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This work develops a laser-stepwise-induced graphene (LSIG) method that heals defects
and promotes crystalline domain growth in laser-induced graphene (LIG). LSIG with
reduced sheet resistance of 15 Ω sq−1 enables direct patterning of a flexible
frequency-selective surface for electromagnetic wave manipulation, exhibiting an
enhanced effective bandwidth of 4.92 GHz and a transmission coefficient of 0.057 at its
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ABSTRACT

Laser-induced graphene (LIG) technology enables the direct writing of functional films for

flexible devices. However, the intrinsic amorphous structure, triggered by laser-induced

ultrafast kinetics, leads to high sheet resistance. Herein, we report a designed laser-stepwise

induced graphene (LSIG) method, which sequentially applies focused and defocused laser

pulses to polyimide precursors to reduce sheet resistance. In this method, the focused laser

pulse induces longitudinal heat penetration and diffusion through the substrate,

enabling conversion of polyimide molecules into graphene, while the subsequent defocused

pulse facilitates defect healing and crystalline domain growth, achieving a remarkably low

sheet resistance of 15 Ω sq⁻ ¹ for LSIG. The LSIG exhibits a decreased defect density and

increased crystalline domain from Raman analysis. Compared with existing approaches

involving chemical reduction or high-temperature treatment for LIG optimization, the LSIG

methodology accomplishes single-step synthesis while maintaining experimental simplicity.

Utilizing LSIG technology, we design and fabricate a flexible frequency-selective surface to

demonstrate its potential in electromagnetic devices and systems.
Keywords: laser-stepwise-induced graphene, sheet resistance reduction, frequency-selective
surface, electromagnetic shielding manipulation
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INTRODUCTION

Graphene has emerged as a promising two-dimensional material because of its

exceptional electrical, chemical, and mechanical properties [1-3]. Since 2004, graphene

synthesis methodologies such as chemical vapor deposition [4, 5], liquid exfoliation [6, 7],

and epitaxial growth [8, 9] have been extensively investigated. However, these methods

present inherent scalability limitations due to their multi-step processing requirements and

stringent environmental controls. In 2014, the development of LIG technology represented a

remarkable advancement in graphene synthesis [10]. Carbonaceous precursors undergo direct

conversion to three-dimensionally porous graphene architectures through a localized

photochemical reaction using high-power-density laser pulses. This in situ, bottom-up

approach offers several advantages including mask-free patterning, open-air processability,

and cost-effectiveness. Consequently, LIG is widely applied in sensors [11, 12], capacitors

[13, 14], nanogenerators [15, 16], and catalysis [17, 18] research.

The ultrafast kinetics induced by high-energy-density laser pulses drive sequential

precursor processes—e.g., polyimide (PI) dissociation, carbonization, and graphitization—in

ambient conditions. Notably, PI molecules are completely ablated at around 700 °C under

conventional slow-temperature-rise conditions [19]. However, the ultrafast kinetics also lead

to an amorphous and polycrystalline structure in LIG, resulting in compromised electrical

properties that limits its application in electronic and electromagnetic devices. Therefore, it is

critical to reduce the density of defect and optimize the crystallinity in LIG for tailored

devices.

Currently employed strategies for healing defects in graphene involve post-synthesis

treatments, including high-temperature heating and chemical reduction. However, these

methods fail to heal the defects in patterned LIG. For instance, heating temperature exceeding

1000 °C is usually adopted to obtain reduced graphene oxides with high electrical

conductivity, and these experiments need to be conducted under an inert or vacuum

atmosphere [20, 21]. However, the treatment cannot be localized to specific regions, causing

thermal degradation of the polymeric substrate and damage to patterned LIG. Chemical

reduction agents (e.g., hydrazine [22], ethylenediamine [23], ascorbic acid [24]) effectively

remove oxygen functionalities, but they cannot induce the lattice reconstruction required for
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crystallinity enhancement. Recent advances in 2024 demonstrated millisecond-scale defect

mitigation through Joule heating by applying DC voltages to LIG patterns in a vacuum

chamber [25]. However, the above mentioned multi-step post-treatments compromise LIG's

inherent advantages—single-step patterning and ambient processing capability. Thus, it is

challenging to heal the defects in LIG via a facile method.

In this work, we report a designed laser-stepwise-induced graphene (LSIG) method,

combining focused and defocused laser processing in a single-step sequence, to optimize

crystallinity and sheet resistance of graphene. This design is based on our discovery that

focused and defocused laser pulses exhibit significantly distinct effects on morphology and

electrical properties of LIG. The initially applied focused laser irradiation leads to

longitudinal heat penetration and diffusion through the substrate, enabling conversion of PI

molecules into graphene but leaving numerous defects; the subsequently applied defocused

laser irradiation effectively heals the defects and increases crystalline domain. Raman

spectroscopy confirms crystallinity enhancement: ID/IG is reduced from 0.94 to 0.81, and the

full width at half maximum (FWHM) of the 2D band narrows from 158.31 cm–1 to 100.15

cm–1, indicating improved graphitic ordering. Importantly, the sheet resistance of LSIG is

reduced from 25.3 Ω sq−1 to 15.0 Ω sq−1. To demonstrate the potential of LSIG for

electromagnetic applications and the significance of sheet resistance reduction, a flexible

frequency-selective surface (FSS) containing 16 × 16 LSIG square loop units was designed

and fabricated. The FSS exhibits an enhanced effective bandwidth of 4.92 GHz and a

transmission (T) coefficient of 0.057 at its resonant frequency. Furthermore, the infrared

stealth performance of this FSS demonstrates its ability to serve as a multifunctional surface

in an integrated system. The development of this single-step patterned and

open-air-processable LSIG would advance direct writing of functional films for electronic

and electromagnetic devices.
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RESULTSAND DISCUSSION

Design of Laser-stepwise Induced Graphene Technology

Compared to conventional heating, laser processing is distinguished by the ultrahigh

energy density, delivered on millisecond to femtosecond time scales. This enables PI

molecules to be rapidly converted into LIG [25-27], whereas under conventional

slow-temperature-rise conditions (ambient), PI molecules are completely ablated at

approximately 700 °C [19]. However, the laser-induce ultrafast kinetics often results in

incomplete reactions, leaving substantial defects in LIG and compromising its electrical

properties. Inspired by reported work on metal laser processing [28, 29], we explored

defocused laser scanning—where a larger irradiated area reduces energy density—to

moderate the reaction rate. Unexpectedly, this approach instead increased sheet resistance.

Consequently, we conducted a one-line focused/defocused laser scan to examine their

respective effects on the LIG surface (Figure 1a). Notably, focused laser scanning produces a

steep cliff along the scan path, due to a photoetching effect caused by elevated temperature

and stress. In contrast, defocused laser scanning markedly reduces photoetching, resulting in

a flatter surface of reduced thickness. Based on these observations, we designed the LSIG

technology (Figure 1b). Initially, focused laser irradiation is intended to vertically penetrate

more energy into the PI film, providing the foundation for optimized sheet resistance. The

laser-induced ultrafast kinetics and uneven temperature distribution result in large amounts of

defects. Subsequently, defocused laser irradiation, is employed to heal the defects and

enhance the crystallinity. The entire process can be completed in a single step under ambient

conditions, demonstrating versatility and adaptability across multiple disciplines.

Mechanism of the Sheet Resistance Reduction

​ ​ The sheet resistance of LIGs and LSIGs at varying laser powers is systematically

shown in Figure 2a. Both samples exhibit a linear inverse correlation between sheet

resistance and laser power, as evidenced by the negative slopes of the fitted curves (LIG:

−3.34, LSIG: −2.19). Compared with LIG, LSIGs achieve a markedly reduced sheet

resistance, with the minimum value of 15.0 Ω sq−1 (a 40.7% decrease from 25.3 of LIG). This
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result demonstrates that the designed experiment has achieved the expected effect.

Furthermore, the morphology, defect structure, and atomic binding states were investigated to

determine the mechanism of sheet resistance reduction.

Scanning electron microscopy (SEM) characterization was adopted to investigate the

microstructure of LSIG. As shown in Figure 2b, the LSIG surface exhibits a grid structure, in

which the gully structures are formed by laser-induced photoetching effect. A large amount of

flocculent sediment is deposited on the ridges, which were not irradiated by the laser. Thus,

these deposits are assumed to be the photoetching byproducts of PI molecules and are

expelled from the gullies by released gases. Notably, LIG (Figure S1) exhibits similar surface

morphology to LSIG, demonstrating the repeated laser processing not damage the surface. To

verify the source of gully, we simulated the temperature distribution on the cross section of

LIG film (Figure 2c). An ultrahigh temperature exceeding 1500 K is generated at the

irradiated part of laser pulse, which can lead to ablation of PI and LIG molecules. Importantly,

as the distance from the irradiated center increases, the temperature gradually decreases,

leading to incomplete chemical reactions and a large number of defects. From these results, it

can be demonstrated that the microstructure of LSIG primarily depended on the laser-focused

scanning.

To investigate potential defect healing, Raman spectra characterization was employed

(Figure 2d). The D, G, and 2D peak located at approximately 1342 cm−1, 1575 cm−1, and

2680 cm−1 confirm the formation of LIG and LSIG [30, 31]. The D and G peak originate

from the breathing mode of C-sp2 in distorted lattice and the in-plane vibration of C-sp2 in

hexagonal lattice, respectively [32, 33]. The blunt 2D peak can demonstrate the formation of

multilayer graphene [34]. For a more detailed analysis, ID/IG ratio was calculated (Figure 2e),

which is an important indicator of defect density on the basal plane or edges of the crystalline

domains.. Compared to LIG, the ID/IG ratio of LSIG decreases from 0.94 to 0.81,

demonstrating reduced degree of defects after defocused laser irradiation. Additionally,

crystalline size along the a-axis (La) was calculated from IG/ID ratio via following equation:

La = (2.4 × 10-10) × λ14 × (IG/ID)

where λ1 is 532 nm (wavelength of the Raman laser) [35]. The La of LSIG reaches 23.7 nm,

which is larger than that of LIG (20.4 nm). This implies that the LSIG technique can
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effectively heal defects in LIG and promote grain growth, resulting in larger crystalline

domains. Figure 2f depicts the I2D/IG ratio and the full width at half maximum (FWHM) of

the 2D band, which are indicators of crystalline quality and graphene layer count [36]. The

I2D/IG ratio increases from 0.27 for LIG to 0.36 for LSIG, and the 2D FWHM decreases from

168.31 cm−1 to 100.15 cm−1. The results imply reduced stacking and enhanced crystalline

quality, suggesting the expansion of graphene layers. In addition, a glue shift of ~10 cm−1 of

the 2D peak can be observed, which may be caused by several factors, such as in-lattice strain,

band structure modulation, and layers changing [37, 38].

X-ray photoelectron spectroscopy (XPS) was further adopted to investigate the elements

and bonding states. As depicted in Figure S2, both of LIG and LSIG show C 1s, O 1s, and N

1s peak at 284 eV, 531 eV, and 399 eV, respectively. Compared to LIG, the nitrogen content

of LSIG increases from 27.41% to 37.65%, likely due to additional nitrogen incorporation

from the air during defocused laser irradiation. Simultaneously, the carbon and oxygen

contents decreased from 64.19% to 55.19% and from 8.40% to 7.16%, respectively. Detailed

analysis on C 1s spectrum (Figure 2g and 2h) shows that the content of C−O bonds

significantly decreases from 42.09% in LIG to 3.14% in LSIG. These results reveal that the

loss of carbon and oxygen atoms is primarily due to the reduction of C–O bonds in LIG,

promoted by defocused laser scanning. Notably, the content of C−C bonds increases from

46.2% in LIG to 82.13% in LSIG. This suggests that secondary defocused laser irradiation

enhances the PI to graphene reaction completeness.

Chemical and Mechanical Stability

​ To study the potential of the LSIG in practical application, the chemical and

mechanical stabilities were evaluated. The LSIG samples were subjected to four typical

environments, including H2O, 5 wt% NaCl, 0.5 M H2SO4, and air at 100℃. Each sample was

treated for 72 hours, after which the variation in sheet resistance was measured (Figure 3a).

The LSIG demonstrates extraordinary stability with variations in sheet resistance below 6.2%.

This finding underscores the potential of the LSIG for long-term service in extreme

environments. Notably, mechanical stability was investigated via uniaxial repeated tensile

testing to simulate tension caused by thermal expansion or stress deformation of equipment
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housing, as LSIG is applied as a skin material (Figure 3b). The mechanical testing setup and

the sample preparation are shown in Figure S3, and the maximum tensile strain rate was set

as 0.3%. After cyclic test for 1000 seconds, the variation in sheet resistance remained stable.

Upon release of the applied strain, the sheet resistance of LSIG fully recovered to its initial

value. The demonstrated stability and reliability of LSIG indicate its significant potential for

practical applications.

Design of LSIG FSS

​ ​ The as-prepared LSIG, with its reduced sheet resistance, enables electromagnetic

manipulation for selective frequency shielding. Figure 4a depicts a schematic of the LSIG

FSS comprising a 16 × 16 array of LSIG square-loop units. The geometrical parameters p, q,

and s are determined to be 12 mm, 6 mm, and 3 mm, respectively. The design and simulation

of the FSS were conducted using CST Microwave Studio. The unit cell structure is simulated

with periodic boundary conditions along the � and � axes, while Floquet port excitations

are applied along the z direction, both above and below the unit cell. The equivalent circuit

model of the FSS is displayed in Figure 4b, in which equivalent inductive (L) and capacitive

(C) lumped components construct the FSS. Figures 4c and 4d show the S-parameters of the

LSIG FSS, demonstrating that sheet resistance is a critical factor in determining selective

electromagnetic shielding performance. As sheet resistance increase from 15 Ω sq–1 to 35 sq–1,

the effective bandwidth of S21 obviously decrease from 4.92 GHz (at 15 Ω sq–1) and 3.42 (at

20 Ω sq–1) to 0 GHz (at 25–35 sq–1). In addition, S11 mainly remains above –10 dB for all

sheet resistance values in the 2–20 GHz frequency range, indicating strong reflection loss of

the incident wave.

To further explore the electromagnetic shielding mechanism, the power coefficients of T,

reflection (R), and absorption (A) were calculated using the following formula:

T = S21 2,

R = S11 2,

A = 1 – R – T

As shown in Figure 4e, A generally increases as the frequency rises from 2 GHz to 20

GHz, demonstrating enhanced electromagnetic wave absorption loss. A at 2 GHz and 20 GHz
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is 0.046 and 0.39, respectively. The variation of R reveals that reflection of the incident

electromagnetic wave first increases and then decreases. The T, R, and A for the FSS with

sheet resistances between 20 and 35 Ω sq–1 are shown in Figure S5, displaying trend similar

to those observed at 15 Ω sq–1. Furthermore, the relationship between transmission coefficient

and sheet resistance over 2–20 GHz was simulated (Figure 4f). As LIG sheet resistance

increases from 15 Ω sq–1 to 35 sq–1, the resonant frequency decreases from 11.38 GHz to 10.7

GHz, and the minimum value of T increases from 0.057 to 0.15 (Figure 4g). These results

indicate that increasing sheet resistance weakens selective wave shielding performance, and

that the as-prepared LSIG, with its reduced sheet resistance of 15 Ω sq⁻ ¹, is a promising

material for electromagnetic wave manipulation.

To explore the response of the LSIG FSS to incident electromagnetic waves, the surface

current and voltage densities were analyzed (Figure 4h). At 11.38 GHz, the voltage density

decreases from 6.556 × 103 V m–1 to 5.982 × 103 V m–1 as sheet resistance increases, and the

slight intermediate rise may originate from the combined effects of a 25% increase in sheet

resistance (20 Ω sq–1 to 25 Ω sq–1) and a 0.73% decrease in current density (27.4 A m–1 to

27.2 A m–1). Moreover, as sheet resistance increases, the current density decreases from 33.2

A m⁻ ¹ to 20.6 A m⁻ ¹, demonstrating resonance weakening of electromagnetic waves.

Furthermore, the oblique-incidence performance of the FSS was evaluated for incident angles

of 0–40°. As displayed in Figure 4i, increasing the incident angle leads to pronounced

multiple resonances. A new resonant appears at 17.77 GHz when the incident angle is 27.80°

(T = 0.1). Simultaneously, the effective bandwidth widens from 4.92 GHz to 5.72 GHz as the

incident angle increases from 0° to 23.81°; beyond 23.81°, the effective band splits around its

midpoint as the angle increases to 40°. Furthermore, the current density of the FSS (Rs = 15

Ω sq–1) was examined to illustrate the varied response for incident angles of 0–40° (Figure 4j

and S8). At 0°, the inner square edges exhibit a symmetrical distribution of high current

density. At 30°, the current is mainly concentrated in the left inner square edge and outer

square edge, indicating that the oblique incidence has a large impact on the current

distribution, which further affects the operating band of FSS.

Experimental Performance Tests of the LSIG FSS
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​ ​ Using LSIG technology, the FSS were fabricated with the advantages of mask-free,

single-step patterning, open-air processability, and reagent-free processing (Figure 5a).

Figure 5b demonstrates the excellent flexibility of the LSIG FSS, as evidenced by its ability

to be freely rolled. This flexibility is important for practical applications requiring surface

conformality. In addition, the remarkable lightweight nature of the LSIG FSS is shown in

Figure 5c, where it is placed on a branch without noticeable bending. To verify performance

of the designed FSS, the selective electromagnetic shielding of the LSIG FSS (Rs = 15 Ω sq–1)

was measured. Using the experimental setup depicted in Figures 5d and 5e, electromagnetic

shielding measurements were conducted in an anechoic chamber. To investigate shielding

performance against normal and oblique incidence, the angle between the wave propagation

direction and the specimen’s normal was set to 0°, 15°, and 30°. The measured results exhibit

excellent agreement with the simulated results (Figure 5f–h).

Infrared Stealth Performance of the LSIG FSS

To demonstrate the potential of the prepared LSIG FSS as a multifunctional surface, we

investigated its infrared (IR) stealth performance, which is critical for safeguarding electronic

instruments against thermal detection [39, 40]. As shown in Figure 6, the stealth performance

for targets with temperatures ranging from ~37 °C (body temperature) to 200 °C was tested.

The FSS, consisting of a 16 × 16 array, was placed in front of a volunteer’s body and in front

of a bucket of hot water (Figures 6a and 6b). IR imaging analysis revealed that the FSS

effectively attenuates the infrared radiation emitted by the heat source, rendering the shielded

area visually indistinguishable from the background in the thermal image. Furthermore, an

FSS unit was placed on a ceramic plate heater for continuous monitoring over 900 s, with the

heater temperature set to 75 °C (Figure 6b) and 150 °C (Figure 6c). The detected

temperature on the outer square loop decreased from 75 °C to 59.7 °C and from 150 °C to

111.8 °C. The detected temperature on the inner square decreased from 75 °C to 65.7 °C and

from 150 °C to 122.8 °C. The difference in temperature between the outer loop and the inner

square can be explained by the porous architecture and low thermal conductivity of LSIG,

which together impede heat transfer from the lower surface to the upper surface. Figure 6d

displays the temperature change over 900 s when the heater is set to 150 °C. This
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demonstrates that the surface temperature rises rapidly and then stabilizes, indicating

long-term stability for IR stealth.

CONCLUSIONS

This work presents an LSIG technology that heals defects and promotes crystalline domain

growth in LIG, thereby reducing its sheet resistance for electromagnetic applications.

Compared to LIG, the ID/IG ratio of LSIG decreases from 0.94 to 0.81, and the 2D FWHM

narrowed from 158.31 cm–1 to 100.15 cm–1, resulting in a reduction of sheet resistance from

25.3 Ω sq−1 to 15.0 Ω sq−1. A FSS for electromagnetic wave manipulation was designed and

fabricated, exhibiting an enhanced effective bandwidth of 4.92 GHz and a T coefficient of

0.057 at its resonant frequency. Furthermore, the infrared stealth performance demonstrates

the potential of the LSIG FSS as a multifunctional surface in next-generation integrated

systems. The development of this single-step, open-air–processable, mask-free LSIG

technology provides a critical pathway for direct writing of functional films.

MATERIALS

The PI film with the thickness of 150 am was purchased from Zhuzhou Times New Materials

Technology Co., Ltd. (China). The PI film was adsorbed on the laser platform through

negative pressure and scanned by an infrared laser (Proteases S, LPKF, Germany) to fabricate

LIG with the focus height set to 150 µm. In the LSIG process, the initial laser scan is

identical to the LIG fabrication protocol; the focus height is then adjusted to 2 mm for

defocused laser scanning. The fabrication of LIG and LSIG were carried out under

atmospheric conditions at 26°C and 45% relative humidity. The wavelength of the laser

generated by the laser source is 1064 nm.

CHARACTERIZATION

The surface morphology of the sample was characterized using a scanning electron

microscope (JSM-7610F Plus). Raman spectra were characterized with a Raman

spectrometer (LabRam HR Evolution). The sheet resistance was measured using a 4-Point

Probes Resistivity Measurement System (RTS-8) for eliminate the influence of contact
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resistance on results. Hyper-depth of field three-dimensional microscopic system (VHX-600E)

was adopted to capture high-definition images of surface topography. XPS data were

collected with a Scanning X-ray Microprobe (ESCALAB 250Xi). The mechanical stability of

LSIG was tested using a mechanical testing machine (Instron-5848) for repeatedly applying

0.3% uniaxial tensile strain, and the data was collected by a digital multimeter

(Keithely-6510). Infrared images were captured using an infrared camera (ST9450).

Experimental measurement of the electromagnetic shielding performance for LSIG FSS was

carried in an anechoic chamber, in which the FSS was placed between the receiving antenna

and transmitting antenna.
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TOC

This work develops a laser-stepwise-induced graphene (LSIG) method that heals defects and

promotes crystalline domain growth in laser-induced graphene (LIG). LSIG with reduced

sheet resistance of 15 Ω sq−1 enables direct patterning of a flexible frequency-selective

surface for electromagnetic wave manipulation, exhibiting an enhanced effective bandwidth

of 4.92 GHz and a transmission coefficient of 0.057 at its resonant frequency.
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FIGURES

Figure 1. Concept of experimental design.
a Schematic illustration of the difference between focused and defocused laser irradiation.
b Designed LSIG method for reducing sheet resistance of LIG.
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Figure 2. Morphology and defect structure characterization of LSIG.
a Sheet resistance of LIG and LSIG fabricated under various laser powers.
b SEM images of LSIG-7 W surface at different magnification.
c Laser induced temperature distribution on the surface.
d Raman spectra, (e) ID/IG and corresponding La, (f) I2D/IG and 2D band FWHM, (g) C 1s
spectra, and (h) key contents of LIG-7 W and LSIG-7 W.
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Figure 3. Chemical and mechanical stability of LSIG.
a The change rate of sheet resistance (Rs/Rs0) under conditions of H2O, NaCl, H2SO4, and
100℃.
b The change rate of resistance (R/R0) under tensile cycle test.Ju
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Figure 4. The design of LSIG FSS.
a Schematic showing the geometry and function of the designed LSIG FSS.
b Equivalent circuit of the LSIG FSS.
c and d Simulated​ ​ S21 (c) and S11 coefficient (d) of FSS based on LIGs with various
sheet resistance.
e Power coefficients of T, R, and A for LSIG FSS (Rs = 15 Ω sq–1).
f Dependence of T coefficient on the sheet resistance at 2–20 GHz.
g Resonant frequency and corresponding T coefficient of FSS based on LIGs with various
sheet resistance.
h Maximum current density and voltage density at 11.42 GHz of FSS based on LIGs with
various sheet resistance.
i Dependence of transmission coefficient at 2–20 GHz on incident electromagnetic wave
angles.
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j Current density of LSIG FSS (Rs = 15 Ω sq–1) at 11.42 GHz under incident electromagnetic
wave angles of 0° and 30°.

Figure 5. Experimental performance tests of LSIG FSS.
a–c Schematic showing the advantages of LSIG technology (a), flexible (b) and light (c)
characteristics of fabricated LSIG FSS.
d and e Schematic (d) and photograph (e) of measurement environment.
f–hMeasured and simulated T coefficient of LSIG FSS (Rs = 15 Ω sq–1).
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Figure 6. IR stealth performance of LSIG FSS.
a IR images of the LSIG FSS held in front of a volunteer’s body and a bucket of hot water.
b and c IR images of the LSIG FSS unit placed on heating stages with the temperature set to
75°C (b) and 150°C (c).
d Variation in the maximum, minimum, and center temperatures detected in (c) at different
heating times.
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Figure S1. SEM images of LIG-7 W surface at different magnification.
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Figure S2. X-ray photoelectron spectroscopy (XPS) and analyzed element content.
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(a) (b)

Figure S3. (a) Photograph of the mechanical test. (b) Schematic of the prepared
sample for mechanical test.
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Figure S4. The change rate of resistance (R/R0) under tensile cycle test.
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Figure S5. Power coefficients of T, R, and A of the FSS with the sheet resistance of 15
Ω sq–1 (a), 20 Ω sq–1 (b), 25 Ω sq–1 (c), 30 Ω sq–1 (d), and 35 Ω sq–1 FSS (e).Ju
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Figure S6. Simulated S21 and S11 of the FSS with the sheet resistance of 15 Ω sq–1 (a)
and 35Ω sq–1 (b) under incident electromagnetic wave angles from 0° to 40°.
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Figure S7. Simulated S21 and S11 of the FSS with the sheet resistance of 15 Ω sq–1 (a)
and 35 Ω sq–1 (b) under TE and TM wave.
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Figure S8. Current density of the FSS with the sheet resistance of 15 Ω sq–1 under
incident electromagnetic wave angle of 0−40°.
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Figure S9. Voltage density of the FSS with the sheet resistance of 15 Ω sq–1 under
incident electromagnetic wave angle of 0−40°.
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Figure S10. Current density of the FSS with the sheet resistance of 35 Ω sq–1 under
incident electromagnetic wave angle of 0−40°.
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Figure S11. Voltage density of the FSS with the sheet resistance of 35 Ω sq–1 under
incident electromagnetic wave angle of 0−40°.
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Figure S12. Current density (a) and voltage density (b) of the FSS with the sheet
resistance of 35 Ω sq–1 in different phase.
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Figure S13. Current density (a) and voltage density (b) of the FSS with the sheet
resistance of 35 Ω sq–1 in different phase.
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Figure S14. (a) IR images of the LSIG FSS unit placed on a volunteer’s hand. (b)
Variation in the maximum, minimum, and center temperatures detected at different
heating times.
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