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D-shaped fiber optic SPR biosensors based on a

metal-graphene structure
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We design a D-shaped fiber optic biosensor based on the surface plasmon resonance (SPR) of a metal-
graphene layer and simulate this SPR using the finite element method. Using a metal-graphene layer as the
sensing material, surface plasma resonance is simulated as the refractive index of the external environment
ranges from 1.33 to 1.36. Simulation results show that a metal-graphene layer attached to the D-shaped
optical fiber core can couple with light under a specific polarization state and excite strong plasma os-
cillations on the layer surface. Calculated transmission coefficients show that the resonance wavelength
obviously moves toward longer wavelengths as the refractive index of the test medium increases, and a sen-
sitivity of 5400 nm/RIU is obtained. Because of its large surface volume ratio and good biocompatibility,
graphene may be utilized in many applications in the field of biosensing.
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Rapid developments in modern electronics and biotech-
nology have allowed the emergence of fiber optic biosen-
sor technology as an independent high-tech field[1]. Fiber
optic biosensors can be divided into evanescent wave[2],
fluorescence labeled[3], and surface plasmon resonance[4]

(SPR) sensors according to the operating principle. SPR
technology is widely used in optical biosensors because
it features advantages such as absence of marking, high
sensitivity, high specificity, and real-time results[5].

Graphene film is a monolayer of carbon atoms packed
into a dense honeycomb crystal structure that can be
viewed as an individual atomic plane extracted from
graphite. As a novel material with unique optical and
electrical properties, graphene has been extensively stud-
ied in a number of areas[6,7]. It possesses advantages of
large surface volume ratio and good biocompatibility
and thus allows fixing of large amounts of biomolecules.
Biosensors based on graphene are known to have wide lin-
ear ranges and low detection thresholds. Thus, graphene
provides a good platform from which to build a variety
of biosensors[8].

Each carbon atom of graphene features an unfilled elec-
tron structure. As such, graphene is a typical zero-band
gap semi-metallic material that can replace traditional
precious metals to produce SPR[9]. Pradeep Kumar
Maharana et al. developed a chalcogenide prism and
graphene multilayer-based SPR biosensor in 2012[10].
Graphene increases the absorption of biomolecules,
thereby improving the sensitivity of the resulting biosen-
sor. Jang Ah Kim et al. reported an SPR based fiber op-
tic sensor coated with graphene[11]. When streptavidin-
biotin and double-cross DNA are combined, the refractive
index increases and the resonance wavelength at 7.726
nm moves toward longer wavelengths.

While combining graphene biosensor technology
with optical fibers shows good prospects for sensing
applications[12], domestic research on graphene-based
optical biosensors is fairly limited. Traditional opti-
cal fiber sensors have advantages of large transmission

capacity, rapid measurement, anti-electromagnetic inter-
ference, and miniaturization. Thus, this letter designs a
fiber optic biosensor based on the SPR effect on a metal-
graphene layer. The resulting sensor is expected to be
widely used in the chemical, biomedical, environmental
safety, and food safety industries as well as in many other
aspects.

Surface plasmon polaritons (SPPs) are electromagnetic
waves excited by the interaction between light and free
electrons on a metal surface typically presenting in the
interface of a metal and dielectric layer[13]. Given their
high sensitivity depending on the surface environment,
SPPs are widely used in biosensors.

Figure 1 shows the interface of the metal-dielectric.
The incident light is decomposed into s-polarized light
(TE wave) whose electric vector E is perpendicular to the
incident plane, and p-polarized light (TM wave) whose
E is in the incident plane. Since the s-polarized E is
parallel to the direction of the interface, it does not hin-
der the movement of electrons and cannot excite surface
plasmon waves (SPWs); thus, SPR phenomena cannot
occur. In p-polarized light, the E has a component in the
vertical direction of the interface, and electrons around
the nucleus vibrate perpendicular to the interface driven
by the electric field of light. On the metal surface, the
transverse movement (perpendicular to the interface) of
electrons is blocked by the surface to form a gradient dis-
tribution of the electron concentration. This distribution
causes plasma oscillation or SPWs on the metal surface.

SPPs are non-radiative electromagnetic waves con-
strained to the surface of a conductor. Generally, surface
plasmons are accompanied by a longitudinal (TM or p-
polarized) electric field, which decays exponentially in
metal as well as in dielectrics. Because of the exponential
decay of the field intensity, the field has its maximum
at metal-dielectric interface itself. High losses in the
metal cause SPWs to propagate with high attenuation in
the visible and near-infrared spectral regions, eventually
depleting SPWs within a limited range of propagation
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Fig. 1. Interface of metal-dielectric.

Fig. 2. Dispersion curves of SPW and direct light incident
through the dielectric medium.

distances, usually in the micrometer or nanometer
scale[14].

By solving Maxwell’s equation, the propagation con-
stant of the surface plasma wave propagating at the in-
terface between the dielectric and metal is given by the
following expression:

kspp = k0

(

εdεm

εd + εm

)1/2

, (1)

where k0 denotes the free space wave number, εm is the
dielectric function of the metal, and εd is the dielectric
constant of the medium. εm can be expressed as

εm = 1 −
ω2

p

ω2 − iγω
, (2)

where ωp is the plasma frequency, γ is the collision fre-
quency of electrons or damping factor, and ω is the an-
gular frequency of incident light. The dispersion curve of
SPW is shown in Fig. 2.

According to Fig. 2, for a given frequency, the propaga-
tion constant of surface plasmons is greater than that of
the light wave directly incident on the dielectric medium.
Hence, direct light cannot excite surface plasmonson a
metal-dielectric interface. Thus, to excite surface plas-
mons, the wave vector of the exciting light in a dielectric
medium must be increased. Coupling devices, such as
prisms (Otto and Kretschmann type), waveguides (opti-
cal fiber), and gratings, maybe used to excite SPPs[15].

This letter designs a D-type fiber to excite SPPs, and
the relevant structure is shown in Fig. 3. The potential
fabrication process of the sensing head is as follows: The
D-shaped optic fiber can be obtained by side-polishing
technology. The surface of the D-shaped optical fiber is
coated with a layer of metal, such as An or Ag, by mag-
netron sputtering at room temperature. The graphene
film fabricated by chemical vapor deposition (CVD) is

transferred onto the metal surface using the wet chemical
method[16] to finally achieve the metal-graphene struc-
ture.

When light propagates through a fiber, most of the
light forms a total internal reflection (TIR), and part of
the light takes the form of evanescent waves through the
cladding layer. The x-component of the wave propaga-
tion constant of the evanescent wave between the core
and metal-graphene layer is expressed as

kx =
ω

c

√
ε1 sin θ, (3)

where ε1 is the dielectric constant of the fiber core.
From kspp = kx, we can conclude that the conditions

necessary to achieve the SPR phenomenon are

ω

c

√
ε1 sin θ =

ω

c

√

εgmε4

εgm + ε4
, (4)

then

sin θspr =

√

εgmε4

εgm + ε4

/

n1, (5)

where θspr is the resonance angle and εgm is the dielectric
constant of the metal-graphene layer.

A broadband light source (in case the wavelength mod-
ulation method is used) is launched into one end of the
optical fiber. TIR takes place and light propagates with
a critical angle (depending upon the numerical aperture
of the fiber). Light with different wavelengths presents
different wave vectors. When the wave vector of light
matches the wave vector of the SPWs, light is attenu-
ated rapidly and forms an SPR valley. Differences in
refractive index yield differences in the resonance wave-
lengths. Since biological macromolecule interactions on
the surface of fiber optic SPR sensors can cause large
changes in the refractive index, biological reactions may
be analyzed quantitatively according to changes in the
resonance wavelength.

We use the finite element method (FEM) to simulate
physical phenomena by solving the partial differential
equation (single field) or partial differential equations
(multi-fields). Multimode fibers are usually used in op-
tical fiber biosensor systems, so we select a multimode
fiber (core diameter, 16 µm; cladding thickness, 40 µm)
as a model for simulation analysis. The sensor geometry
and mesh division are shown in Fig. 4.

The core refractive index n1 is 1.4457, and the refrac-
tive index of the cladding n2 is 1.4378, scattering bound-
ary conditions around the fiber, and the incident wave-
length of light ranges from 600 nm to 1 µm. The right

Fig. 3. Structure of the D-type optical fiber sensor.
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Fig. 4. D-type optical fiber sensor geometry and mesh divi-
sion.

Fig. 5. Base mode of the D-shaped fiber distribution.

side of the core in Fig. 4 is a gold film attached to mono-
layer graphene with a thickness of 0.34 nm and a refrac-
tive index n = 3 + C1λ/3, where C1 is 5.446 µm−1 and
λ is the incident wavelength[17]. The semicircle at the
right side of the metal-graphene film refers to the test
medium, which changes the refractive index n3 from 1.33
to 1.36. In this section, we analyze the mode field based
on the above mentioned model.

The fundamental mode in the optical fiber is composed
of two mutually orthogonal polarization mode compo-
nents, as shown in Fig. 5. The surface arrows represent
the polarization direction of the electric field. The direc-
tion of electric field polarization is parallel to the metal-
graphene film in the left image but perpendicular to the
metal-graphene layer in the right. From conventional sur-
face Plasmon theory, only the electric field perpendicular
to the metal-dielectric interface (TM mode) can excite
SPPs and result in SPR phenomenon. From the right-
hand figure, significant energy is observed between the
metal-graphene layer and the test medium, which indi-
cates the excitation of surface plasmons at this position.
Meanwhile, consistent with theory, the mode on the left
image with the field direction parallel to the interface
cannot excite surface plasmons. Figure 6 shows typical
high-order modes of distribution in the D-shaped fiber.
Similar to the fundamental mode, only the higher-order
polarization mode in which the electric field is perpen-
dicular to the interface can excite surface plasmons.

Figure 7(a) shows the intensity distribution of the
metal-graphene SPPs excited in fundamental mode.
Strong light is coupled out of the core by the metal-
graphene structure. During conventional SPR simulation
based on Au film operated by Santos et al.

[18], results of
which are shown in Fig. 7(b), the light coupled out was
lower than that in our simulation, which shows the supe-
riority of the metal-graphene structure for SPR sensing.
Addition of a graphene layer to metal can enhance SPPs
and increase the sensitivity of sensors based on SPR. The

large surface volume ratio and good biocompatibility of
graphene is also of greatusein building highly sensitive
biosensors.

D-shaped fibers combined with a metal-graphene layer
can be used to build a high-performance biosensor.

A four-layer Kretchmann configuration of the D-type
SPR fiber sensor is shown in Fig. 3. Using Fresnel’s equa-
tions, the reflective coefficient of p-polarization can be
expressed as[19]

r1234 =
r12 + r234e

i2k2d

1 + r12r234ei2k2d
, (6)

where r234 = r23+r34e
i2k3d

1+r23r34ei2k3d and rij =
n2

i /ki−n2

j/kj

n2

i
/ki+n2

j
/kj

. ki is

the component of the wave vector in medium i in the z
direction and is given as

ki = k0

(

n2
i − n1 sin2 θ

)1/2
=

2π

λ

(

n2
i − n1 sin2 θ

)1/2
,

(7)

where n1, n2, n3, and n4 represent the refractive indices
of the core, the metal, graphene, and the external test
medium, respectively. θ is the angle of incidence on the
interface in Fig. 3.

Light passing through a fiber coated with a metal-
lic film shows a decay in intensity; this phenomenon
is called the attenuated total reflection (ATR) effect.
In once time of ATR, the reflectivity of p-polarization

is written as Rp = |r1234|2. If the sensor is L long, the
number of ATR as function of θ and a(the core diameter)
is written as m = L/2a tan θ. Then, the total reflectivity
of p-polarization is written as R = Rm

p .
In this simulation, L=5 mm, a=16 µm, and θ=60◦.

When the refractive index of the external environment
changes, the transmission coefficients at different wave-
lengths also change accordingly.

As shown in Fig. 8, when the refractive index of test
medium increases from 1.33 to 1.36, the resonant wave-
length obviously moves from 675 to 837 nm, and a sen-
sitivity of 5400 nm/RIU may be obtained.

Fig. 6. Typical high-order mode distributions in the D-shaped
fiber.

Fig. 7. Intensity of (a) metal-graphene SPPs and (b) Au ex-
citation in fundamental mode.
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Fig. 8. Transmission coefficients of the sensor under different
refractive indices in the test medium.

In conclusion, this letter describes the potential ap-
plications of graphene in the field of biosensing. We
designed a novel D-shaped fiber optic SPR biosensor
using a metal-graphene structure and simulated SPR
phenomena on the metal-graphene layer using the finite
element method. Simulation results show that a metal-
graphene layer attached to a D-shaped optical fiber core
can couple with the light under a specific polarization
state and excite strong plasma oscillations on the layer
surface. Transmission coefficient calculations show that
when the refractive index of the test medium increases,
the resonance wavelength obviously moves toward longer
wavelengths. Considering its large surface to volume ra-
tio and good biocompatibility, graphene may be expected
to have important applications in the field of biosensing.
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