is negligible compared to the thickness of
the polystyrene. However, alternative precursors with different properties (thickness and permittivity) could also be explored to
add more degrees of freedom to the optimization.
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Fig. 1. Structure of the proposed patch LIG-FSS.

B. Material characterization

The microstructure of the resulting material, in comparison with the raw polyimide, is presented in the Scanning Electron
Microscopy (SEM) image of Fig. 2. As seen, LIG appears on top of the flat surface as a porous foam as a consequence of the laser
photothermal process.

The Raman spectrum of the induced material (Fig. 3) confirms its derived-graphene nature through the presence of the
characteristic D, G, and 2D peaks located at 1350 cm™, 1680 cm™, and 2700 cm™, respectively. These peaks are commonly
observed in graphene and related materials and provide information about their crystallographic quality. The G peak arises from
sp? hybridized carbon structure, while the D peak is associated with defects and disorders in the lattice structure. Lastly, the 2D
peak confirms the graphene-derived nature of the compound. According to the particular characteristics of these peaks, i.e., a ratio
le/lo =~ 1 and a relatively narrow 2D peak, the material obtained can be identified as nanographene [30].
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Fig. 3. Raman spectra of the LIG on the polyimide substrate obtained with a laser power of 12 W at an engraving speed of 200
mm/s.

C. Electrical Characterization

It is well known that the conductivity of the LIG can be adjusted by controlling the level of ablation during the laser photothermal
process [25], [31]. This adjustment is achieved through the laser fluence, which is determined by the different laser parameters
(optical power, engraving speed, and focal distance). In this particular case, we varied the output power of the laser to 9, 10 and
12 W and ranged the engraving speed from 100 to 375 mm/s, extracting the sheet resistance for each configuration using the
Jandel® 4-point probe station with the Dual-Configuration standard [32]. As shown in Fig. 4, depending on the specific
configuration, the sheet resistance of the LIG can vary from 19 to 620 Q/sq., with an average LIG thickness obtained with optical
microscopy of 40 um. Note that the laser photothermal process requires a minimum laser fluence to effectively form LIG on the
surface of the polyimide. Therefore, using the higher laser power allows for both minimizing the fabrication time and maximizing
the range of sheet resistance available since, as demonstrated in Fig. 4, lower laser powers are not able to form LIG at higher
scanning speeds. The specific laser configuration used for the fabrication of the FSS structure depends on the desired sheet
resistance required for the desired frequency response and therefore it is determined by the optimization process, as described in

the following section.
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Fig. 4. Sheet resistance of the LIG. Laser power: 9, 10 and 12 W, scanning speed range: 100 to 375 mm/s.



I111. ABSORBING PROPERTIES ANALYSIS

A. Electromagnetic Simulation

The simulation of the proposed structure was carried out by using the Ansys HFSS simulator. The simulation scenario considers
that when an incident electromagnetic wave impinges on the lossy FSS structure, a fraction of the incident energy is directly
dissipated into heat due to the inherent resistance of the surface. Additionally, the pattern alters the EM field distribution, resulting
in impedance mismatches. This latter effect leads to partial reflections and scattering of the incident wave, creating absorption
bands within the frequency spectrum. As a result, the FSS acts as a filter for certain frequencies [3]. The simulation was
implemented by periodic boundaries and Floquet port under normal incidence, which allows to simulate the unit cell of the periodic
array as the entire structure. The characterization was performed on the near-field, as it is the best approach for studying the
interactions between the electromagnetic field and the material properties of the FSS structure [17], [33]. Both LIG and polyimide
layers were modeled as 3D materials with their respective experimental thicknesses.

The optimization of the dimensions of the structure was performed by using the integrated optimization tools, which implement
both genetic and Quasi-Newton algorithms. Specifically, the optimization process aimed to determine the appropriate thickness of
the dielectric slab and the geometrical dimensions of the square patch pattern to achieve maximal absorption in the 2.4 GHz band
while minimizing the overall thickness of the structure. While it was not considered in the optimization process, it would be also
possible to take into account bandwidth constraints. However, it could result in limited absorption levels for a given pattern.
Therefore, the use of severe constraints in all the optimization parameters may require the exploration of alternative patterns or
multi-layered topologies [8], [34].

The optimization stage resulted in the following parameters: a thickness of the polystyrene slab of 12 mm, a cell periodicity (D)
of 22.56 mm and a gap (g) of 2.05 mm with a sheet resistance of 118 €/sq. The HFSS simulation results included in Fig. 5
confirmed that the FSS structure presents a main absorption band at 2.4 GHz, which corresponds to the intended design, together
with additional absorption bands as a result of the periodicity of the equivalent impedance of the structure.
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Fig. 5. Absorption (S11) properties of the proposed patch LIG-FSS structure at normal incidence.

B. Angular Stability

The angular stability of the LIG-FSS structure is also of special interest to determine how the FSS structure behaves across
different incident angles, especially in the case of single-layer FSS [35]. For that, we simulated the absorption characteristic of the
proposed structure under different angles (0), as depicted in Fig. 6.
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Fig. 6. Absorption simulation properties under different incident angles (6) for TE polarization.

As expected, the FSS structure exhibits lower absorption and higher bandwidth as the incident angle increases as a consequence
of the dependency of the constructive and destructive interferences with the incident angle. Despite this, an acceptable level of
absorbance is still maintained at the frequency of interest even for 6 = 30°.



C. Electrical model

According to the electromagnetic fundamental theory [8], [36], the proposed FSS absorber can be modelled as the equivalent
circuit presented in Fig. 7.

The lossy periodic pattern is modelled as a series RC circuit, where the resistive part (R.ig) is derived from the pattern dimensions
(1) and the lump capacitance (Cuic) is associated with the gap between cells [8].

D2
Riic = Rgn D =97 @)

In (1) R represents the sheet resistance of the LIG pattern, D the cell periodicity, and g the gap between patches. From (1) it can
be obtained that Ruic = 155 Q for the optimized design.
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Fig. 7. Equivalent circuit of the LIG-FSS microwave absorber.

On the one hand, the grounded polystyrene dielectric slab behaves as an inductor, hence it is modelled as a short-circuit
transmission line of length dp (2). On the other hand, the polyimide film is equivalent to a transmission line of length dkin series
with Zg (3). Finally, the lossy periodic pattern is connected in parallel with both equivalent transmission lines, and therefore, the
equivalent input impedance of the structure can be expressed as (4).

Zp =jZ, tan(ﬁpdp) 2)
Zg + jZ) tan(Bydy)

Zy = : 3)
4 — jzg an(Brdy)

]
Ziy = <RLIG - a)CuG> [| Za (4)

In these equations, w is the angular frequency. Z, and Zy are the intrinsic impedances of the polystyrene and the polyimide layers
respectively, while g, and p are their wavenumbers (also known as repetency). These parameters depend on the relative
permittivity (e;) and permeability (ur) of each material as presented in (5) and (6).

i=pk (5)

Bi = w\[er oty o i =D,k (6)

In this particular case, the relative permittivity is erp = 2.6 and erx = 3.5, while the relative permeabilities are - = 1 for both
materials.

According to the transmission line theory, the reflection parameter Si; can be obtained by the relation between the input
impedance and the characteristic impedance of air, as described in (7).

S . = ZIN - Zair 7
t ZIN + Zair ( )

Therefore, the absorption coefficient can be estimated as:
A=1- |S11|2 - |521|2 8

where Sy, refers to the transmission parameter [37]. As seen, the absorption coefficient depends on the frequency, but also on the
thickness (dy, dk), permittivity, and permeability (er, ur) of both substrates and the lossy pattern dimensions.



Using these parameters, Cyic was obtained by fitting the model to the HFFS simulation results, which resulted in an equivalent
capacitance of Cpic = 0.52 pF. The simulation results of the final electrical model are also included in Fig. 5, which are in good
agreement with the simulation results. This model describes the basic principle of the proposed single-layer FSS structure. In the
classical Salisbury screen, the resonance occurs when the inductive impedance of the grounded dielectric slab and the capacitive
impedance of the resistive non-patterned surface have the same magnitude; then the imaginary part cancels each other, and the real
part contributes to the losses. In that case, it would only happen at the frequency defined by the thickness of the dielectric (A/4).
However, in this case, this limitation is surpassed thanks to the additional capacitance added by the gaps between adjacent resistive
square patches [8].

IV. EXPERIMENTAL RESULTS

A LIG-FSS microwave absorber prototype was fabricated according to the optimized dimensions. The size of the structure was
264 x 175 mm, consisting of 12 x 8 square patch arrays, with a total thickness of 12 mm. The reflection coefficient of the LIG-
FSS structure was measured in the near-field with a Quad-Ridge horn QH2000 antenna connected to the PNA N5222A Microwave
Network Analyzer from Keysight Technologies®, as depicted in Fig. 8.
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Fig. 8. Measurement setup for the absorption properties of the LIG-FSS.

A. Optimized Patch Design

The experimental results obtained for the patch LIG-FSS absorber are displayed in Fig. 5 together with the results of the EM
simulation and the equivalent electrical circuit. Note that the experimental results are limited to 2 GHz since it is the minimum
operating frequency of the antenna used. The different results show a good agreement for the four absorption bands, which are
located around 2.3, 10.1, 17.7, and 24.6 GHz. The first absorption peak, for which the design has been optimized, exhibits an
absorption magnitude that exceeds 90% over a bandwidth of 1.22 GHz (from 1.69 to 2.91 GHz) obtaining a relative bandwidth of
53% computed as:

fu—11
futfL

being fu and f_ the upper and the lower frequency for 90% of absorption. Note also that the total thickness (12 mm) corresponds
only to a 0.068-A at the lowest operating frequency of the absorber. The slight differences between experimental and simulation
results can be explained by the small deformations on the polyimide film caused by the heat induced during the fabrication, the
variability of the sheet resistance, and other experimental mismatches.

Table | compares our proposed absorber with other absorbers based on a single-layer FSS. As observed, the FSS absorber
proposed in this study exhibits a narrower bandwidth and minimal thickness for the frequency of interest, being 62% thinner than
the traditional Salisbury screen with equivalent absorption outcomes [38]. It is noteworthy that this narrower bandwidth is achieved
with the simple patch pattern, in contrast to other absorbers employing more complex shapes and larger dielectric materials to
obtain broader bandwidths. Additionally, our absorber offers the added advantage of a maskless, chemical-free, single-step
fabrication process with adjustable sheet resistance, which can be used to tune the absorber bandwidth (as demonstrated in Section
IV.B).

RB =2
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TABLE |
COMPARISON OF MICROWAVE ABSORBERS BASED ON SINGLE-LAYER FSS

Relative Bandwidth | Absorption | Thickness Ref
97% (4.5-13 GHz) 90%/10 dB 0.11 - Amax [8]
97% (7.1-20.6 GHz) 90%/10 dB 0.12-Amax [39]
60% (8.5-16 GHz) 90%/10 dB 0.067 -Amax [40]
39% (1.22-1.81 GHz) 99%/20 dB 0.2-Amax [41]
53% (1.69-2.91 GHz) 90%/10 dB 0.068-Amax Our work

In addition to the Si; absorption coefficient, Fig. 9 presents the EM simulation and the measurement of the Sy transmission
coefficient of the LIG-FSS patch absorber. In this configuration (depicted in the inset of Fig. 9), the ground plane is removed, and
the structure is placed between two Quad-Ridge Horn Antennas [42], resulting in a transmission level of around -5 dB. Again, a
good agreement is found with simulation results, which confirms the validity of our approach.
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Fig. 9. Transmission properties of the proposed patch L1G-FSS structure without ground plane.

B. Tunable characteristics

As demonstrated in Section I, the resistivity of the LIG pattern can be easily tuned by adjusting the laser parameters. Therefore,
according to (4), it can be used to tune the input impedance (Zv), thereby influencing the resonant frequency (f;) of the absorber,
defined as the frequency that cancels the imaginary part of the input impedance (12). This feature is demonstrated in Fig. 10, where
the dependency of the real and imaginary parts of input impedance is plotted as a function of the frequency for different sheet
resistances (80, 130, 200, and 570 €/sq.).
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Fig. 10. Real and imaginary parts of the input impedance for different sheet resistances.
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Fig. 11. Absorption of the proposed patch absorber for different sheet resistances. The resonant frequencies for 80, 130, 200, 570
Q/sq. are also indicated.

At the resonance frequency, the incident microwave energy is primarily absorbed rather than reflected by the absorber, hence a
significant portion of the incoming electromagnetic wave energy is converted into heat due to the inherent resistance of the surface
[4]. As a result, the S11 response presents the absorption peak observed at f; (Fig. 5). Therefore, the position of the absorptive peak
can be easily tuned by modifying the sheet resistance of the LIG. This is demonstrated in Fig. 11, where we can observe that the
resonance frequency of the proposed FSS structure can be tuned from 2.1 GHz to 3.62 GHz (span of 1.52 GHz), while maintaining
a high absorption characteristic of over 90% of absorption without modifying the design dimensions. For that, the real part of the
input impedance is required to be in the range defined in (11), which can be achieved for a wide range of sheet resistances (from
80 to 570 Q/sq.), thus demonstrating that the FSS absorber is quite robust to possible variabilities in the fabrication process.

0.52 - Zgir < Re{Zin(fr, Rsp)} < 1.92- Zy;, (11)

However, tuning the frequency response using the same design dimensions also affects the selectivity of the absorber. This effect
is presented in Fig. 12 for different sheet resistances (80, 130, 200, and 570 Q/sq.) along with the experimental results for 130 and
200 Q/sq. As seen, the increase in the sheet resistance leads to the shifting of the frequency of resonance, but also to a wider
bandwidth. In particular, the experimental results for 130 and 200 Q/sq. reveal a shift of the resonant frequency from 2.3 to 2.7
GHz with a 2.13 factor increase in bandwidth.
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Fig. 12. Absorption coefficient of the proposed microwave absorber for different sheet resistances.

These results, together with the good agreement between simulation, equivalent circuit, and experimental results demonstrate the

feasibility of tuning the frequency response of the absorber in a much simpler way when compared to other fabrication approaches,
such as metal-based FSS.

C. Square ring pattern

Finally, this section exemplifies the versatility of the laser photothermal process for the fabrication of LIG-FSS with more
advanced patterns without the necessity to include any additional fabrication step. In this way, many different frequency responses
can be achieved by modifying the laser-scribed pattern on the surface of the polyimide [43]. For instance, here we include the
results obtained for a resistive square ring pattern (Fig. 13). This type of shape enables the creation of a multi-resonant FSS,
potentially leading to increased bandwidth and improved angular stability. In this scenario, the inclusion of the ring-shaped pattern
introduces an additional equivalent inductive impedance (Lvic). Consequently, a secondary parallel resonance emerges between
the FSS and the grounded substrate when the inductive impedance of the FSS aligns with the capacitive impedance of the dielectric
slab [7].
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Fig. 13. Structure of the proposed square ring LIG-FSS.

In this case, the optimized LIG-FSS dimensions are the following: a thickness of the polystyrene slab of 6 mm, a cell periodicity
(D) of 15.95 mm, a gap (g) of 0.79 mm and a side for the inner square (S) of 8.06 mm, with a sheet resistance of 33.8 Q/sq.
Consequently, the prototype was built using a laser power of 12 W at an engraving speed of 140 mm/s. Using the characterization
setup presented in Fig. 8, the new square ring LIG-FSS was validated with respect to the HFSS simulation results, revealing a good
match in the frequency response with a main absorption peak at 2.5 GHz and an additional absorption band at 10.2 GHz, as shown
in Fig. 14.
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Fig. 14. Absorption (|S11|) properties of the proposed square ring LIG-FSS structure at normal incidence.

V. CONCLUSIONS

This study introduces a pioneer absorptive Frequency Selective Surface (FSS) using Laser-Induced Graphene (LIG) as the
resistive material. It is demonstrated that this technique enables the creation of tunable, thin, lightweight, sustainable, and cost-
effective microwave absorbers. Electromagnetic simulations and circuital modeling were carried out to optimize and evaluate the
absorption properties of the proposed absorber. In addition, various LIG-FSS prototypes were fabricated and tested in the near-
field under real conditions, demonstrating a good agreement with the simulation results. The controllable resistivity of LIG,
achieved through precise adjustments of laser parameters, proves the tunability of the LIG-FSS absorber. These findings confirm
the potential of LIG-FSS for the fabrication of thin lightweight and sustainable microwave absorbers with adjustable properties.
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