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A B S T R A C T

Here we experimentally study the microwave absorption and near-field radiation behavior

of monolayer and few-layer, large-area CVD graphene in the C and X bands. Artificial stack-

ing of CVD graphene reduces the sheet resistance, as verified by non-contact microwave

cavity measurements and four-probe DC resistivity. The multilayer stacked graphene

exhibits increased absorption determined by the total sheet resistance. The underlying

mechanism could enable us to apply nanoscale graphene sheets as optically transparent

radar absorbers. Near-field radiation measurements show that our present few-layer

graphene patches with sheet resistance more than 600 X/sq exhibit no distinctive micro-

wave resonance and radiate less electromagnetic power with increasing layers; however,

our theoretical prediction suggests that for samples to be practical as microwave antennas,

doped multilayer graphene with sheet resistance less than 10 X/sq is required.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

As a monolayer of carbon atoms arranged in a two-dimen-

sional honeycomb lattice, graphene is the thinnest material

known to-date with high optical transparency, impressive

flexibility, high electron mobility and controllable conductiv-

ity [1–3]. Considerable research has been invested in attempts

to discover new applications of graphene in the THz and

infrared portion of the electromagnetic spectrum. Graphene

is well-suited for transparent electrodes [4], optical modula-

tors [5], polarizers [6], plasmonic devices [7–9], photodetectors

[10], hyperlenses [11], electromagnetic cloaks [12] and

absorbers [13]. However, it was not until the emergence of

reproducible large-area synthesis of graphene by chemical
vapor deposition (CVD) did it become possible to fabricate

large-scale devices with improved conductivity [14–17]. The

surface conductivity and propagation properties of graphene

have been analyzed rigorously [18–20]. Measurements using

coplanar waveguides [21–23], rectangular waveguides [24],

and cylinder resonant cavities [25–27] have been carried out

to study the conductivity of graphene in the microwave

regime. Graphene FET mixers [28–30], RF transistors [31–33],

metasurfaces [34,35], optically transparent and dynamic con-

trollable RF devices have all been proposed [36]. Similarly,

multilayer graphene is also of great interest as a hyperbolic

metamaterial in the THz regime [37].

Microwave absorption of graphene composites have been

experimentally studied to design microwave absorbing mate-
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rial [38–40], while for the directly stacked graphene films, the

microwave absorption and radiation property has not been

systematically studied. Multilayer graphene is of particular

interest in microwave applications: as the number of layers

increases, the conductivity is enhanced. High quality

multilayer graphene can be obtained by exfoliating natural

graphite and isolating samples by scotch tape methods.

Nevertheless, this method is irreproducible, wasteful, lacks

registration potential and is impractical for large-area appli-

cations. For antenna and shielding applications, large-area

multilayer graphene can be synthesised directly by CVD, how-

ever this does not consistently yield controllable numbers of

layers. Alternatively, monolayer CVD graphene can be stacked

artificially to improve conductivity. However, even the synthe-

sis and reliable transfer of high quality, large scale and highly

conductive monolayer CVD graphene films remains a

challenge.

In this work, we assess the limits of conductivity enhance-

ment by artificially stacking large-area monolayer CVD graph-

ene to form well-defined and well-controlled samples of

turbostratic few-layer graphene, employing a repeat transfer

process which reduces the post-lift-off PMMA residue in the

inter-layer cavities. We employ the microwave resonant cav-

ity method to characterize the absorption effect of large-area

graphene stacks from 1 to 5 layers, and extract their equiva-

lent surface resistances which we compare with DC resistivity

measurements. In our previous work we observed a margin-

ally weaker near-field radiation from a monolayer graphene

patch on microstrip compared with a Cu patch of the same

size [41]. In the present study we demonstrate that large-area

few-layer stacked graphene patches with sheet resistance of

more than 0.6 kX/sq exhibit significantly less radiation with

more layers, despite the conductivity enhancement. Here,

we classify these two operation regions for CVD graphene,

according to its sheet resistance, for microwave applications.

Graphene, with a large sheet resistance (typically > 0.1 kX/sq)

located in the lossy dielectric region is mainly used as an

absorptive thin film, while graphene with a lower sheet resis-

tance (typically < 0.01 kX/sq) in the quasi-metallic region has

the potential for radiating antenna applications.

2. Experimental

2.1. CVD graphene synthesis

Graphene was grown by thermal CVD in a cold-walled,

commercially available reactor (Black Magic, Aixtron Ltd.).

500-nm-thick Cu was magnetron sputtered onto 200 nm

thermally oxidized Si h100i 4-inch wafers. Wafers were

subsequently annealed at 850 �C for 30 min in a 20:1500

standard cubic centimeters per minute H2:Ar atmosphere at

4 mbar. Graphene growth was initiated by introducing

7 sccm CH4 (99.9%) under H2 (99.98%) and Ar (99.998%) dilu-

tion. All samples were cooled to 300 �C under ultra-high pur-

ity N2 (99.999%) before venting the chamber. Temperatures

were monitored using two type K bimetallic thermocouples

and a surface infrared interferometer. Pressures and

temperatures were accurate to within ±0.1 mbar and ±1 �C,

respectively.
2.2. Transfer of monolayer and stacked multilayer
graphene

The graphene on Cu/SiO2/Si wafer was diced into samples of

17 mm · 8.5 mm before casting poly (methyl methacrylate)

(PMMA 950 A4) at 4000 r.p.m. for 30 s and annealing at

180 �C for 1 min. Samples were immersed in an aqueous

ammonium persulfate ((NH4)2S2O8) etchant (2.2 g/100 mL DI)

for 12 h to etch the Cu catalyst. The floating PMMA-graphene

films were transferred into DI water baths using a microscope

glass slide and rinsed several times to remove the etchant and

residual contaminants. For monolayer graphene, the PMMA-

graphene film was transferred on to optical fused quartz sub-

strate (24.6 mm in diameter and 1.25 mm in thickness), which

was subsequently dried at atmospheric pressure for 24 h. For

monolayer samples the films were transferred to occupy only

one half of the quartz substrates, leaving the other half side

exposed for UV–Vis spectrometry baseline calibration pur-

poses. For multilayer samples the films were transferred onto

slightly larger diced wafer substrate pieces, in order to make

PMMA/bilayer graphene stacks. The bilayer stacked sub-

strates were etched again in (NH4)2S2O8 and some of the films

were rinsed and transferred onto target quartz substrates, fol-

lowed by acetone lift-off to remove the PMMA to make bilayer

graphene samples. The rest of the PMMA/bilayer graphene

films were transferred again onto larger diced substrates

and the process was repeated until stacked samples of up to

5 layers were processed.

2.3. Characterization

The optical transmittance of the samples was measured from

200 nm to 1000 nm using a UV–Vis Spectrophotometer. Base-

lines were calibrated without a substrate, in air, followed by

the measurements of bare quartz, monolayer and few-layer

samples. The Raman spectroscopy was performed on the

as-grown graphene on the Cu/SiO2/Si growth wafer with an

incident power < 3 mW and a spot size less than 1 lm. The

transferred monolayer and multilayer graphene were mea-

sured at 457 nm (2.71 eV), 532 nm (2.33 eV) and 633 nm

(1.96 eV) (see Fig. S1a–d). The DC resistivity was measured

using a four-point probe contact stylus. The Keithley Model

2100/120 Digital Multimeter with a four-point probe was

calibrated with an indium tin oxide coated quartz substrate

prior to the measurements. A minimum of thirteen measure-

ments, at different locations, were taken to characterize the

resistivity spatial distribution.

2.4. Microwave resonant cavity measurement

A microwave resonant cavity approach was used to measure

the forward transmission response and the quality factor

with and without the few-layer graphene (see Fig. S2). The

Cu cylindrical cavity, with a radius R of 26 mm and height H

of 40 mm, resonates in the TE111 mode at 5.051 GHz. Two

1 mm length probes with SMA connectors located at one

and three quarters of the cavity height provide the weak-

coupled external excitation. The cavity was split into two

parts across the cylinder center to allow for sample
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placement. The two ports of an Agilent N5230 PNA-L Network

Analyser were connected to the SMA probes of the cavity via

screened coaxial cables and a PNA-L calibrated across a nar-

row frequency range from 5.049 GHz to 5.053 GHz in 1 MHz

steps.

2.5. Microwave near-field measurement

A near field scanner (NSI-200V) was employed to scan the

electromagnetic field distribution across the graphene sam-

ples (see Fig. S4). The samples under test were attached onto

microstrip lines on Duroid substrates and mounted vertically

on a polystyrene support for rigidity. The transmitting port of

the PNA-L Network Analyzer was connected to the microstrip

line via an SMA connector and a screened cable. The near-

field radiation pattern was detected by a monopole probe con-

nected to the receiving port of the PNA-L via a 3 m screened

cable. The surface of the sample under test was scanned

vertically and horizontally at a height of 1 cm to measure

the near-field radiation at the XOZ and YOZ planes at 5 GHz

and 8 GHz. The near-field amplitude and phase data were

obtained using the software NSI2000.

3. Results and discussion

3.1. Sample preparation and characterization results

Monolayer graphene was synthesised by thermal CVD. Sam-

ples were diced from 4 inch graphene/Cu (1 lm)/SiO2

(200 nm)/Si wafers and transferred on to fused silica quartz

substrates using a 200 nm thick PMMA as the supporting

polymer. The stacking method involved repetitively transfer-

ring the PMMA-graphene films onto diced graphene/Cu/

SiO2/Si substrates and etching the underlying Cu catalyst in

2.2% w/v ammonium persulfate solution for 12 h, before

transferring the graphene/PMMA onto the target quartz sub-

strates (Fig. 1a). This method avoids the accumulation of del-

eterious PMMA residues between the graphene layers, which

can be only partially removed by aggressive thermal anneal-

ing and repeated acetone baths. One to 5 layer (5L) graphene

samples were prepared in this fashion.
(a)

Fig. 1 – (a) Schematic illustration of the multi-step transfer-and

spectroscopy optical transmittance measurements for bare qua

colour version of this figure can be viewed online.)
Suspended monolayer graphene has an opacity of

2.3 ± 0.1% [42]. UV–Vis optical transmittance confirmed the

number of the stacked graphene samples (Fig. 1b), which

were consistent with the number of transfer steps under-

taken, supporting our in situ Raman data which indicated

monolayer as-grown graphene. The 1.27 mm thick Spectrosil

fused silica quartz substrate had >90% transmission through-

out the probed optical window (200–1000 nm). Monolayer and

few-layer stacked samples showed characteristic absorption

from 250 nm to 300 nm, and almost uniform absorption from

600 nm to 1000 nm which increases with the number of

layers. The 5L sample absorbs only 0.7% more than the 4L

sample, suggesting this sample is more likely a partial 4L with

some regions of 5L.

Polychromatic Raman spectroscopy revealed that the

transferred monolayer graphene had an ID/IG ratio of � 0.17

(±0.02) and an I2D/IG ratio � 3.0 (±0.12) (see Fig. S1a). The mul-

tilayer Raman peak modes are plotted at all laser energies

(Fig. S1b–d). A comparison of the ID/IG and I2D/IG ratios

(Fig. S1e, f) shows a decreasing trend up to 4L after which

there is a slight increase. Peak mode analysis reveals a

7 cm�1 red-shift in the G band for 5L compared to the

monolayer case, which might be attributed to doping [43].

The maximum D band peak for the 5L blue shifts by 9 cm�1

relative to the monolayer samples. The multilayer 2D bands

are single peaks which can be fitted by single Lorentzian func-

tions, with FWHMs up to 47 cm�1 for the 5L case. The 2D band

peak blue shifts by a maximum of 10 cm�1 and its intensity

increases by up to 56% as the number of layers increase from

1L to 5L, suggesting p-type doping.

3.2. Microwave resonant cavity absorption of multilayer
graphene

Microwave cavity absorption techniques allow the determina-

tion of graphene resistivity without having to physically

vapor deposit metal contact electrodes for Van der Pauw mea-

surements or requiring the use of stylus contact probes. The

principle of operation is similar to the millimeter-wave

method of extracting sheet resistance by measuring power

transmission through thin films where the source and power
(b)
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meter are coupled through dielectric waveguides [27]. The

microwave cavity method has been successfully adopted else-

where to extract sheet resistances of epitaxial graphene and

graphene oxide [25,26]. Here, we utilize a simple microwave

cylindrical cavity method which is suitable for large-area

samples and is implemented by directly loading the graph-

ene-quartz samples at the cavity base (Fig. 2a and Fig. S2a,

b). The cylindrical cavity, of height H and radius R, is excited

by a pair of probes located at H/4 and 3H/4, through weak cou-

pling. The graphene bearing quartz substrate, placed at the

base, behaves as a Salisbury screen-like absorber which

suppresses both the transmission coefficient and the quality

factor. This effect increases as the conductivity of the

graphene improves with increased number of layers. The

cavity resonates in the TE111 mode at

f0 ¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=3:412Rð Þ2 þ 1=2Hð Þ2

q
� 5:051 GHz, where c is the speed

of light in vacuum. When a bare quartz substrate is placed at

the base of cavity the resonance frequency shifts to a lower

frequency f 00 due to the dielectric perturbation.

For monolayer graphene on quartz, the transmission

responses show a suppressed resonance peak and an

increased 3 dB-bandwidth of BW3dB = fR � fL, while the total

quality factor of the cavity represented by Qt ¼ f 00=BW3 dB is

reduced (Fig. 2b). A 2L graphene on quartz loading achieves

a dramatic peak suppression of about 10 dB, followed by a

slowly increasing suppression from 3L to 4L. Interestingly,

the 5L sample does not enhance suppression any further,
(a)

(c)

Fig. 2 – (a) Microwave cavity measurement set-up, (b) measured

(c) predicted and measured quality factor and resonance peak r

absorption point which is chosen as a boundary for two operat

and after annealing) and microwave cavity measurement of this

doping by Kasry et al. [44]. (A colour version of this figure can b
and it behaves as per the 4L sample, as shown in the above

optical transmittance measurements.

In the microwave regime, the complex resistivity of graph-

ene has a constant real term (resistance) and negligible reac-

tance [18,19]. Thus, the sheet resistance obtained at a single

frequency using our microwave cavity approach may repre-

sent a wideband resistivity. The dependence of the quality

factor or resonance peak of the graphene-loaded cavity on

the sheet resistance is obtained from Ansys HFSS full-wave

electromagnetic simulations as shown in Fig. 2c. The total

quality factor of the graphene-loaded cavity can also be

defined as Qt = 1/(1/Qc + 1/Qq + 1/Qg), where Qc, Qq, Qg repre-

sent the quality factor of the cavity, quartz and graphene,

respectively. The minimum quality factor (or the minimum

resonance peak) corresponds to the maximum absorption

point at Rs0. For Rs < Rs0, graphene behaves as a quasi-metallic

material with its quality factor inversely proportional to the

sheet resistance; whilst for Rs > Rs0, graphene behaves like a

lossy dielectric with the quality factor proportional to the

sheet resistance. Here, we label the two regions as ‘quasi-

metallic’ and ‘lossy dielectric’, respectively. In the lossy

dielectric region the measured resonance peaks and quality

factors decrease with increasing layer number.

The sheet resistance of multilayer graphene is extracted by

curve fitting the measured and simulated transmission

responses. Fig. 2d shows that the extracted sheet resistance

from the microwave cavity measurements falls sharply from

5.26 kX/sq, for monolayer graphene, to 1.1 kX/sq, for 2L
(b)

(d)
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graphene, then incrementally decreases from 0.96 kX/sq for

3L to 0.72 kX/sq for 5L, which shows the monotonically

decreased sheet resistance with number of layers. The drop

is significant from 1L to 2L while less so for the following

layers.

3.3. DC sheet resistance of multilayer graphene

The DC sheet resistance was assessed using conventional

contact stylus four-probe approaches, as shown in Fig. 2d.

The sheet resistance values measured at various spots on

the monolayer samples were very inhomogeneous and range

from 8.8 kX/sq to 17 kX/sq, (1r = 3 kX/sq). The 2L stacked

graphene showed improvement in conductivity to a mini-

mum of 0.9 kX/sq with a maximum of 3 kX/sq. The conductiv-

ity of the 3L samples did not vary as much (1r = 0.2 kX/sq) and

the minimum value of the sheet resistance fell to 0.8 kX/sq.

The 4L samples measured at some spots improved to

0.3 kX/sq but the values varied greatly rising to as much as

3.8 kX/sq. The 5L sample has a minimum of 1.3 kX/sq. It is

interesting to observe that after 3L, as the layer number

increases the sheet resistance tended to deviate more across

the sample, especially in the 4L case (1r = 1.3 kX/sq).

The DC mean sheet resistivity for the 1–5L samples were

12.6, 1.4, 1, 1.5 and 2.1 kX/sq, respectively. These average val-

ues are high and do not show a monotonic decrease after 3L

as found in the microwave extracted results. This is most

likely due to the partial contact between layers and the addi-

tive presence of dopants, such as the residual etchant and

water molecules between the higher number layers. We veri-

fied the latter by vacuum annealing the samples to remove

the trapped dopants and any chemicals accumulated by han-

dling during the experiments. Samples were annealed at

5 mbar at 320 �C for 30 min. Sheet resistance measurements

were consistently conducted on samples 30 min after the

annealing process.

Measurements revealed that annealing improved the over-

all homogeneity considerably. Mean values for 1–5L samples

were 5.5, 0.9, 0.6, 1 and 1.2 kX/sq. Annealing reduced the

monolayer graphene sheet resistance 1r variation by 59%

and the maximum value to 7.7 kX/sq, while improving the

minimum to 3.3 kX/sq. The homogeneity improvement

increased with layer numbers, with the most dramatic

improvement for the 4L graphene as 1r reduced by 82% to

0.2 kX/sq. The maximum resistance values were reduced by

a consistent average of 53% across all samples. Interestingly,

upon annealing, the mean DC sheet resistances were similar

to the microwave cavity extracted values as shown in Fig. 2d.

Despite these improvements, 4L and 5L samples still do not

show a monotonic decrease from the 3L value as anticipated.

DC measured results reported by Kasry et al. [44], who use

a layer-by-layer transfer method, also show a small increase

from 3L (666 X/sq) to 4L (674 X/sq) and 5L (763 X/sq),

(Fig. 2d). For higher number of layers, the DC sheet resistance

decreases monotonically after 5 layers. In this work, we have

used the same PMMA scaffolding, as we stacked up layers of

graphene and removed the PMMA after the transfer on to the

quartz substrate. Despite the differences in transfer methods,

the resistance values follow a similar trend. For our

monolayer annealed samples the 95% confidence interval is
5.47 ± 0.63 kX/sq. By annealing we have partially removed

the p-type interlayer dopants and any organic build-up or

remaining PMMA residue on the top layer.

3.4. Microwave near-field radiation from multilayer
graphene

In order to assess the influence of the number of graphene

layers on microwave near-field radiation, monolayer and mul-

tilayer graphene samples were placed on a 50 X microstrip

line and treated as a capacitively coupled patch antenna.

The microstrip line was on a 1.57 mm thick, 60 mm · 40 mm

Duroid substrate (er = 2.2). The monopole probe was placed

in the XOY plane and parallel to the microstrip feed line

(Fig. 3a, Fig. S4). The measured reflection coefficients of the

microstrip-coupled graphene patch was compared with the

bare quartz case, as illustrated in Fig. 3b. The monolayer

graphene has a slightly suppressed reflection relative to the

bare quartz due to its high sheet resistance (5.3 kX/sq),

making both the absorption and radiation effects negligible.

Similar to the microwave cavity measurement, 2L graph-

ene also showed a prominent suppression of reflection from

2 GHz to 14 GHz, and then the 3–5L showed a less obvious

reduction. However, full-wave simulations predict a reso-

nance effect as a patch antenna only in the quasi-metallic

region, i.e. Rs < Rs0. Resonance occurs at 8 GHz when the

graphene patch was center-coupled to the microstrip line

and at 7.4 GHz when it is edge-coupled (Fig. S5). The low sheet

resistance (typically < 0.01 kX/sq) required for microwave res-

onance suggest that a further conductivity improvement for

the graphene film is needed to realize a practical microwave

graphene patch antenna. The absorptive behavior of the lossy

graphene patch leads to a reduction of the radiation efficiency

compared to a Cu patch antenna in the far-field. Near-field

measurements were conducted to study the radiation proper-

ties of multilayer graphene. In Fig. 4, the normalized radiation

amplitudes of monolayer and multilayer graphene at the XOZ

and YOZ cross-section planes, at 5 GHz and 8 GHz, are given.

Bare quartz was used as a reference.

At 5 GHz, the normalized near-field radiation from the

multilayer graphene and quartz are symmetrical around the

XOZ plane. However, all the graphene-quartz samples have

reduced radiation with respect to the bare quartz. For an

increased number of layers, absorption increases due to

reduced sheet resistance in the lossy dielectric region result-

ing in a further reduction in radiation (Fig. 4a). The same

trend was also noted at the YOZ plane, except for an asym-

metrical distribution along the Y-direction, with the peak

radiation shifting to Y = 15 mm as a result of the coupling

effect from the microstrip feed line (Fig. 4b).

At 8 GHz, the symmetrical field distribution also exists in

the XOZ plane, but the peak shift from the center is smaller

in the YOZ plane, as shown in Fig. 4c and d. The difference

in the radiation amplitude for multilayer graphene becomes

more apparent and manifests as decreased near-field

radiation with increased layers. This is due to increased

absorption when the sheet resistance is still in the lossy

dielectric region. In this case, the resistive multilayer graph-

ene patch, backed with the ground plane and separated by

the substrates, forms an absorber rather than a radiating
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antenna. Thus, we observe increased absorption when the

sheet resistance of graphene shifts towards Rs0 as the layers

increase from 1L to 5L.

In Fig. 5 we illustrate the measured near-field radiation

patterns for the 1L, 3L and 5L graphene on quartz and also

for bare quartz. At 5 GHz the graphene patches with increas-

ing number of layers radiate less (Fig. 5a). At 8 GHz, the cou-

pling effect of the microstrip line is weakened and the

position of peak near-field radiation for quartz and multilayer

graphene shifts from Y = 15 mm to Y = 0 mm (Fig. 5b). Mean-

while, the radiation amplitude also evidently decreases for

more layers with respect to bare quartz.

Since graphene is lossy at microwave frequencies, its

absorption will affect the radiation properties of the patch
strongly. Full-wave simulations of the far-field radiation indi-

cate that the radiation peak gain in the lossy dielectric region

is even less than �5 dBi, much less than that of 6 dBi from a

Cu patch of the same geometry, and a little less than the bare

quartz case (Fig. S6). This suggests that the graphene patch

with a large sheet resistance behaves like an absorber rather

than an antenna, as validated in the previous near-field mea-

surement. However, for low sheet resistance (Rs < 10 X/sq) in

the quasi-metallic region the peak gain of the graphene patch

increases to an acceptable level (>0 dBi), which can be realized

by further doping or electrical biasing. In this case, the graph-

ene patch may find applications in transparent and flexible

radiating antenna with improved radiation efficiency relative

to incumbent technologies.
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with an increasing number of layers has decreasing radiation, and even less than that of bare quartz. (b) Measured near-field

radiation patterns at 8 GHz. The radiation peaks are located at the patch center and the intensity is reduced for increasing

layers. (A colour version of this figure can be viewed online.)
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4. Conclusions

Microwave absorption and radiation measurements were

carried out with the aim of assessing the suitability of

multilayer graphene for microwave applications. Our

microwave cavity measurements validate that both the reso-

nance peak and the quality factor are reduced by the

increased conductivity exhibited by multilayer stacked graph-

ene. The inherently absorptive behavior of the ultra-thin

resistive graphene film material can be used to design flexi-

ble, optically transparent microwave absorbers, where con-

secutive stacking of the graphene-dielectric layers above a

conductive ground or inside a shielding package, is used to

suppress unwanted resonance. The multilayer graphene films

could achieve a wide range of sheet resistance values for the

desired impedance matching condition of the absorber, and

shows much potential if coupled to wet-chemical doping

protocols.

Near-field measurements revealed that increasing the

number of graphene layers at the lossy dielectric region does

not enhance radiation; instead, the radiation amplitude

decreases due to increased absorption. In order to improve

the radiation as a patch antenna, lower sheet resistivity

graphene in the quasi-metallic region is required. For

Rs < 10 X/sq, the far-field radiation gain of a graphene patch

at resonant frequency can be larger than 0 dBi and it contin-

ues to increase with decreasing Rs. Although current experi-
mental work includes only large sheet resistances and

present few-layer graphene patches do not achieve the

antenna performance, if the sheet resistance is highly

reduced by doping or electrical biasing, they can be used as

optically transparent and mechanically flexible microwave

antennas.
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[8] Tamagnone M, Gómez-Dı́az JS, Mosig JR, Perruisseau-Carrier
J. Reconfigurable THz plasmonic antenna concept using a
graphene stack. Appl Phys Lett 2012;101:214102.

[9] Ju L, Geng B, Horng J, Girit C, Martin M, Hao Z, et al. Graphene
plasmonics for tunable terahertz metamaterials. Nat
Nanotechnol 2011;6(10):630–4.

[10] Gabor NM, Song JC, Ma Q, Nair NL, Taychatanapat T,
Watanabe K, et al. Hot carrier–assisted intrinsic
photoresponse in graphene. Science 2011;334(6056):648–52.

[11] Andryieuski A, Lavrinenko AV, Chigrin DN. Graphene
hyperlens for terahertz radiation. Phys Rev B
2012;86(12):121108.
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