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ABSTRACT: We demonstrate the excitation and gate control
of highly confined surface plasmon polaritons propagating
through monolayer graphene using a silicon diffractive grating.
The normal-incidence infrared transmission spectra exhibit
pronounced dips due to guided-wave resonances, whose
frequencies can be tuned over a range of ∼80 cm−1 by
applying a gate voltage. This novel structure provides a way to
excite and actively control plasmonic waves in graphene and is
thus an important building block of graphene plasmonic
systems.
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The unique electronic properties of graphene1−3 make it a
promising platform to build highly integrated active

plasmonic devices4−7 and systems for a wide wavelength range
from near-infrared to terahertz (THz),8−17 which enable
manipulation and control of light confined in deeply
subwavelength structures. Existing metal-based active plas-
monic devices have either slow speeds18 or very limited
tunability,4,19 and plasmonic devices based on a 2D electron gas
in semiconductors20 have been demonstrated only at cryogenic
temperatures. In contrast, graphene has been shown to support
surface plasmon polaritons (SPPs) with stronger mode
confinement and lower propagation loss in the mid-infrared
region due to its large carrier mobility at room temper-
ature.9,21,22 The carrier density in graphene can be electrically
adjusted dramatically with a small bias voltage applied to a field-
effect transistor (FET), which can achieve tuning times below a
nanosecond.23 This unique combination makes graphene a
promising material for electrically tunable active plasmonic
devices.
The key challenge is to efficiently excite SPPs in graphene

with an incident electromagnetic wave, given the large
wavevector mismatch between the two waves. Recent studies
demonstrated near-field excitations and observation of
propagating SPPs in graphene using near-field microscopy
with nanotips.21,22 This type of excitation has a low efficiency as
only a very small percentage of incident photons can be
converted to SPPs. In this paper, we experimentally
demonstrate the excitation of SPPs in graphene using a silicon
grating, where SPP is excited by a normal-incident free-space
infrared wave through the guided-wave resonance (GWR).24−26

Besides assisting the optical excitations, the silicon grating also
acts as a gate electrode to tune the resonance frequency of the
device over a broad spectral range.

Results. To excite SPPs in graphene with a free-space
infrared beam, their large difference in wavevector has to be
overcome. Optical gratings are widely used to compensate for
wavevector mismatches.20,27,28 Here we use a silicon diffractive
grating underneath the graphene layer, as shown in Figure 1a,
to facilitate the excitation. By compensating for the wavevector
mismatch, a highly confined propagating SPP in graphene layer
is excited by a normal-incidence free-space light beam through
GWR.24,25

Assuming that the conductivity of graphene follows the
Drude model,9,29,30 the dispersion relationship of the trans-
verse-magnetic (TM) mode SPP31 in a continuous monolayer
of graphene is approximately given by9
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where β(ω) is the in-plane wavevector of the SPP, ℏ is the
reduced Planck constant, ε0 is the vacuum permittivity, εr1 and
εr2 are the dielectric constants of the materials above and below
the graphene film, τ is the carrier scattering time, Ef =
ℏvf(πn)

1/2 is the Fermi energy measured from the Dirac point,
n is the sheet carrier density, and vf ≈ 106 m/s is the Fermi
velocity in graphene. The carrier scattering time τ determines
the carrier mobility μ in graphene as τ = μEf/evf

2. The major
component of the electric field of the SPP aligns with the wave
propagation direction.
To compensate for the wavevector difference between the

graphene SPPs and a free-space wave incident at an angle θ, the
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grating period Λ has to satisfy the following phase matching
condition:

β ω ω θ π− =
Λc

Re( ( )) sin
2

(2)

where c is the speed of light, θ is the incident angle from the
sample normal, and ω is the angular frequency of the incident
electromagnetic wave. Under a normal-incidence beam, the
resonance frequency ω0 of the GWR can be obtained from eqs
1 and 2 as:
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The resonance frequency ω0 varies with Ef and Λ, which can be
utilized to build active graphene plasmonic devices in different
frequency regions.26

To fabricate the structure shown in Figure 1a, periodically
spaced trenches were etched into a lightly doped silicon
substrate for grating formation (see Methods). The depth and
length of each trench were ∼250 nm and ∼60 μm, respectively,
and the grating period (Λ) varied from device to device. A 30-
nm-thick layer of aluminum oxide was then deposited on top of
the grating as the back-gating dielectric layer. Chemical vapor
deposition (CVD)-grown monolayer graphene was then
transferred on top of the grating as the propagation medium
of SPPs. The strong mechanical property of graphene allowed
the film to be suspended over the submicrometer-wide
trenches, as shown in Figure 1b. The quality of graphene in
the suspended regions was verified via Raman spectroscopy

(see Figure 1c). The locations of the G and 2D peaks (∼1590
cm−1 and ∼2688 cm−1, respectively), the single Lorentzian
shape of the 2D peak, the intensity ratio of the 2D to G peaks
(>4.0), and the near absence of the D peak all indicate a high-
quality monolayer of graphene after the transfer process.32 The
inset of Figure 1d shows the structure of a graphene field effect
transistor that was used to measure the mobility of the
graphene. The main panel of Figure 1d shows the correlation
between field-effect carrier transport and back-gating voltages,
and the carrier mobility μ can be calculated from the linear
regime of the transfer characteristics.33 Most of the devices used
in our experiments showed μ of ∼1700 cm2·V−1·s−1.
We performed polarization-dependent transmission experi-

ments on the fabricated devices using Fourier transform
infrared spectroscopy (FTIR) in the mid-infrared (MIR) and
far-infrared (FIR) regions, as schematically shown in Figure 2a
(see also Methods).11,15,30 The phase-matching effect only
occurs to SPPs propagating in the direction perpendicular to
the grating lines, which is polarized in the same direction.20

Therefore, SPPs can be excited only when the input light is
polarized perpendicular to the grating lines, which introduces a
dip in the transmission spectrum (T⊥).

26 No resonance features
are expected on the transmission spectra of light polarized
along the grating lines (T∥). Figure 2b shows the ratio T⊥/T∥ as
a function of frequency, which shows a resonant dip as light
with the correct polarization couples incident radiation to the
SPPs and its energy is absorbed in the graphene layer.26

Figure 2b shows T⊥/T∥ versus frequency for devices with
different periods (Λ). For graphene on a bare silicon wafer,
there is no observable difference in transmission between

Figure 1. (a) Schematic of silicon-diffractive grating-assisted graphene plasmon excitation by guided-wave resonance (GWR). (b) Scanning electron
microscopy (SEM) image of transferred graphene on a silicon grating with period Λ = 400 nm. A defective region is intentionally chosen here to
show the contrast between graphene-covered and uncovered areas. (c) Raman spectrum of graphene transferred on a silicon grating indicated in part
b. (d) The resistance of the graphene field effect transistor (FET) between the source (S) and the drain (D) as a function of gate voltage under
vacuum (inset: graphene FET structure).
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Figure 2. FTIR measurement results of the fabricated guided-wave resonance graphene plasmonic devices. (a) Schematics of the normal-incidence
transmission measurement and the definitions of different polarizations for T⊥ and T∥. (b) FTIR transmission spectra in the far-infrared (200−550
cm−1) and mid-infrared (620−1300 cm−1) for gratings with different periods. The arrows mark the positions of the resonances. The black line is the
transmission of monolayer graphene normalized to the transmission of a bare silicon wafer. The shaded area represents the frequency region where
the signal-to-noise ratio of detector was too low. Inset: The transmission spectrum of grating period Λ = 800 nm in mid-infrared region without
graphene normalized to that of a bare silicon wafer. (c) The logarithm of resonance frequency ω0 versus the logarithm of grating period Λ. Blue open
circles correspond to the arrow positions in b and the red solid line is a linear fit with a fitted slope of −0.487, which matches well with the
theoretical prediction of −0.5 in eq 3. (d) Simulated mode profiles using the finite difference time domain (FDTD) method at the resonance
frequency.

Figure 3. (a) Schematic of back-gate carrier density tuning in continuous graphene on an evaporated dielectric layer through THz-TDS
measurements. (b) The total transmitted power of THz radiation changes with the gate voltage. The red dots are measurements, and the blue line is
interpolation. (c) Electrical tuning of the fabricated GWR graphene plasmonic device with period Λ = 100 nm. Arrows indicate the position of the
resonant dips. (d) The resonance of a GWR graphene plasmonic device with period Λ = 200 nm under 4-V bias, which has an extinction ratio ER
∼6%.
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parallel and perpendicular polarized beams. However, all the
other three devices with gratings exhibit transmission dips for
light polarized perpendicular to the grating lines at particular
frequencies and show no feature in other measured spectral
range, indicating that the gratings play a key role in the SPP
excitations. Figure 2c shows the relationship between the
logarithm of resonance frequency ω0 and the logarithm of
grating period Λ, which fits well with eq 3. The spectrum
position and extinction ratio (ER) can be fitted using finite
difference time domain (FDTD) simulations with fitted Fermi
level Ef ∼ 0.23 eV and carrier mobility μ ∼400 cm2·V−1·s−1.26

This Fermi level is comparable to the typical Fermi levels of
graphene films transferred using similar methods, which are
electrically measured to be between 0.2 and 0.3 eV while the
carrier mobility is significantly lower than the DC mobility
measured electrically on similar graphene material (∼1700
cm2·V−1·s−1). Possible reasons for the reduction in mobility
include nonuniformity in the grating structure due to imperfect
fabrication, nonuniformity in the Fermi level in graphene,34 and
the many-body effects in graphene.35−37 The field distribution
of SPPs was obtained through FDTD simulations as well. For a
grating with period Λ = 100 nm, the calculated mode profile in
the graphene layer is shown in Figure 2d, whose electric field
intensity has a short decay length of ∼20 nm in the vertical
direction.
We used a back-gate structure to electrically control the

carrier density and, thus, the resonance frequency of the device.
A 30 nm aluminum oxide layer was deposited on the grating
before graphene was transferred, and a voltage was applied
between the substrate and graphene layer, as schematically
shown in Figure 1a. The effectiveness of back-gate tuning was
confirmed via terahertz time-domain spectroscopy (THz-TDS)
by measuring broadband transmission at different applied
voltages since the graphene intraband absorption changes with
the position of the Fermi level Ef.

30 The schematic of this
measurement is shown in Figure 3a. Figure 3b shows the
spectrally integrated power of the transmitted THz beam versus
gate voltage, demonstrating effective carrier density tuning in
the graphene layer from the n-doped region to the p-doped
region. The charge neutrality point is around −3 V, showing
that graphene under zero bias is p-doped with a Fermi level Ef
of ∼0.26 eV (see Methods), which is close to what is estimated
from the fitting with IR measurements (∼0.23 eV).
Electrical tuning of the plasmon resonance is demonstrated

in Figure 3c. Here T⊥/T∥ is plotted versus frequency for
different gate voltages in the mid-infrared region. As the gate
voltage increases from 0.5 to 4 V, a large blue shift of ∼80 cm−1

of the resonance frequency is observed. Since the resonance
frequency ω0 of the unbiased structure is close to the lower
frequency limit of our detector, we choose to apply only
positive voltages to increase the doping level, which blue-shifts
the center frequency26 and moves the resonance farther away
from the detector limit. The ER of the resonance varies from
device to device, presumably due to sample uniformity
variations. Figure 3d shows T⊥/T∥ versus frequency for a
device with the period Λ = 200 nm that has a higher ER of
∼6%. The ER of the resonance can be increased by improving
the quality of the graphene layer and the fabrication processes.
In conclusion, we have demonstrated that subwavelength

gratings can be utilized to excite propagating SPPs in graphene
in the infrared wavelength region. This structure opens up new
possibilities for building active plasmonic devices, ultrafast
spatial light modulators with broad operation bandwidths,

graphene plasmonic sensors, and 2D plasmonic photonic
circuits and metamaterials.

Methods. Gratings with different periods ranging from 100
to 800 nm are fabricated on a lightly doped silicon wafer (1−10
Ω·cm) using standard electron beam lithography (JEOL-6500)
with hydrogen silsesquioxane (HSQ) resist, which is followed
by reactive ion etching (RIE) to etch away the silicon with
∼250 nm depth. Buffered oxide etchant (BOE) is used to
remove the top resist and passive oxide. Electron-beam
evaporation is used to evaporate a thin (∼30 nm) layer of
aluminum oxide on the top of the silicon grating. The graphene
layer is grown by chemical vapor deposition (CVD) on a
copper foil and then transferred to the silicon grating using
poly(methyl methacrylate) (PMMA) assisted wet-transfer
techniques.38,39 Before the transfer process, a PMMA layer is
spin-coated on graphene on the copper foil, and the copper foil
is then etched away in a 10% nitric acid bath overnight. The
PMMA-graphene film floating on the etchant is moved to
distilled water several times to rinse the etchant residue and
then scooped by the chip patterned with the grating structure.39

The chip is dried in air overnight; then the PMMA layer is
removed by acetone, and the whole chip is cleaned by isopropyl
alcohol (IPA) carefully without damaging the graphene sheet.
The transmission spectra of devices in the mid-infrared

region were taken using commercial JASCO FT/IR-660 Plus
with a microscope and thalium bromoiodiode (KrS5) polarizer.
Transmission for both polarizations was recorded, and their
ratio T⊥/T∥ is plotted. The far-infrared spectra were measured
with unpolarized light and normalized to the transmission of a
bare silicon wafer in a nitrogen gas purged chamber. Since far-
infrared measurements require patterns of large size, the FIR
spectrum of the 100-nm-period grating is not obtained due to
fabrication limitations. Each measurement was repeated four
times, and the results were averaged to produce the spectra in
the paper. In our experiments, water vapor absorption in the
mid-infrared region happens approximately 1300−2000 cm−1

and carbon dioxide absorption mainly locates ∼2350 cm−1,
which are out of the frequency range of our interest. From the
featureless spectrum of the 800 nm period grating in the mid-
infrared region in Figure 2c, we will see that the vapor and gas
absorptions can be neglected.
The carrier concentration and Fermi level of graphene layer

can be estimated using a parallel-plate capacitor model. The
capacitor induced carrier concentration of graphene is n =
[(ε0εdVg)/(ed)] and the Fermi level Ef = ℏvf(πn)

1/2. Here, the
εd is the dielectric constant of the insulating layer, d is the
thickness of the insulating layer, and Vg is the effective gate
voltage measured from charge neutral point. Given the fast
carrier diffusion40 and the small grating period, we expect the
carrier distribution in graphene to be nearly uniform even
though the gate electrode is patterned. Assuming that εd = 9 for
aluminum oxide, d = 30 nm, and −3 V charge neutral point, the
Fermi level of unbiased graphene is around 0.26 eV.
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