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Abstract
Ultra-thin and transparent electromagnetic interference (EMI) shielding and absorbing materials
are in increasing demand for near-field electromagnetic wave attenuation in transparent electronic
devices that get thinner and lighter. Here, we report chemical-doped and undoped graphene as the
thinnest and transparent shield for high-performance near-field electromagnetic wave attenuation.
The electromagnetic loss characterization demonstrate that a single layer graphene film exhibits
a giant magnetic field transmission loss normalized to the film thickness that is at least two orders
of magnitude higher than those of conventional EMI shielding and absorbing materials, which is
attributed to the outstanding magnetic field mirroring in graphene. The doped and double-layer
graphene films exhibit superior power and transmission losses than the commercial transparent
indium tin oxide shield over the frequency range from 0.1 GHz to 6 GHz. The high-performance
near-field electromagnetic wave attenuation in graphene enables broad range applications such as
futuristic transparent display devices.

1. Introduction
Numerous structures in electronic systems (e.g.
mobile phones, displays, flexible devices, wireless
network devices, and tablet personal computers)
can act as both electromagnetic radiation sources
and victims in the frequency range from 3 kHz to
300 GHz (figure 1). Recently, the widespread use of
mobile devices and wireless networks has created an
unfriendly electromagnetic environment for integrated
circuits (ICs) and even the human body [1]. The
electromagnetic radiation from ICs with very small
feature sizes may induce undesirable electromagnetic
coupling between data paths, which results in the
unintentional electromagnetic fields that can cause
undesirable currents and various disturbances. Such
disturbances can cause either temporary malfunctions

© 2017 IOP Publishing Ltd

or even permanent damage of the recently developed
electronic devices that operate at hundreds of MHz
with harmonic noise emissions in the GHz region
[2, 3]. In particular, integrated transparent display
devices can result in complex issues around radio
frequency radiation source in a near-field magnetic
field that cannot be removed with conventional systemlevel shields and grounding techniques, because of the
noise signal reflected from metal shields. Thus, the
transparent materials of interest, which can decouple
the noise path, suppress noise current, and radiation
reduction, are required to satisfy requirements on
attenuating electromagnetic noises in near-field and/
or far-field.
Conductive materials, which have mobile charge
carriers (electrons or holes) that interact with the
electromagnetic fields in the radiation [4, 5], have been
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Figure 1. Schematic of the operating frequency range of the telecommunication and electronic system. The radio frequencies from
sub-MHz to 100 GHz allocated to various types of services including radio, television, mobile phones, Wi-Fi, microwave oven, and
radar system.

widely used as commercial EMI shielding products,
such as metal gaskets, and foil- and mesh-type shields
in the far-field regime such that the distance between
the radiation source and shielding material is larger
than the wavelength of the radiation (λ/2π). Because
conventional metal shields are either bulky or heavy and
have poor corrosion resistance, polymer composites
shields containing conductive fillers have been studied
[6–8]. Among the composite shields, carbon materials/
polymer composites have attracted much attention as
EMI shielding materials due to their high mechanical
strength, conductivity, light weight, and resistance to
corrosion [9–11]. However, the agglomeration and
high inter-sheet contact resistance of carbon materials
in polymer composites [12] remain a significant challenge for the fabrication of high-performance EMI
shields. For effective noise attenuation performance in
transparent display devices, high transparent shielding
and absorbing materials are necessary for near-field
noise attenuation of EMI, where electric and magnetic
coupling to nearby sources can be decisive. Thus, ultrathin lightweight, and transparent materials are needed
for high-performance noise attenuation in the nearfield regime, particularly when the magnetic field (i.e. a
low impedance wave) is predominant [1, 13–18].
Graphene is 2D sheet of one atom in thickness with
sp2-bonded carbon atoms [19–22]. Its unique structure
and properties have prompted tremendous research for
potential applications as transparent conductive electrodes [23–25]. Due to its remarkable electrical and
magnetic properties, graphene has been considered as a
key material for nanoscale magnetic and spin electronics devices [26–28]. The previous studies on graphene’s
magnetism reported that non-defective graphene flakes
show diamagnetism at room temperature [29–33]. In
particular, the graphene has an extraordinary magnetic
property, which is known as the magnetic mirroring,
where an external magnetic field can give rise to a diamagnetic electric current on graphene [31–33]. The

2

graphene, therefore, is regarded as a promising candidate for practical EMI shielding applications because of
its exceptional optical transparency, electrical conductivity, and magnetic properties at atomic scale thickness. In this study, we investigate unique near-field
electromagnetic wave attenuation characteristics of
chemical-doped or/and layer-by-layer stacked graphene films and compared to the conventional shielding and absorbing materials over the entire frequency
range from 0.1 GHz to 6 GHz. Numerical analysis is also
performed to clarify the electromagnetic wave attenuation characteristics of the graphene depending on its
electrical properties in a predominantly magnetic field
on a microstrip transmission line.

2. Results and discussion
Figure 2 shows the optical and electrical properties
of graphene before and after nitric acid (HNO 3)
treatment. The purity of the graphene is critical for its
electromagnetic properties because of the existence
of magnetic impurities (Co, Ni, and Fe) [34]. X-ray
photoelectron spectroscopy (XPS) was employed to
confirm the possible contamination on the surface of
the graphene and to analyse the compositional change
of carbon atoms after HNO3 treatment. Figures 2(a)
and (b) present the XPS spectra of graphene on a SiO2/
Si substrate before and after HNO3 treatment. We
only observed O 1s (532.8 eV), C 1s (284.6 eV), Si 2s
(154.9 eV), and Si 2p (103.9 eV), indicating that there
is no detectable amount of magnetic impurities in the
graphene films. Thus, we can exclude the possibility
of extrinsic magnetic impurity signals. Figure 2(b)
present the high-resolution C 1s peak and indicates
that the C 1s peak of the HNO3-doped graphene is
down-shifted from to 0.4 eV and much broader than
that of undoped graphene [24]. The N 1s peak of the
HNO3-doped graphene exhibits C  ≡  N and C  =  N
bands at 399.6 eV and 407.0 eV, respectively (inset in

2D Mater. 4 (2017) 025003

J Kang et al

Figure 2. Optical and electrical properties of graphene before and after HNO3 treatment. (a) XPS wide scan spectra of graphene
before and after HNO3 treatment. (b) High-resolution spectra for C 1s. Inset shows the N 1s spectrum of the HNO3-doped
graphene. (c) 514 nm Raman spectra comparison of graphene before and after HNO3 treatment. Inset shows the D peaks of
graphene films. (d) and (e) Raman ID/IG ratio distributions of graphene (d) before and (e) after HNO3 treatment. The red curves
are fitted with Gaussian distribution function. The inset images are corresponding Raman mapping images. Scan areas,
20 µm  ×  20 µm. (f) Electrical transport measurements of graphene devices before and after HNO3 treatment. The upper right inset
shows hole mobility and Dirac voltage.

figure 2(b)) [35]. It indicates that a small portions of the
HNO3 molecules may be formed the chemical bonds
on the point defects in graphene. However, most of the
HNO3 molecules were dominantly physisorbed on the
graphene surface, which is confirmed by insignificant
changes in D peak intensity before and after exposure
to HNO 3 [29]. These XPS data of graphene are
evidences of p-type doping. The Raman spectroscopy
measurement further support the p-type doping of
graphene, exhibiting a blue shift in both the G and
2D peaks (figure 2(c)). Although we observed defects
over the majority of graphene films, the ID/IG values of
graphene before and after HNO3 treatment are centered
3

at approximately 0.061  ±  0.070 and 0.062  ±  0.076,
respectively, indicating that these intensities are
negligibly small (figures 2(d) and (e)). Therefore, the
HNO3 treatment did not induce topological defects
or vacancies on the graphene. However, we observed
that HNO3 treatment leads to a dramatic change in the
electrical properties of graphene [36]. By applying a
gate voltage (from a 300 nm thick SiO2/Si back gate),
we measured the resistance of graphene devices with
gate voltage (figure 2(f)). The Dirac point voltage of
graphene dramatically shifts from around 5 V to 120 V
with decreasing mobility by around three times (from
5000 to 1700 cm2 V−1 s−1) after HNO3 treatment.
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It is noted that HNO3 molecule groups significantly
increase the scattering from the charged impurities on
the graphene surface, resulting in lower hole mobility
[24]. In contrast, HNO 3-doped graphene device
have a much higher carrier concentration, defined as
n  =  αVG (α  ≈  7.2  ×  1010 cm−2 V−1), 8.6  ×  1012 cm−2
compared to 2.9  ×  1011 cm−2 for single layer graphene
(1LG) device. Thus, despite decreasing hole mobility,
the electrical conductivity of HNO3-doped graphene
is significantly improved.
We prepared undoped and HNO3-doped graphene
films on polyethylene terephthalate (PET) substrates
and the indium tin oxide (ITO) film on poly(ethylene
naphthalate (PEN) as you can see in figure 3(a). The
surface morphology and transmittance of the 1LG film
did not exhibit a significant variation after HNO3 treatment, whereas its sheet resistance rapidly decreased
from 332.3 to 244 Ω/square (figure 3(a) and table 1).
The electrical conductivity of a material is one of the
most significant factors in determining the material’s
absorption and/or reflection because it is an intrinsic
property that reflects electromagnetic radiation [37, 38].
The resistivity ρ of the graphene and ITO films is calculated by ρ  =  G(V/I ), where G is a geometric factor
[39] obtained by G  =  4.5234  ×  δ and δ is the thickness.
We measured the resistance R using the standard fourpoint contact method. The resistivity and conductivity
values of all samples are summarized in table 1. For the
near-field electromagnetic wave attenuation characteristics, we measured the scattering parameter changes
of a microstrip line (MSL) attached with either an ITO
film or graphene films (figures 3(b)–(d)). Both ends
of the MSL with an initial impedance of 50 Ω, corre
sponding to a low wave impedance (i.e. magnetically
dominant waves), were connected to the vector n
 etwork
analyser (VNA) through coaxial cables to measure the
S11 (reflection coefficient) and S21 (transmission coefficient) signals from 0.1 GHz to 6 GHz (photograph
for the experimental setup in supplementary figure S1
(stacks.iop.org/TDM/4/025003/mmedia)). The power
loss (P), which represents the noise suppression effect,
was calculated as follows: P  =  1  −  (|S11|2  +  |S21|2)  =  
1  −  (R′  +  T′)  ≈  A′, where A′ is the absorbance, R′ is
the reflectance, and T′ is the transmittance. The electro
magnetic transmission loss (TL) and return loss (RL)
are usually calculated as follows: TL (dB)  =  −10 log
T′ and RL (dB)  =  ‒10 log (R′). The graphene film is
exposed to a fluctuating magnetic field generated by
an alternating current signal generator (i.e. the MSL in
figure 3(c)). According to Faraday’s Law of induction,
the eddy current flows in the graphene conductor when
it enters the magnetic field (H-field), which leads to the
generation of 2nd H-field (i.e. the eddy-current magn
etic field) opposite to the magnetic field. It denotes that
the graphene works as a magnetic mirror, where the
response eddy current creates a mirror magnetic field.
This phenomenon is the so-called magnetic field mirroring in graphene, theoretically reported in previous
studies [31–33].
4

We characterized the frequency dependence of the
near-field electromagnetic wave attenuation of the
graphene films and ITO film in the frequency range
from 0.1 GHz to 6 GHz. In spite of non–magnetic and
non–conducting features in only substrates (figure 4),
the 1LG on the PET exhibits high transmission loss in
the frequency region and its maximal value is approximately –13.1 dB at 6 GHz (figure 5(a)). Especially, the
1LG provided the higher transmission loss than the
ITO film until 1.8 GHz even though its thickness is
approximately 600 times smaller. Figure 5(b) presents
the transmission loss per the film thickness compared
with conventional EMI shielding or absorbing mat
erials [40, 41]. The 1LG exhibits a giant magnetic field
transmission loss normalized to the film thickness that
is at least two orders of magnitude higher than those
of other shields or absorbers over the entire frequency
range up to 6 GHz. By comparing the 30 nm thickness
SWCNTs film, we found that the graphene exhibits
significant high in transmission and power losses over
the entire frequency range up to 6 GHz (supplementary figure S2). To investigate the effect of chemical
doping on electromagnetic wave attenuation characterization of graphene, we prepared HNO3-doped and
gold (III) chloride-nitromethane (AuCl3–CH3NO2)doped graphene films (supplementary figure S3).
As expected, the improved electrical conductivity of
graphene leads to significant increase in transmission
loss due to the increase in reflectance (figures 5(c) and
(d)). These results suggest that the chemical doping of
graphene can increase its noise shielding attenuation.
However, the noise reduction by the inordinately high
reflectance is usually undesirable for effective electro
magnetic wave attenuation in near field because the
excessively high reflection noises can cause serious
re-reflection problems with adjacent electrical comp
onents. Indeed, the 1LG film exhibits much higher
power loss and lower reflectance compared to ITO
(figures 5(c) and (d)). The relative portion of power
loss with respect to main transmission loss components
indicates that magnetic wave attenuation by graphene
becomes dominant in a predominantly magnetic-field
in the relatively lower frequency range, compared to
ITO (figure 5(e)). Furthermore, we demonstrated
the effect of thickness and electrical conductivity on
electromagnetic wave attenuation of graphene (figure
6 and table 1). The chemical doped and double-layer
graphene films exhibit superior properties of the transmission and power losses than the conventional ITO
shield over the measured frequency range. However,
the transmission loss and power loss of the triple-layer
graphene show not significantly difference with that
of the double-layer graphene although the number of
graphene layers increased (supplementary figure S4).
It indicates that the electrical conductivity is mainly
influenced on the near-field electromagnetic wave
attenuation characteristics in multiple-layer graphene
shields for near-field shielding and absorbing of EMI
in transparent display devices.
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Figure 3. Schematic illustration of experimental setup for the near-field electromagnetic wave attenuation measurement.
(a) Photographic image of ITO on PEN substrate, undoped graphene, and HNO3-doped graphene films on PET substrates.
The size of all samples is 5 cm  ×  5 cm. Scanning electron microscope (SEM) images of graphene (black box) before and (red box)
after HNO3 treatment. The scale bar in the SEM images is 10 µm. (b) Experimental setup with graphene film. (c) Magnetic field
illustration in the MSL overlaid with the graphene film. (d) Cross-sectional view of experimental setup.
Table 1. Comparison of the transmittance, sheet resistance, resistivity, and conductivity values of graphene, HNO3 doped,
AuCl3–CH3NO2 doped graphene, and ITO films.

1LG
1LG HNO3
1LG AuCl3–CH3NO2

Transmittance (%)

Sheet resistance (Ω/square)

Resistivity (Ω · m)

Conductivity (S m−1)

97.1

332.9

1.11  ×  10−7

8.98  ×  106

244.5

−8

1.22  ×  107

−8

2.19  ×  107

−7

6.92  ×  106

97.2
97.4

136.3

8.19  ×  10
4.57  ×  10

2LG

94.8

216

2LG HNO3

94.9

133.5

8.95  ×  10−8

1.12  ×  107

2LG AuCl3–CH3NO2

94.1

63.9

2.14  ×  10−8

4.67  ×  107

3LG

91.8

167.4

1.68  ×  10−7

5.95  ×  106

−6

3.85  ×  105

ITO

91.5

13

1.45  ×  10

2.60  ×  10

Figure 4. ((a)–(c)) (a) Power loss, (b) reflectance, and (c) transmission loss of the reference MSL, PET, and PEN substrates with
varying frequency.

To better understand the effect of electrical conductivity of graphene on the near-field electromagnetic
wave attenuation characteristics, we performed a
numerical simulation using the three dimensional
5

(3D) finite-element high-frequency structure simulator (HFSS) code [35]. Figures 7(a) and (b) present
the reflectance and power loss as functions of different conductivities for 1LG (µr  =  1 and εr  =  1).
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Figure 5. Near-field electromagnetic wave attenuation characteristics of single-layer graphene. (a) Variation of transmission loss
for graphene and ITO films. (b) Transmission loss of CVD graphene compared with conventional EMI shielding materials. The
transmission loss per unit thickness of CVD graphene is two orders of magnitude larger than typical transparent conductive oxide
layer (ITO), magnetic composite films (Co38Al15Pd19O28 and Fe–Si–Al) and metal film (Cu). (c)–(e) Variations of (c) reflectance,
(d) power loss, and (e) return loss for graphene and ITO films, respectively. (f) Percentage of absorbance in total transmission loss
components (absorbance  +  reflectance) for graphene and ITO films.

The reflectance is only slightly changed for conductivities of less than 8.98  ×  104 S m−1 and remarkably
increases at more than 8.98  ×  106 S m−1. Due to the
highly increased reflectance at σ  =  8.98  ×  107 S m−1,
we can observe a high reflection of magnetic radiation from the magnetic field distributions developed
at both 0.5 GHz and 2 GHz in figures 7(c)–(j). However, the power loss increases until a conductivity of
8.98  ×  106 S m−1 but decreases at 8.98  ×  107 S m−1.
These results demonstrate that the 1LG film with
conductivity near 8.98  ×  106 S m−1 can exhibit giant
6

magnetic wave attenuation without a significant
increase in the re-reflection of magnetic radiation. The
near-field vector distributions (figures 7(k)–(n)) show
that the intensity of the magnetic field generated in the
vicinity of the transmission signal line is significantly
reduced. It is attributed to the mirror magnetic field
opposite to the magnetic field in the graphene film.
We demonstrated that the CVD graphene films
exhibit high-performance power and transmission
losses in the near-field magnetic field. In particular, the
absorption contribution to the overall electromagnetic

2D Mater. 4 (2017) 025003

J Kang et al

Figure 6. Near-field electromagnetic wave attenuation characteristics of double-layer graphene. Variation of (a) transmission loss,
(b) power loss, (c) reflectance, and (d) percentage of power loss in main transmission loss components (power loss  +  reflectance)
for graphene films and ITO film.

wave attenuation behaviour increased significantly
even at an atomic level thickness and the reflection
contribution decreased with increasing frequency up
to 6 GHz. Numerical results of the magnetic field distributions in graphene with different electrical conductivities also identify that a 1LG exhibits ultrahigh
shielding and absorbing attenuation even at an atomiclevel thickness, which is attributed to the outstanding
magnetic field mirroring in graphene. The chemical
doping and double-layer graphene provided more
enhancement in the performance of electromagnetic
wave attenuation due to the increase in power loss and
reflectance. Thus, we concluded that the CVD graphene
has great potential as a transparent electromagnetic
shielding and absorbing material that is ultra-thin and
lightweight in the operational frequency range of telecommunications and display devices.

was conducted for 10 min, and then, the tube was
rapidly cooled down to room temperature. The front
side of graphene on Cu foil was coated by poly(methyl
methacrylate) (PMMA) and then the back side of
graphene was removed by O2 plasma etching. To prevent
sample contamination, the Cu foil was completely
etched by ammonia persulfate (0.1 M), and then, the
PMMA/graphene was rinsed in deionized water three
times. After etching and rinsing, the PMMA/graphene
was transferred onto either a PET substrate with a
thickness of 188 µm for transmittance, sheet resistance,
and electromagnetic measurements or a SiO2/Si wafer
for SEM, XPS, and Raman spectroscopy measurements.
Finally, the sample was immersed in acetone to remove
the PMMA layer. For chemical doping, graphene
film on a PET substrate was immersed in the dopant
solutions (HNO3 and AuCl3–CH3NO2) for 5 min.

3. Methods

3.2. Characterization
The sheet resistance and transmittance of the graphene
and ITO films were determined by using a four-point
probe with a nanovoltmeter (Keithley 6221, 2182A)
and UV–vis–NIR spectroscopy (Agilent). The SEM
images were taken using a JEOL JSM-6390, operated at
an accelerating voltage of 10–30 kV. XPS was performed
to determine the existence of magnetic impurities

3.1. Synthesis and chemical doping of grapheme
1LG film was grown on Cu foil using the CVD method at
low pressure. First, the Cu foil was inserted into a 2 inch
quartz tube and heated to 1000 °C under H2 (2 sccm).
After reaching this temperature, CH4 (20 sccm) was
flowed into the tube for graphene growth. The growth

7
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Figure 7. HFSS simulation of the graphene at different electrical conductivities. (a) and (b) Numerical simulation results
demonstrating the magnetic field distributions on the MSL with a 1LG film at different conductivities using the finite-element HFSS
code (µr  =  1 and εr  =  1): (a) reflectance and (b) power loss. (c)–(j) The magnetic field distribution on the top views of the MSL
(c) and (d) without and (e)–(j) with a 1LG film with different conductivities (µr  =  1 and εr  =  1): (c) and (d) bare MSL, (e) and (f)
8.98  ×  105 S m−1, (g) and (h) 8.98  ×  106 S m−1, and (i) and (j) 8.98  ×  107 S m−1 at 0.5 and 2 GHz, respectively. (k)–(n) The nearfield vector distribution on the side views of the MSL (k) and (l) without and (m) and (n) with a 1LG film having a conductivity of
8.98  ×  106 S m−1 at 0.5 and 2 GHz.

on the graphene films and the binding energy of the
carbon bonding (VG Microtech ESCA2000). Raman
spectroscopy (Renishaw, 514 nm, Ar + ion laser)
was used to characterize the quality of the undoped
graphene film compared to HNO3-doped graphene
film. The laser powers were set to 10 mW to prevent the
sample from heating. Confocal Raman spectroscopy
with a 100 ×  lens (WITec, 532 nm) was used to obtain
both optical and Raman mapping images of graphene
8

films. The area of all Raman mapping images is
20 µm  ×  20 µm with 100 pixel  ×   100 pixel. The
high-frequency electromagnetic measurement setup
consists of a Hewlett–Packard VNA 8753ES with
a synthesized sweep oscillator and an S-parameter
test set. In this measurement, the transmission line
device is consisted of a 50 Ω MSL on a substrate
which is 70 mm long, 70 mm wide, and 0.8 mm thick,
with polytetraﬂuoroethylene dielectric material
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with permittivity of 2.5 [38]. The signal line was
2.228 mm wide and 0.018 mm thick in the designed
MSL attached with the insulation film with gap of
25 µm on which either an ITO film or graphene films,
as shown in figure 3.
3.3. Simulation
FEM-based CAD high frequency structure simulator
(HFSS, ANSOFT Company) software was used
for numerical simulations of electromagnetic
characteristics of graphene and ITO films. In the
simulations, the transmission line device was
designed to be exactly the same as the measured one
for the direct comparison of simulation results with
experimental data, except that two of the four sides
of the box enclosing the MSL were assumed to be
perfect magnetic conductors. The electromagnetic
loss properties and magnetic field distributions of the
flexible and transparent conductive films on the MSL
were analysed numerically with the HFSS finite element
method calculation code.
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