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The millimeter wave frequency band is the main frequency band for 5G and future 6G 

applications that are becoming more mature. Millimeter wave devices can provide 

ultra-wide working bandwidth and ultra-fast transmission rates, allowing the 

implementation of many services such as smart city and smart home, Internet of 

Things (IoT), robot, and artificial intelligence (AI), all of which make our lives more 

convenient and intelligent [1]. With these advancements, the explosive growth of 

various electronic devices, especially mobile terminals, has created a serious problem 

of electromagnetic wave pollution, which not only harms human health but also 

disrupts the normal operation of electronic devices [2,3]. The tendency toward 

downsizing and multi-functioning of portable gadgets has exacerbated the problem of 

electromagnetic interference [4,5]. In addition to complete electromagnetic shielding, 

selective shielding of the electromagnetic field is important in many cases such as 



 

WLAN, radome, and reflector antenna, to ensure the normal transmission of other 

frequency bands. As a member of metamaterials, frequency selective surface (FSS) is 

formed by periodic arrangement of structural units, which can selectively absorb, 

reflect and transmit electromagnetic waves (and act as a spatial filter) [6], thus is an 

effective way to realize frequency selection. Due to the excellent properties, FSSs 

have been widely used in base station antenna miniaturization, antenna beam control, 

decoupling and improving communication performance. The fabrication process of 

FSS is, however, complicated requiring multiple steps of lithography and etching. 

Thus, the effective and selective shielding of electromagnetic field via a facile 

approach is of great importance and becoming more urgent. 

Materials with high conductivity are conventionally used to achieve good 

electromagnetic interference shielding effectiveness (EMI SE) including copper, iron, 

nickel, and other metal materials. However, with the rapid development of millimeter 

wave communication devices, high electrical conductivity is no longer the only 

practical standard for high electromagnetic shielding performance, while low cost, 

light weight, flexibility, low profile, scalable production, and corrosion resistance are 

also required (particularly in highly integrated and high frequency equipment). 

Recently, two-dimensional materials, such as MXene and graphene, have become the 

viable alternative materials in EMI shielding applications [7,8]. MXene has high 

electrical conductivity and can achieve good electromagnetic shielding performance 

at low thicknesses, but it can be easily oxidized (not suitable for long-term use) and 

difficult to fabricate in a large area, which hinder its practical application in real 

commercial shielding applications. Graphene, on the other hand, has good chemical 

stability and light weight. However, due to the poor electrical conductivity limited by 

conventional fabrication methods, its electromagnetic shielding effectiveness per unit 

thickness is relatively low (normally less than 2000 dB/mm) and thus difficult to 

satisfy the demand for low-profile EMI materials [9, 10]. For both MXene and 

graphene, complex structure shielding surface under millimeter wave communication 

band is not fully studied yet. 

In this work, we improved the conductivity of graphene assembled film (GAF) by 

applying a secondary high temperature annealing and realized the large-scale 

production. Fig. 1a is the digital photo of large area GAF with the dimensional size 

about 0.5 m × 3 m. The detailed fabrication procedures of GAF are described in 

Experimental Section of Supplementary materials (online). GAF can be rolled up like 



 

paper, proving that it can be mass-produced and has good self-supporting ability. The 

Mobius strip in Fig. 1a inert is an illustration that shows the high flexibility of GAF. 

After the secondary high temperature annealing, the conductivity of GAF tested by 

four probe methods [12] is 1.59×106 S/m, which is 41% higher than the single 

annealing treatment, as shown in Figs. S1 and S2a (online). Fig. S1b (online) 

illustrates the typical size of GO sheet applied as a typical precursor in this method. 

The surface and super depth images of single and secondary annealing GAF taken by 

a 3D microscopic system (KEYENCE, VHX-600E), as shown in Fig. 1b and Fig. S2c 

(online). Compared with the single annealing, the GAF surface obtained by the 

secondary annealing has less gullies and undulations on the surface, which proves that 

secondary annealing GAF is flatter, more regular, and denser. The X-ray diffraction 

(XRD) pattern of secondary annealed GAF (Fig. S2d, online) shows extremely sharp 

(002) peak at 26.59°, and a narrow full width at half maximum (FWHM) of 0.135° 

than single annealed of 0.235°, which proves that the secondary annealed GAF has 

higher crystallinity and interlayer regularity. In addition, the diffraction peak (004) 

indicates that GAF is highly graphitized. It has been proved that after the rolling and 

compressing process, structural defects are introduced into the single annealed GAF, 

which can be evidenced by the re-emerging D peak of the Raman spectrum (Fig. S2e, 

online). Such structural defects or lattice defects can be removed by the secondary 

annealing process [11]. In addition, the strong G peak at 1587 cm–1 demonstrates that 

GAF has highly sp2 hybridized carbon atoms structure. All the characterization results 

prove that the secondary annealing treatment can improve the crystallinity and 

interlayer regularity of GAF, thus further enhance the electrical conductivity. The 

stress-strain curves of single annealing and secondary annealing GAF are tested, as 

shown in Fig. 1c. After the secondary annealing, the tensile strength of GAF is 59.78 

MPa, which is an increase of 74.1% compared to the single annealing GAF (34.34 

MPa). The longitudinal strain of the secondary annealing GAF is 3.81%, which is 

within the elastic range. The surface scanning electron microscope (SEM) image (Fig. 

S2f, online) shows that there are a lot of micro-wrinkles on the surface of GAF, which 

can provide cushioning force when the GAF is bent and improve the flexibility. The 

cross-section SEM image of GAF in Fig. S2g (online) demonstrates a GAF thickness 

of 15 μm. After secondary annealing and rolling compression, GAF becomes denser 

with the density of 1.92 g/cm3. Compared with copper, GAF has higher thermal 

conductivity (1329 W/(m K)), as shown in the Fig. S2h (online). Furthermore, we 



 

characterized the flexibility, mechanical stability, and chemical stability of GAF. As 

shown in Fig. S2i (online), after 20,000 times of fatigue resistance test, GAF 

maintains the original physical appearance, and its conductivity has not changed. 

 

Fig. 1. (a) Digital photo of large format GAF with the size about 0.5 m × 3 m 

(illustration shows the high flexibility of the GAF). (b) The super depth images of 

single and secondary annealing GAF taken by a 3D microscopic system. (c) Stress-

strain curves of single and secondary annealing GAF. (d) EMI SE of GAF with 15  

and 30 μm among the frequency range of 2.6–67 GHz. (e) Comparison of SE/t in 

references with the result in this work. (f) The frequency spectrum of mobile phone 

RF signal in plastic box/GAF shielding box. (g) The digital photos of lightweight 

GAF FSS with 20×20 elements. (h) The simulated and measured transmission 

coefficient of double-layer GAF FSS in 20–80 GHz. (i) The transmission coefficient 

of GAF FSS in incident obliquely of electromagnetic wave. 

 

The GAF has the advantages of light-weight, flexible, rapid heat conduction and 

easy to prepare in large scales, which is satisfied the requirement of modern 

electromagnetic protection materials. The electromagnetic interference shielding 

performance of GAF is test by the free space method. Fig. S3a (online) shows the 



 

actual test environment of EMI SE. The vector network analyzer (Keysight PNA 

N5247A) is used to record the transmission coefficient and reflection coefficient of 

the standard gain horn antenna. According to the S-parameter, the EMI SE, 

reflectance, and transmittance of the test sample can be calculated. Fig. 1d clarifies 

the EMI SE of the GAF and copper foil between the frequency ranges of 18–67 GHz. 

The EMI SE of GAF with thickness of 15 μm is above 45–70 dB, which is similar to 

that of copper foil with the same thickness. When the thickness is increased to 30 μm, 

the EMI SE of copper foil remains unchanged, while the EMI SE of GAF is improved 

to 70–90 dB and higher than that of copper foil. In other words, the EMI shielding 

efficiency of GAF is as high as 99.99999% and 99.9999999% with the thickness of 

15 and 30 μm, respectively. Thanks to the ultra-high conductivity, most of the energy 

of the electromagnetic wave is reflected on the surface of GAF and copper foil, and 

only small portion energy penetrates the surface into the interior of the EMI materials. 

Different from the isotropic structure of metal, GAF is a layered stacking structure 

with certain resistance. The electromagnetic wave energy entering the GAF can be 

repeatedly reflected and converted into thermal energy and then been absorbed. 

Therefore, the electromagnetic shielding performance of GAF will be improved with 

the increase of thickness. Based on the synergistic effect of reflection and absorption, 

the GAF has ultra-high electromagnetic shielding performance [13,14]. We compared 

the recently reported EMI shielding performance of graphene-based and other 

materials, as shown in Fig. S3b (online) GAF has the highest SE in the same thickness 

and the thinnest thickness in the same SE. Due to the importance of thickness to EMI 

shielding materials, EMI SE per unit thickness (SE/t) is used to characterize the EMI 

performance, as shown in Fig. 1e and Table S1 (online). At low frequency 

communication band (< 27 GHz), compared with other graphene-based structures, 

carbon nanotubes, carbon fibers and other materials, GAF has the highest SE/t 

(4666.67 dB/mm), which is comparable with MXene, and can be prepared in a large 

scale. For higher communication band, it is also the first time for two-dimensional 

materials-based macrostructure to be measured under millimeter wave (24–67 GHz). 

To certify the practicability of GAF as EMI shielding material, we made an EMI 

shielding box by wrapping GAF on plastic box, as shown in Fig. S4a (online). Fig. 

S4b (online) illustrates the testing environment of EMI shielding box. The mobile 

phone which transmits radio frequency (RF) signal with a frequency of 2.45 GHz as 

the transmitter, and the horn antenna is connected to the spectrum analyzer as the 



 

receiver. Fig. S4c (online) is the frequency spectrum of separately detecting the RF 

signal of the mobile phone and putting the mobile phone in the plastic box, which 

recorded by the spectrum analyzer (Agilent N9320B). The plastic box has no obvious 

attenuation for the RF signal. Fig. 1f shows the spectrum information of the 

transmitter placed in a plastic box with/without wrapped GAF. When the mobile 

phone is placed in a plastic box without wrapped GAF, the spectrum analyzer detects 

strong electromagnetic energy at 2.45 GHz. When the mobile phone is in EMI 

shielding box, the signal analyzer does not detect any signal, which elucidates that 

GAF has super strong EMI shielding performance. Video S1 (online) records the 

shielding effect of the box with GAF on mobile phone RF signals.  

To further explore the electromagnetic protection of GAF, we designed a 

frequency selective surface (FSS) based GAF that works at millimeter wave 

frequency band, as shown in Fig. S5a and b (online). The square ring conductor layer 

and the dielectric layer, which compounded together by hot pressing [15], form the 

FSS of the double-layer structure. The GAF with a typical thickness of 15 μm is 

selected as the conductor of FSS. Polyethylene glycol terephthalate (PET) film (gray 

part) with a thickness of 0.06 mm, dielectric constant of 3.5 and loss tangent of 0.003 

is the substrate of GAF FSS. The GAF FSS is produced by laser engraving method 

with the periodic element dimension of 3 mm×3 mm. Fig. S5c–e (online) show the 

design and optimization process, and the frequency response of different parameter 

values to GAF FSS. The inner diameter of the square ring and the size of the substrate 

have a severe influence on the operating frequency of the GAF FSS. The optimized 

parameter values are shown in Table S2 (online). Fig. S5f (online) illustrates the 

equivalent circuit diagram of GAF FSS element. The patch-type FSS periodic element 

is equivalent to a series circuit of resistance (R), inductance (L), and capacitance (C), 

where L and C represent the resonant frequency information, and R represents the Q 

value of the periodic element. The R, L, and C values are extracted by using 

optimization algorithm to adjust the circuit calculated results in Advanced Design 

System (ADS) software to match the EM simulated results of CST software. Fig. S5g 

(online) is the transmission coefficient results of the periodic element, which 

calculated the equivalent circuit by ADS software and simulated the actual model by 

CST software. The FSS resonates at 55 GHz with the –10 dB working frequency band 

of 43.10–66.20 GHz, and the calculated results are consistent with the simulation 

results. The E-field distribution can further analyze the working mechanism of FSS. 



 

Fig. S5h and i (online) show the E-field distribution of the GAF FSS at operating 

frequency and non-operating frequency respectively. It can be clearly seen that there 

is no induced current in the FSS structure at non-operating frequency, and 

electromagnetic waves can pass through FSS normally. However, the FSS resonates 

at 55 GHz and generates a strong induced current, which causes electromagnetic 

waves cannot pass through the FSS.  

To further broaden the working bandwidth, we designed a double-layer GAF FSS 

structure as shown in Fig. S6a (online). The interlayer spacing of GAF FSS is d, 

which is filled with a foam plate with a dielectric constant of 1.1. The foam plate with 

low dielectric constant has no affect electromagnetic waves of GAF FSS. Different 

interlayer spacing determines the performance of the double-layer GAF FSS. As the 

spacing decreases, the working bandwidth becomes wider. Increasing the spacing can 

enhance the rectangular coefficient and frequency selectivity of GAF FSS. Combining 

the two factors, we designed the layer spacing to be 1 mm, as show in Fig. S6b 

(online). After simulation optimization, GAF FSS is manufactured by laser engraving. 

We produced a GAF FSS with 20×20 periodic elements and the structure dimension 

of 60 mm×60 mm, as shown in Fig. 1g and Fig. S6c (online). GAF FSS has a very 

low areal density of 0.027 g/cm2, demonstrating by that can be placed lightly on 

flowers. The measured and simulated transmission coefficient of GAF FSS under 

normal incidence of electromagnetic wave is shown in the Fig. 1h. In the 34.19–74.87 

GHz frequency band, the transmission coefficient of GAF FSS is less than –10 dB, 

which means that FSS can shield more than 90% of the electromagnetic waves. GAF 

FSS can shield more than 99.9% of electromagnetic waves at frequency band of 

42.71–66.75 GHz. Outside of this frequency band, electromagnetic waves can pass 

GAF FSS in a large proportion, proving that GAF FSS has good frequency selection 

characteristics. Fig. 1i depicts the spectrum curve of GAF FSS at different incident 

angles of electromagnetic waves. In the range of 0–25°, the transmission coefficient 

and working bandwidth of GAF FSS remain basically consistent. Fig. S6d (online) is 

the measurement environment and diagram of GAF FSS. GAF FSS is fixed on a 

rotatable wooden shelf and placed in microwave anechoic chamber to remove the 

influence of electromagnetic waves in the environment. The two horn antennas 

connected to the vector network analysis serve as the transmitter and receiver. The 

GAF FSS is placed vertically between the two horn antennas. The vector network 

analyzer (Keysight PNA N5247A) records the reflection coefficient and transmission 



 

coefficient of the two antennas to calculate the frequency response of the GAF FSS. 

All the test results show that GAF is more suitable for modern electromagnetic 

protection materials with integrated thermal, light weight and high efficiency 

shielding. 

In conclusion, the large-scale manufacture of an ultrahigh-conductivity graphene 

assembled film is achieved by secondary high temperature annealing. The 

conductivity of the treated GAF increases by 41% compared with the single annealing 

GAF and shows a high EMI SE of 70–90 dB and SE/t of 4666.67 dB/mm in 

frequency band of 18–67 GHz. In addition, a millimeter wave FSS based on GAF 

with 400 elements (3 mm × 3 mm) is designed and investigated for the first time. The 

GAF FSS has small areal density of 0.027 g/cm2. In the 34.19–74.87 GHz frequency 

band, the transmission coefficient of GAF FSS is less than –10 dB, which means that 

FSS can shield more than 90% of electromagnetic waves. Within the frequency band 

of 42.71–66.75 GHz, GAF FSS can shield more than 99.9% of the electromagnetic 

waves. Moreover, inheriting the properties of GAF, the GAF FSS exhibits good 

flexibility, high thermal conductivity, and excellent mechanical stability. Thus, this 

research has demonstrated a new concept via applying a standard method that the 

graphene assembled films can be used in millimeter wave electromagnetic protection 

of EMI shielding and FSS, which can thus open a new research area. 
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In this work, we proposed a large-scale graphene assembled film with ultra-high 

conductivity for millimeter wave electromagnetic protection. The electromagnetic 

interference shielding and frequency selective surface based on graphene assembled 

film show excellent performance. 

 

 


