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Cavity resonant modes of shielding enclosure for housing electronic circuits may cause

electromagnetic interference (EMI). Here, we present an effective approach by using graphene to

suppress unwanted resonant modes while maintaining good transparency to visible light. The

structure consists of graphene sheet on quartz substrate attached to the shielding enclosure made

from indium tin oxide. We experimentally demonstrate that the proposed approach can lead to

good absorption of microwave waves at a wide frequency range from 5 to 12 GHz and high

attenuation of cavity modes up to 20–30 dB. Its effectiveness of EMI shielding averaged 20 dB is

proven to be comparable with conventional metallic enclosures. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4962474]

Electromagnetic Interference (EMI) to communication

systems is problematic with ever-increasing operating fre-

quencies and higher degrees of integration of electronic devi-

ces.1 One of the essential countermeasures is the use of

electromagnetic shielding. Efforts have been made over the

past two decades to find effective shielding materials such as

metals, metallic mesh,2 doped carbon nanotubes,3 composite

carbon nanotube flexible films,4 and conducting polymers.5

By using sol–gel process, inherently conducting polymer

based transparent composites have also received superior

attention due to their high conductivity and permittivity val-

ues.6,7 However, inherent cavity resonant modes often lead

to significant degradation of shielding effectiveness (SE),8

responsible for unwanted electromagnetic coupling among

different electronic components inside the enclosure.9 With

the tendency that an ever-increasing number of electronic

components and sub-systems are to be integrated into a lim-

ited space, such unwanted coupling of electromagnetic

waves may give rise to system malfunction or even failure.

Earlier studies have shown that cavity resonant modes can

be damped by coating lossy materials onto inner walls of a

shielding enclosure.10 In addition, conductive dielectrics11 or

dielectrics coated with thin resistive films12 have been used

to attenuate cavity resonances. Magnetic thin film,1 lid of

nails,13 and electromagnetic band gap structures14 were also

applied in recent years.

With optical transparency of up to 97.3%, monolayer

graphene films have been found many applications where

high optical transparency is essential.15 With a sheet resis-

tance of the order of 125 X=sq (Ref. 16) to 6000 X=sq,17

undoped monolayer graphene is able to absorb microwave

energy across a wide band of microwave frequencies.18–22

Following the same principle, we propose a design based on

graphene in order to reduce EMIs for electronic systems

within the shielding enclosure.23

In this letter, we will demonstrate the effectiveness of

EM shielding by applying a CVD graphene based design in

comparison with its conventional counterpart presented in

Ref. 12, where a metallic enclosure (ME) consisting of poly-

ethylene terephthalate (PET) film covered with aluminum

foil is used as a reference. Specifically, a monolayer CVD

graphene24 film on quartz substrate is attached to an enclo-

sure made of indium tin oxide (ITO). Suppression effective-

ness of two enclosures is demonstrated and compared by

both numerical simulations and measurements. A physical

insight of EMI reduction mechanism will be discussed.

Cavity resonance modes of a rectangular metallic enclo-

sure will occur at frequencies, which can be determined by25

FIG. 1. (a) Various undesired EMI phenomena of packaged microwave

module at resonant frequencies. (b) Model of enclosure for simulation and

experiment.

a)Authors to whom correspondence should be addressed. Electronic
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where c is the speed of light, a; b, and d are the dimensions

of the rectangular cavity, m; n; l refer to the number of varia-

tions in the standing wave pattern in the x; y; z directions,

respectively, er is the relative dielectric constant, and lr is

the relative permeability.

As is illustrated in Fig. 1(a), cavity resonant modes of

the metal shielding enclosure can lead to two adverse prob-

lems. First, the mutual coupling among different RF modules

increases significantly due to the occurrence of cavity

modes; second, the SE of the metal enclosure will be

reduced, as a result of its strong coupling with EMI.8

To solve these two problems simultaneously, cavity res-

onant modes of shielding enclosure must be damped. What

is more, to maintain good optical transparency of the enclo-

sure, materials such as graphene and ITO can be used, as

depicted in Fig. 1(b). ITO film with a sheet conductivity of

0.11 S=sq (sheet resistance of 9 X=sq) presented in the pro-

posed design will reflect the EMI26 from external environ-

ment and increase the SE. However, highly reflective

cavities made of ITO or other conductive materials often

excite unwanted cavity resonant modes in certain frequen-

cies. We anticipate that by utilizing electromagnetic absorb-

ing properties of graphene, a hybrid structure consisting of

ITO and graphene can be designed and unwanted electro-

magnetic resonances can be suppressed. In fact, once the gra-

phene film is attached at the bottom of quartz, surface

currents are induced at the graphene layer, this current will

be absorbed because of the lossy property of graphene, and

this can be used to explain the decrease of resonant intensity.

Experimental apparatus is shown in Fig. 2, a rectangular

metallic enclosure made of aluminum foils coated with PET

films (Fig. 2(a)) is used as a reference design. Fig. 2(b)

presents the proposed shielding enclosure, where an ITO

film with a sheet resistance of 9 X=sq is used to form the

cavity, while aluminum foil tapes are only used at the joints

to ensure good contacts. These two enclosures have the same

dimensions as those described in the simulation model

shown in Fig. 1(b). Graphene on quartz substrates is attached

to the inner walls of the enclosure as shown in Fig. 2(b).

Dimensions of the quartz and graphene-PET are 20 mm

� 20 mm � 2.8 mm and 20 mm � 20 mm, respectively. In

Fig. 2(d), a pair of 3 mm-long SMA connectors is mounted

on a copper sheet of size 100 mm � 100 mm, for the purpose

of exciting and measuring resonant cavity modes.

The monolayer graphene film was fabricated by the

CVD method before being transferred onto the PET sub-

strates. The sheet resistance of monolayer graphene was

measured around 500 X=sq. Resistance discontinuities may

occur on the surface of monolayer graphene due to the exis-

tence of double layer graphene, wrinkles, and occasional

rears. Since the wavelength of the frequencies we studied is

much greater than the size of discontinuities point, it has

almost no influence on the measured result. And by control-

ling transfer conditions and post-processing method, scien-

tists can make different graphene samples with diverse sheet

resistance.27–30

FIG. 2. (a) The rectangular metal

enclosure made of aluminum foil tape.

(b) The transparent shielding enclosure

realized by ITO films. (c) Quartz and

CVD graphene (coated on PET) used

in the experiment. (d) Schematic of

two SMA connectors on a copper

board.

FIG. 3. Simulated and measured transmission coefficients of the metallic

enclosure (ME) and ITO transparent enclosure (TE). The status of the two

enclosures after graphene (Gr) film and quartz (Qz) imbedded is illustrated.

TABLE I. Comparison of measured transmission peaks at resonance.

Mode

Without graphene film With graphene film

Metal enclosure ITO enclosure Metal enclosure ITO enclosure

TE101 �4.84 dB at 7.10 GHz �24.01 dB at 7.10 GHz �19.15 dB at 6.10 GHz �30.85 dB at 6.14 GHz

TE201 �1.89 dB at 11.20 GHz �9.24 dB at 11.18 GHz �16.77 dB at 9.50 GHz �21.44 dB at 9.54 GHz
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Transmission coefficients (S21) of both conventional

metallic and optically transparent enclosures (TEs) are pre-

sented in Fig. 3, showing both simulated and measured

results. It is evident that the metal shielding enclosure has

two resonant modes (TE101 and TE201) at 5.5 GHz and

11.5 GHz, and transmission of both resonant modes is nor-

malized to 0 dB. For the CVD graphene based shielding

enclosure, both TE101 and TE201 modes are suppressed by

almost 17 dB.

The proposed shielding enclosure in Fig. 2(b) has two

major advantages over its metallic counterpart. First, it can

be used in electronic systems, where the optical transparency

is a required feature. Second, electromagnetic wave absorp-

tion from the graphene (with a sheet resistance of 500 X=sq)

is significant as illustrated in Table I. With the use of gra-

phene, the transmission peak of TE101 mode is decreased by

about 15 dB for the metal enclosure and 10 dB more for the

ITO enclosure, while for the TE201 mode, the transmission

peak is reduced by around 15 dB for the metallic enclosure

and 5 dB more for the ITO enclosure. The experiment was

carried out by the use of Agilent N9918A vector network

analyzer, while simulation results performed using the

Ansoft HFSS EM software are in good agreement with mea-

sured data.

A closer investigation of electric field distributions

within both shielding enclosures reveals that cavity reso-

nant modes can be further suppressed by lowering the sheet

resistance of graphene. Fig. 4 shows the contour plot of

electric field intensity of the ITO enclosure. Figs. 4(a) and

4(d) show the electric field distributions of the ITO enclo-

sure without graphene on quartz substrates. A graphene

film with different sheet resistances has severe effects on

the field strength of resonant modes. Figs. 4(b) and 4(e)

show that TE101 and TE201 modes of the ITO enclosure

will be suppressed with a graphene film of sheet resistance

of 5000 X=sq. They will be further reduced when a sheet

resistance of 500 X=sq is applied as described in Figs. 4(c)

and 4(f).

FIG. 4. Contrast contour plot of nor-

malized electric field intensity distribu-

tion of ITO enclosure (top view and

y¼ 6 mm). TE101 mode ((a)–(c)) and

TE201 mode ((d)–(f)) are normalized to

3000 V/m and 6000 V/m, respectively.

FIG. 5. (a) Schematic of the experimental setup for EMI shielding effective-

ness measurement. (b) Physical map of the model shown in (a). (c) Plot of

EMI shielding effectiveness for metal enclosure and ITO enclosure, the

results without enclosure are displayed for comparison.
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It is worth noting that the suppression effectiveness of

fundamental mode TE101 is greater than that of TE201. This

can be related to the thickness of graphene/quartz substrate

used in the design.

Since the shielding property of the proposed enclosure is

determined by ITO film, we measured the SE of the empty

enclosure made by ITO film in this section. The ability of

EMI shielding can be verified in the experimental setup

shown in Figs. 5(a) and 5(b). In this case, the SE is measured

by using Agilent N9918A vector network analyzer and the

results are shown in Fig. 5(c). It can be noted that the stron-

gest mutual coupling appears around 10 GHz. The conven-

tional metallic enclosure can achieve a good suppression of

around 10 dB–40 dB. Performance of the optically transpar-

ent enclosure is slightly inferior to that of the metal enclo-

sure, due to its limited conductivity of the ITO film.

In conclusion, we designed an optically transparent

shielding enclosure by integrating ITO with graphene/quartz

substrates, which effectively suppress cavity resonant modes.

The proposed shielding enclosure exhibits good performance

from both simulated and measured results. EMI shielding

effectiveness of the proposed optically transparent enclosure

has been fully demonstrated. This method can be utilized in

packaging millimeter-wave integrated hybrid circuits

(MICs), monolithic microwave integrated circuits (MMICs),

microelectromechanical systems (MEMSs),31 and other

potential applications.
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