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Abstract. We propose an active plasmonic device based on graphene. By using a
di�ractive grating on silicon, highly con�ned plasmonic waves in monolayer graphene are
e�ciently excited. The high electric �eld of the surface plasmons near the graphene layer
makes them ideal for use in biosensors, where a very small change in refractive index should
be detected. A small change in the refractive index of surroundings medium induces a large
change in resonant wavelength. The spectral shift per refractive index unit (��0/RIU) of
the sensor is considerable and exceeds 2000 nm/RIU with a narrow spectral line width of the
plasmon resonances. The �gure of merit for this sensor is approximately equal to 14.2 and
electrical tuning can be achieved by adjusting the Fermi level in graphene. Therefore, this
grating plasmonic structure is highly sensitive and can be used in high-resolution biosensing
applications.

© 2017 Sharif University of Technology. All rights reserved.

1. Introduction

Good electrical conductivity and mechanical strength,
ultra-high mobility of massless fermions, relatively
good transparency, high thermal conductivity, and high
exibility make graphene the best option for replace-
ment or simultaneous use in the silicon world. From
the viewpoint of optics, graphene has linear dispersion
relationship, strong interaction with electromagnetic
�eld, and high-speed response [1]. The distinctive
characteristics of graphene make it suitable to pro-
pose integrated active plasmonic devices with a wide
range of wavelengths from near-infrared to THz [2,3].
By using the active plasmons, con�ned light can be
manipulated and externally controlled in a structure
with subwavelength dimensions [4]. Plasmonic waves
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can be strongly controlled with a broad adjustability
range because plasmonic properties change dramati-
cally when the free carrier density in a semiconductor
is adjusted by several orders of magnitude. The carrier
mobilities in conventional semiconductors are too low
at room temperature, and cannot support plasmonic
waves for acceptable propagation distances. However,
Carrier mobility in graphene is high even at room
temperature. Thus, plasmonic wave in the graphene
�lm can be highly con�ned and propagate up to several
micrometers [3]. In addition to broad adjustability, the
electric �eld of a plasmonic wave is highly con�ned
and localized in the thin layer of graphene. The
highly localized optical �eld makes strong light-matter
interactions and can be used to build Surface Plasmon
Resonance (SPR) biosensors with high sensitivity [5].

Surface Plasmon Resonance (SPR) biosensors are
optical sensors, which use surface plasmon waves to
probe the interactions between biomolecules and the
sensor surface. The technique of Surface Plasmon
Resonant (SPR) is very sensitive to refractive index
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variations in sensing medium. When the liquid sample
makes contact with the sensor surface, due to binding of
analyte with a�nity antibodies, which are immobilized
on the sensor surface, the change in the plasmon
resonant modes occurs. Therefore, material, which is
in contact with the liquid sample (top layer of sensor),
is inuential and important in terms of refractive index
and thickness of the adsorbed biolayer [6,7]. Recently,
the graphene layer has been used for anchoring an-
tibodies to the SPR sensor as new surface function-
alization. The biomolecules are e�ciently adsorbed
on the graphene layer surface, due to the �-stacking
interactions between graphene's hexagonal cells and
the carbon-based ring structures in biomolecules [8,9].
Thus, the molecules get adsorbed on graphene surface,
as the sample-containing analyte molecules come onto
the graphene surface. This results in the formation of
a layer of which the refractive index is higher than a
bu�er solution (water) and thus, it a�ects the resonant
wavelength of plasmonic wave. As the performance of
SPR sensor depends on the biomolecular adsorption,
the material type of upper surface which immobilizes
the biomolecules (antibodies) on the sensor surface
plays an important role. In [10], we have proposed and
analyzed new plasmonic-based structures for sequenc-
ing DNA molecules and detecting nanoscale objects
by altering the external electromagnetic radiation to
strong local �eld of the plasmon.

A key challenge in the plasmonic resonance sen-
sors is coupling the surface plasmon with optical wave
in free space, because plasmonic wave vector is much
larger than free-space wave vector, which gives rise to
the momentum mismatch between light and surface
plasmon [11]. By using di�erent coupler con�gurations
such as prism couplers and grating couplers [12],
the momentum of light and surface plasmon can be
matched. In this work, we use rectangular di�ractive
grating to create plasmonic wave resonance in a mono-
layer graphene �lm. These resonant modes couple inci-
dent light to the Surface Plasmon Polariton (SPP) with
maximum coupling e�ciency and induce intense change
in the optical transmission at the resonant frequency.
The ability of resonant waveguide grating biosensors to
monitor changes of cell adhesion of live cells in real time
and label-free investigations of binding events makes it
an attractive tool in medical application [13]. In [14-
16], plasmonic biosensors based on the graphene have
been investigated. In these con�gurations, the prism
coupler (Kretchmann con�guration) has been used to
excite the surface plasmon waves. However, di�raction
grating structures are generally more compact, phys-
ically lighter, and less costly than the prism-coupled
con�gurations. Therefore, for integrated biosensor de-
sign, grating-coupled SPR may be more bene�cial as it
allows the use of semiconductor materials as substrates.
Another advantage of this coupling method over the

previously mentioned methods is good reproducibility
of coupling conditions since no further optical elements
are directly involved.

We show that the di�ractive grating device acts
as a highly tunable biosensor that can be tuned with
a small change in the Fermi level of graphene. By
adjusting the Fermi level of graphene and grating
periods, this structure can be used to build extremely
sensitive biosensor with broad range of wavelengths
from mid-infrared (mid-IR) to terahertz (THz).

2. Materials and methods

To excite SPP waves in the graphene, wave vector of
incident light and SSP have to match. The use of
optical gratings can compensate for the wave vector
mismatching. Here, we use a silicon di�ractive grating
underneath the graphene, as shown in Figure 1, to
excite the surface plasmons.

The e�ective refractive index of plasmonic mode
is high and de�ned as ne� = Re(�(!))=k0 in the mid-
IR wavelength range, where �(!) is the in-plane wave
vector in graphene. The grating period, T , which is
related to frequency, !0, is determined by the phase
match equation [4,17]:

Re(�(!0))� !0

c
sin � =

2�
T
; (1)

where c is the speed of light, � is the incident angle,
and !0=c is the vacuum wave vector, k0. Under the
normal-incidence wave condition (� = 0), a Guided-
Wave Resonant (GWR) is excited when the grating
period, T , matches the period of the plasmonic wave
(2�(Re(�(!)))). When the SPP waves are excited and
propagated in graphene, optical energy is dissipated
due to the ohmic loss in the graphene layer. Therefore,
a notch can be seen in the transmission spectrum
around the resonant frequency, !0, as:

Figure 1. Schematics of a silicon di�ractive grating based
on plasmonic waves in the graphene layer.
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!0 =

s
2e2 � Ef

~2"0 ("r1 + "r2)T
; (2)

where ~ is the reduced Planck constant, "0 is the
vacuum permittivity, "r1 and "r2 are the dielectric con-
stants of the materials above and below the graphene
�lm, respectively, and Ef = ~vf (�n)1=2 is the Fermi
energy level, where n is the carrier density and vf �
106 m/s is the Fermi velocity in graphene [4,17]. To
simulate the proposed structure, the �nite element
method is used. The graphene �lm is considered to
be monolayer with the thickness of t = 0:5 nm and
carrier mobility of � � 10000 cm2/(V.s). Moreover,
the dielectric tensor components are "r11 = "r22 =
2:5+i�=("0!t), where � is the conductivity of graphene,
and the surface-normal component is set as "r33 = 2:5
based on the dielectric constant of graphite.

The intraband conductivity of graphene at mid-
IR frequencies is modelled with a semiclassical Drude
model as:

�(!)=
2e2

�~2 kBTk�ln
�
2� cosh

�
Ef

2kBTk

��
i

!+i��1 ;
(3)

where Tk is temperature and kB is the Boltzmann
constant. Here, the e�ect from the interband transition
is neglected because the photon energy in the simulated
spectral range is always less than 2Ef [18].

3. Results and discussion

The evanescent �eld of the plasmonic wave, typically
extending 30-100 nm into the antibody-analyte (bio-
layer) and cover solution layer, is sensitive to two types
of ambient changes. The �rst one is altering the cover
solution (a liquid sample that covers the sensing region)
refractive index (n1). The second type is adsorption of
molecules from a liquid sample on the surface of the
sensing layer and formation of a thin adhesion layer
with a speci�c thickness and refractive index.

The simulated normal-incidence transmission
spectra with di�erent ambient refractive indices are
shown in Figure 2. As shown in the �gure, there is
a red shift at the resonant wavelength of spectra by
changing the refractive index surrounding the graphene
layer and di�ractive grating (n1). This change may be
caused by changes in biomolecules concentration, which
in turn can produce a local change in the refractive
index. According to the equation "r1 = (n1 � ik1)2,
by increasing the refractive index of cover medium,
the dielectric constant of the surrounding medium
increases. The dielectric constant change in turn leads
to a change in the propagation constant of plasmonic
wave and will eventually lead to red shift in SPP
resonant wavelength.

Figure 2. Simulated normal-incidence transmission
spectra for di�erent refractive indices of sample medium
n1 for Ef = 0:64 eV and T = 150 nm.

Figure 2 illustrates simulated normal-incidence
transmission spectra for di�erent refractive indices of
sample medium (n1) for Ef = 0:64 eV and T =
150 nm. It clearly shows that by a small variation in
the refractive index, the resonant frequency for which
transmission is minimal varies. According to Eq. (2)
and "r1 = (n1 � ik1)2 and considering that k1 = 0,
it can be concluded that the resonant frequency (!0)
is inversely proportional to cover medium refractive
index (n1). Thus, as shown in Figure 3, the resonant
wavelength has a linear relationship with the cover
medium refractive index [19,20].

The spectral shift per Refractive Index Unit
(RIU) change is proportional to the fraction of the
�elds and energy density associated with the plasmon
excitation located in the sensing medium. Taking the
wavelength interrogation approach, sensitivity is de-
�ned as the shift of the resonant wavelength as a func-
tion of the refractive index of the sample medium (S =
�0/RIU). Another major factor in biosensing applica-
tion is Figure Of Merit (FOM). FOM is considered as
a useful parameter in verifying plasmonic biosensor. It
is de�ned as the ratio of the refractive index sensitivity
to the resonant width (FOM=S(nm:RIU�1)��(nm)).

Figure 3. Resonant wavelength of the surface plasmonic
wave versus refractive index of the biological sample.
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In most biosensing mechanisms, Biomolecular Recogni-
tion Element (BRE) is used to absorb presented analyte
or biomolecule in aqueous solution [21]. In this work,
we consider antibodies as BRE. By immobilization of
the antibodies on the graphene surface, the analytes
can be captured by antibodies and form a thin layer
on the graphene surface, which induces a local increase
in the refractive index near the graphene surface. The
schematic mechanism is shown in Figure 4. At the
initial stage, when the cover medium only includes the
aqueous solution (water), the refractive index is equal
to 1.332. When the BRE is added to the aqueous
solution, the refractive index of the cover medium
changes negligibly. In the next stage, biomolecules are
captured by the BRE and the cover medium refractive
index increases.

Figure 5 shows simulated normal-incidence trans-
mission spectra for three di�erent cases of medium
refractive index around the grating structure: 1) air,
2) cover solution-antibody, and 3) antibody-analyte

Figure 4. Principle of SPR biosensing; immobilization of
the antibodies on the graphene surface to capture the
analytes.

Figure 5. Simulated normal-incidence transmission
spectra for three di�erent cases of the medium refractive
index changes around the grating structure: 1) air, 2)
cover solution-antibody, and 3) antibody-analyte adhesion
layer (Ef = 0:64 eV and T = 150 nm). The thickness of
adhesion biolayer is set to 80 nm.

Figure 6. Simulated normal-incidence transmission
spectra for di�erent thicknesses of adhesion layer for
Ef = 0:64 eV and T = 150 nm.

adhesion layer. As shown in Figure 5, before binding
the analyte to antibody, the resonant wavelength is
9510 nm and it is red-shifted to 10272 nm after binding
the analyte, due to the increase in the propagation
constant of Surface Plasmon Wave (SPW) propagating
along the graphene surface.

The evanescent �eld of SPW has a limited pene-
tration depth into the graphene adjacent layers. The
magnitude of the change in the propagation constant
and, consequently, resonant wavelength red-shift of an
SPW depends on the refractive index changes (induced
by antibody-analyte binding on the graphene surface)
and its distribution with respect to the pro�le of the
SPW �eld and thickness of adhesion layer. As shown
in Figure 6, when the refractive index changes are
caused by a binding event, which occurs at a speci�c
distance from the sensing surface (much smaller than
the penetration depth of the SPW), the magnitude of
the resonant wavelength red-shift is large because the
whole region of antibody-analyte binding event (the
whole thickness of biolayer) is within the extent of the
SPW �eld. By increasing the thickness of adhesion
layer, the magnitude of shift in the resonant wavelength
is reduced because only a fraction of the thickness
of the adhesion layer is within the evanescent �eld
of SPW and depth of the area in which the change
occurs is limited (Figure 6). The resonant wavelength
change in terms of adhesion layer thickness is shown in
Figure 7.

This sensor has a high spectral shift ��0=�n with
a narrow spectral line width of the plasmon resonance
(�� � 1412 nm). The FOM for this plasmonic
biosensor structure is approximately equal to 14.2 and
the sensitivity exceeds 2000 nm/RIU, which is larger
than most metal mid-IR resonant biosensor struc-
tures [22,23]. Recently, a highly sensitive refractive in-
dex sensor based on exciting localized Surface Plasmon
Polaritons (SPPs) on graphene-coated nanowire arrays
has been studied [20]. The sensitivity of this device
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Figure 7. Resonant wavelength of the SPW versus
thickness of the adhesion layer.

Figure 8. Simulated normal-incidence transmission
spectra of monolayer graphene on silicon gratings with
di�erent Fermi energy levels in graphene when n1 = 1:4
and T = 150 nm.

is high; however, fabrication process of the proposed
structure seems to be di�cult. Our proposed structure
has some advantages such as simple fabrication process,
small size, and easy electrical tuning by applying a gate
voltage between the graphene layer and substrate.

Electrical tuning of the proposed plasmonic sen-
sor can be achieved by adjusting the Fermi level in
graphene. Sharp notches from the plasmonic wave
resonant can be seen. One can identify multiple
notches on each transmission spectrum, which result
from multiple plasmonic modes. As shown in Figure 8,
with a small change in the Fermi level, a broad tuning
range can be achieved. One can see in Figure 8 that
the resonant wavelength is blue-shifted as the Fermi
energy level increases from 0.64 eV to 0.84 eV.

In Figure 9(a), the electric �eld pro�le of the
fundamental mode in one grating period and for a
biological medium with speci�c refractive index (n1 =
1:4) is shown. The notches at the lower wavelength
are caused by higher order modes. In Figure 9(b), the
electrical �eld pro�le of the second-order mode is shown

Figure 9. Side-view of electrical �eld distribution for (a)
the fundamental mode and (b) the second-order mode in
one grating period.

where the E-�eld has a 4� phase shift in each grating
period.

4. Conclusions

We have presented a novel concept for a biological
sensor using surface plasmon waves based on periodic
di�ractive grating structures. This device has a number
of interesting bene�ts. First, due to using periodic
di�ractive grating structures, the plasmonic wave is
highly con�ned in monolayer graphene �lms. Second,
the device is highly sensitive to the binding events and,
consequently, refractive index change of the biological
medium. Third, the device is highly tunable due to
change in the graphene Fermi level by applying a gate
voltage. The numerical simulations show that the
proposed structure has a great potential to be used
in biosensing applications. The sensitivity for this
plasmonic biosensor structure exceeds 2000 nm/RIU,
which is larger than those for most metal mid-IR
resonant biosensor structures.
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