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Abstract Owing to its large surface-to-volume ratio and good
biocompatibility, graphene has been identified as a highly
promising candidate as the sensing layer for fiber optic sen-
sors. In this paper, a graphene/Au-enhanced plastic clad silica
(PCS) fiber optic surface plasmon resonance (SPR) sensor is
presented. A sheet of graphene is employed as a sensing layer
coated around the Au film on the PCS fiber surface. The PCS
fiber is chosen to overcome the shortcomings of the structured
microfibers and construct a more stable and reliable device. It
is demonstrated that the introduction of graphene can enhance
the intensity of the confined electric field surrounding the
sensing layer, which results in a stronger light-matter interac-
tion and thereby the improved sensitivity. The sensitivity of
graphene-based fiber optic SPR sensor exhibits more than two
times larger than that of the conventional gold film SPR fiber
optic sensor. Furthermore, the dynamic response analyses re-
veal that the graphene/Au fiber optic SPR sensor exhibits a
fast response (5 s response time) and excellent reusability

P4 Wei Wei
wwei@cqu.edu.cn

>4 Yong Zhu
yongzhu@cqu.edu.cn

> Yu Huang
huangyu@cigit.ac.cn

Key Laboratory of Optoelectronic Technology & Systems, Ministry
of Education of China, College of Optoelectronic Engineering,
Chongqing University, Chongqing 400044, China

Chonggqing Research Center for Advanced Materials, Chongqing
Academy of Science and Technology, Chongqing 401123, China

Chongqing Institute of Green and Intelligent Technology, Chinese
Academy of Sciences, Chongqing 401122, China

Department of Opto-Electronic Engineering, National Dong Hwa
University, Hualien, Taiwan 97401, China

(3.5% fluctuation) to the protein biomolecules. Such a
graphene/Au fiber optic SPR sensor with high sensitivity
and fast response shows a great promise for the future bio-
chemical application.
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Introduction

Surface plasmon resonance (SPR)-based sensors [1-12] have
been studied intensively for decades due to its label-free and
real-time detection with high precision and sensitivity. In or-
der to excite the SPR, the incident light reaching the metal/
dielectric interface has to be modulated using a light propaga-
tion medium such as an optical prism [13, 14]. Typically, a
plasmonic metal gold (Au) film is directly deposited onto the
prism base to generate total internal reflection (TIR), which is
very sensitive to the external sensing medium [15, 16]. A
slight variation in the refractive index of the sensing medium
gives rise to corresponding change in propagation constant of
the SPR and, in turn, a large spectral shift in resonant dips.
Then the refractive index change can be measured by detect-
ing the spectral shifts of the resonant dip. Based on the similar
sensing principle, coupling SPR to optical fiber technology
has brought tremendous advancements by offering attractive
advantages over the traditional prism-based SPR platforms,
such as simplicity, cost effectiveness, and miniaturization
[17-20]. Despite all these advantages, the fiber optic SPR
setup still requires some improvements in order to reach the
sensitivity of the traditional prism-based SPRs. To address this
issue, different strategies have been employed by altering the
surface morphology of the as-deposited plasmonic film [21],
including the utilization of metal nanoparticles [22],
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nanoholes [23], and nanodots [24]. These sub-wavelength-
sized metallic nanostructures offer the unique effects of local-
ized surface plasmon resonance (LSPR) with strong electro-
magnetic field confinement, resulting in the enhanced light-
matter interaction and hence improved sensitivity. However,
these methods remain complex, time consuming, and still very
challenging for the precise control of the nanostructures. In
addition, the metals cannot adsorb the molecules effectively
due to the high surface inertness and intrinsic hydrophobicity
[18], which limits the further improvement of sensitivity of
fiber optic SPR sensor.

Graphene [25-27] composed of carbon atoms densely
arrayed in a honeycomb crystal lattice has exhibited unique
electronic and optical characteristics. It can efficiently adsorb
a variety of polar molecules and biomolecules attributed to its
large surface-to-volume ratio and the 7t-stacking interactions
between graphene and biomolecules [28-31]. This excellent
feature makes graphene a highly promising candidate as the
sensing layer for fiber optic sensors. Recently, graphene has
been applied to fiber optic sensing technology to construct
various brand new sensors, such as graphene/tapered multi-
mode evanescent wave absorption sensor [32], graphene-
based D-shaped fiber multicore mode interferometer [33],
and graphene-coated microfiber Bragg grating [34]. As for
the fiber optic SPR sensor, there are several attempts to incor-
porate graphene as a sensing layer onto the surface of fiber but
they only have theoretical consideration [35, 36].
Additionally, to our best knowledge, there are no experimental
reports on the graphene/Au-enhanced fiber optic SPR sensor.

In this paper, a graphene/Au fiber optic SPR sensor is pro-
posed using plastic clad silica (PCS) fiber. Graphene is intro-
duced as a sensing layer attached on the Au surface coated on
fiber core to enhance the sensitivity of graphene/Au fiber optic
SPR sensor. Compared to traditional structured microfiber,
PCS fiber possesses the advantages of easy manipulation,
great illumination energy, and large diameter, which effective-
ly avoids the shortcomings of structured microfiber such as
fragile, unstable, and cross-sensitive. These features make it
easier for PCS fiber to combine with graphene and construct a
more stable and reliable device from the practical point of
view. The performance of proposed sensor has been experi-
mentally and theoretically investigated.

Materials and Methods

Reagents and Materials

Ethyl lactate, sulfuric acid, acetone, and glucose were pur-
chased from Chongqing Chemical Group (China) and used
without any further purification. Bovine serum albumin

(BSA) was procured from Biosharp. Ultra-clean de-ionized
water is obtained from a Milli-Q filtration system. Standard
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glucose solutions with different concentrations were prepared
in de-ionized water, and BSA solutions with different concen-
trations were prepared in saline solution. Multimode PCS op-
tical fiber with numerical aperture (NA) of 0.37 and core di-
ameter of 600 um was purchased from Thorlabs. Au wire
(99.99%) was purchased from a local supplier. All procedures
were conducted at room temperature unless specified
otherwise.

Preparation of Sensor Probe

The fabrication process of the proposed graphene/Au fiber
optic SPR sensor is schematically demonstrated in Fig. 1.
The optical fiber SPR probe was fabricated on the plastic
optical fiber. As shown in Fig. 1a, the jacket and the cladding
of 5 mm in length were removed mechanically from one end
of the fiber. The unclad portion of the fiber was first cleaned
with diluted sulfuric acid and then rinsed four to five times
with de-ionized water and acetone. Cleaned unclad portion of
the fiber was deposited with a thin gold film with thickness of
50 nm. The thickness of the depositing gold film on the fiber
core can be controlled and monitored in real time, which is
measured by quartz crystal monitor in-built in the thermal
evaporation machine. The evaporation of gold was performed
at 5 x 10°° mbars. As the sensor is reflected type, the end face
of fiber was also coated with gold film and used as a reflected
mirror.

As shown in Fig. 1b, the large-area graphene monolayer
was synthesized by chemical vapor deposition (CVD) method
on a high-purity copper foil (No. 13439, Alfa Aesar), with
flowing mixture of 3 sccm H, (70 mTorr) and 30 sccm CHy
(340 mTorr) gases at 1000 °C. A layer of PMMA thin film
was then coated on as-grow graphene on Cu foil as a transfer
supporting layer by a spin coater. The graphene on the other
side was removed by oxygen plasma processing. After
completely removing Cu by the solution of FeCl; and HCI,
the PMMA -supported floating graphene film was rinsed with
de-ionized water twice and transferred onto the top of the
sensor probe fixed on the SiO, substrate. It was then directly
deposited around the gold surface of the sensor probe to form
a graphene-coated sensor. Finally, the supporting polymer
layers were removed by acetone treatment. The cross-section
view of the fabricated graphene/Au fiber optic SPR sensor
was shown in Fig. Ic.

The morphology of the proposed graphene/Au fiber optic
SPR sensor was examined by field emission scanning electron
microscopy (FESEM) and shown in Fig. 2a. The boundary of
the graphene can be clearly seen without damage. To further
confirm the existing of graphene on the Au-coated fiber sur-
face, Raman spectra at region “A” was recorded via Raman
spectrometer (Renishaw inVia Manual WiRE3.4) with 532-
nm laser. The obtained Raman spectra in Fig. 2b clearly show
two typical peaks of the graphene, including G-band
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Fig. 1 Fabrication process of the proposed graphene/Au fiber optic SPR sensor. a Fabrication of the sensor probe. b Growth and transferring of

graphene. ¢ Cross-section view of the graphene/Au fiber optic SPR sensor

(1582 cm ') and 2D-band (2691 cm™"). Both the symmetric
2D-band with a full width half maximum (FWHM) of
35 cm ™' and the high ratio of the peak intensities of 2D- to
G-band (ratio =~ 3) confirm the presence of a single-layer
graphene [37]. In addition, the small D-band in this spectrum
confirms the high quality of the graphene. Fig. 2¢, d shows the
intensity mapping of the G-band (light blue) and the 2D-band
(yellow), respectively. These Raman mapping illustrate that
the intensity distributions of the G- and 2D-band signals at
the graphene surface are clearly distinguished from those at
the Au surface, further demonstrating the presence of the high
quality large-area graphene on fiber surface.

Fig. 2 a SEM image of
monolayer graphene on Au-
coated fiber. b Raman spectros-
copy of region A denoted in a.
Raman intensity mapping of ¢ G-
band (1582 cm ') and d 2D-band
(2691 cm™)

— 100pm CIGIT
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Experimental Setup

The schematic diagram of the measurement system using
SPR-based fiber optic sensor is shown in Fig. 3a. One end
of the sensor was connected to the end ofa 2 x 1 fiber coupler
and the other end with the sensing area was immersed into the
target solution. The white light emitted from a tungsten-
halogen light source (Avalight-HAL, Avantes) was conducted
into the sensor through the 2 x 1 fiber coupler. When the wave
vector of the incident light matches that of surface plasmon,
SPR wave can be resonantly excited. Within the Au/fiber in-
terface, graphene enhanced the interaction between the SPR
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Fig. 3 a Schematic of graphene/ a
Au fiber optic SPR sensing sys-
tem. b The photo of the experi-
mental setup
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wave and the analyte. When the target molecules were
adsorbed by the graphene, the permittivity of the graphene is
changed, which induced the variation of the refractive index
on the sensing region. Such that the SPR spectrum shifts could
be measured according to the refractive index variation, and
the concentration changes could be detected. The SPR spec-
trum shifts of the graphene/Au layer-coated sensor were cap-
tured by a fiber optic spectrometer (USB2000+, Ocean
Optics), which was connected to the other end of the 2 x 1
fiber coupler. The resonance spectra were recorded and ana-
lyzed by a program written in C++ and Matlab. The corre-
sponding photo of the experimental setup is shown in Fig. 3b.

Results and Discussion

We first study the sensing characteristic of this graphene/Au
fiber optic SPR sensor to its surrounding environment. The
sensor probes were immersed in the standard glucose solu-
tions with refractive index ranging from 1.333 to 1.3394 re-
fractive index units (RIU). The reflection spectra of the fiber
optic SPR sensor without graphene coating layer are shown in
Fig. 4a. Obvious resonant dips originating from the excitation
of SPR wave at the Au/fiber interface can be observed. The
resonant wavelength redshifts from 698.8 to 717.7 nm as the
refractive index of the glucose solution increases from 1.333
to 1.3394. In the case of the graphene existence, the reflection
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spectra are provided in Fig. 4b. The original position of reso-
nant wavelength of the graphene/Au fiber optic SPR sensor is
slightly larger than that of the sensor without graphene, which
is attributed to the large real part of the dielectric function of
graphene layer. Moreover, the graphene/Au fiber optic SPR
sensor exhibits a larger redshift (41.6 nm) of resonant wave-
length from 699.5 to 741.1 nm compared to that (18.9 nm) of
the sensor without graphene. These results indicate that the
present of graphene can improve the sensing performance of
fiber optic SPR sensor.

To quantitatively evaluate the performance of the fiber op-
tic SPR sensor, the resonant wavelengths of the fiber optic
SPR sensors with and without graphene as a function of re-
fractive index are extracted from Fig. 4a, b, respectively, and
the data are plotted and could be fitted linearly as shown in
Fig. 4c, d. The approximately linear relationships between the
SPR resonant wavelength and the refractive index ranges of
1.333 to 1.3394 can be observed with high linear coefficient of
0.9935 and 0.9947, respectively. The refractive index sensi-
tivity is defined as S,, = )\ ./0n,, Where dny is the change in the
refractive index of the solution and d\. is the shift in the
corresponding resonant wavelength. Compared to the sensor
coated only with gold film exhibiting 2869 nm/RIU in the
range of 1.333 to 1.3394, the refractive index sensitivity of
sensor with graphene/Au hybrid structure has been improved
to 6500 nm/RIU in the identical refractive index range. The
graphene/Au fiber optic SPR sensor exhibited approximate
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2.27-fold-improved sensitivity compared to the traditional fi-
ber optic SPR sensor without graphene layer.

The figure of merit (FOM) defined as FOM = S,/FWHM is
used to comprehensively characterize the performance of SPR
sensor. FWHM is the full width at half minimum of the reso-
nance spectrum and defined as the corresponded wavelength
width at the half percentage of the normalized resonant dip.
The FWHM of two kinds of fiber optic SPR sensors are ex-
tracted from Fig. 4a, b, respectively, and plotted in Fig. 4d.
One can see that the FWHM of the graphene/Au fiber optic
SPR sensor is slightly larger than that of the sensor without
graphene. This reason is attributed to the fact that graphene is
a lossy dielectric having complex dielectric constant. Hence,
the damping associated with the SPR wave in the graphene
region results in the broadening of reflection curve [39].
Although the presence of graphene could broaden the
FWHM, the averaged FOM of the graphene/Au fiber optic
SPR sensor is calculated to be 22.8 RIU™", which is approxi-
mately two times larger than that (11.5 RIU ") of the Au fiber
optic SPR sensor.

The calibrated fiber optic SPR sensors were further utilized
to evaluate the concentration of protein biomolecules. A series
of BSA solutions with different concentrations C ranging be-
tween 0 and 2 mg/ml were prepared as the target analytes. The
evolution of reflection spectra recorded from the fiber optic
SPR sensor is shown in Fig. 5a. The resonant wavelength

Refractive index

exhibits a redshift of 6.1 nm in response to the increasing
concentration of BSA solution from 0 to 2 mg/ml. As expect-
ed, the presence of graphene can enhance the sensitivity of the
fiber optic SPR sensor, as shown in Fig. 5b. The fiber optic
SPR sensor coated with graphene exhibits a 13.8-nm redshift
by the same amount of change in concentration of BSA sol-
vent. The resonant wavelengths of the two kinds of sensors as
function of BSA concentration are further extracted and com-
pared in Fig. 5c. The fitted lines of the extracted resonant
wavelengths have large linear coefficients of 0.9973 and
0.9925, respectively. The sensitivity of the fiber optic SPR
sensors with graphene/Au hybrid structure is estimated to be
7.01 nm/(mg/ml), which is 2.35 times larger than that of the
sensor only coated with Au (2.98 nm/(mg/ml)). In addition,
FWHM of two kinds of fiber optic SPR sensors is shown in
Fig. 5d, and the FOM of the graphene/Au fiber optic SPR
sensor exhibited approximate 2.18 times larger than that of
the sensor without graphene layer, also indicating the im-
provement of overall performance by the present of graphene.

To evaluate the response time of graphene/Au fiber optic
SPR sensor, the solutions were switched between saline solu-
tion and BSA solution. Fig. 6a shows the resonant wavelength
as a function of time when the flowing solvent was switched
from saline solution to 1.0 mg/ml BSA solution. Due to the
pumping of 1.0 mg/ml BSA solution, the resonant wavelength
gradually increases from 713.2 to 721.3 nm and reaches a
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Fig. 5 a Reflection spectra of Au
fiber optic SPR sensor with
varying concentration of BSA
solution. b Reflection spectra of
graphene/Au fiber optic SPR
sensor with varying concentration
of BSA solution. ¢ The relation-
ship between the resonant wave-
length of two kinds of fiber optic
SPR sensors and the concentra-
tion of solution. The lines are lin-
early fitted. d The relationship
between FWHM and the concen-
tration of solution

Fig. 6 Dynamic response of
sensor to the flowing solvent. a
The resonant wavelength of
graphene/Au fiber optic SPR
sensor as a function of time when
the solvent was switched from
saline solution to 1.0 mg/ml BSA
solution. The signal was recorded
every second. b The resonant
wavelength when solvent was
switched between saline solution
and 1.0 mg/ml BSA solution. The
signal was recorded every 5 s. ¢
The resonant wavelength of the
sensor as a function of time when
the solvent was switched between
saline solution and different con-
centrations of BSA solution. The
signal was recorded every 10 s
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stable value. The response time (7, defined as the time re-
quired for a sensor to reach 90% of signal change d\) of the
sensor was measured to be 5 s. Such a response time is much
shorter than that of the graphene-covered fiber optic sensors
[33, 34] and the traditional fiber optic SPR sensor [22], indi-
cating the fast response of the graphene/Au fiber optic SPR
Sensor.

The reproducibility of the graphene/Au fiber optic SPR
sensor was also investigated. The dynamic response of the
sensor to the change of flowing solvent switched between
saline solution and 1.0 mg/ml BSA solution is provided in
Fig. 6b. Three replicate cycles of this pumping sequence were
performed. It is observed that the resonant wavelength chang-
es between ~713.2 and ~721.3 nm, and the relative standard
deviation of resonant wavelength perturbed by the presence of
saline solution and 1.0 mg/ml BSA solution is calculated to be
2.3 and 4.1%, respectively, which demonstrates the good re-
producibility of the proposed graphene/Au fiber optic SPR
sensor. Fig. 6¢ shows the dynamic response of resonant wave-
length to a successive pumping of a mixture with different
concentrations of BSA solution. The resonant wavelength
was stepped up and down with the pumping of four mixtures.
The final injection of saline solution makes the resonant wave-
length go back to its initial position with negligible hysteresis.
Meanwhile, fluctuation of the resonant wavelength recorded
at saline solution after several pumping cycles is only 3.5%,
indicating the acceptable reusability of this sensor.

Finally, finite element analysis (FEA) method is introduced
employing COMSOL Multiphysics to explain the enhanced
sensing performance by the present of monolayer graphene.
The fiber is simplified using 2D model since the resonant
wavelength is much small than the core diameter of PCS op-
tical fiber (~1/860). In the model, the dielectric constant of Au
(50 nm) comes from handbook of Palik [40], the refractive
index of fiber core is 1.45, and the surface conductivity of
graphene is modeled as o = e*/4# in the considering visible
region [41], where e is the elementary charge and 7 is the
reduced Planck’s constant. Periodic boundary condition is ap-
plied along the X-direction, while in the propagation direction,

Distance from Au film (nm)

scattering boundary conditions and perfectly matched layers
are applied at the two ends of computational space. Within the
incident angle range (larger than 79.8°) allowed by the numer-
ical aperture (0.37) of the fiber, the light can couple into and
propagate in the fiber. Our results show the SPR mode is
resonantly excited at Au/fiber interface at incident angle of
82.8°, which is indeed in the allowed angle range of propa-
gating in the fiber. The calculated electric field mode profiles
of Au fiber optic SPR sensor and graphene/Au fiber optic SPR
sensor are displayed and compared in Fig. 7a, b, respectively.
One can see that the highly confined electric field of the two
structures exhibit the similar distribution profiles at the sens-
ing medium/Au interface, which significantly enhances the
light-matter interaction. Meanwhile, the present of the
graphene can enhance the confined electric field with maxi-
mum intensity of 6.4 x 10* V/m (Fig. 7b). To further quanti-
tatively illustrate the penetration characteristic of the electric
field, the electric field intensity of the two structures along the
Y-direction (white dashed line) that is perpendicular to sensing
interface is extracted from Fig. 7a, b, and compared in Fig. 7c.
It is observed that the electric field generated by graphene/Au
hybrid structure is stronger than that of the structure without
graphene and the electric field exponentially decays into the
sensing medium. The penetration depth is defined as the dis-
tance where the electric field intensity decreased to be 1/e. For
the graphene/Au structure, the penetration depth of the electric
field into the sensing medium is 256 nm, which is larger than
that (195 nm) of the structures without monolayer graphene.
Thus, the introduction of graphene sensing layer can enhance
the intensity of the electric field surrounding the sensing layer
and enables the sensor to be more sensitive to the change of
medium.

Conclusions
In this work, a fiber optic SPR sensor with graphene/Au hy-

brid structure has been proposed and theoretically and exper-
imentally analyzed. The introduction of graphene sensing
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layer on the gold surface can greatly enhance the sensitivity of
the fiber optic SPR sensor. The proposed sensor experiences a
larger redshift of resonant wavelength compared to the con-
ventional gold film fiber optic SPR sensor, which shows that
the proposed sensor exhibits enhanced sensitivity. The repeat-
able dynamic response of resonant wavelength in response to
the flowing solvent indicates the stability of this proposed
sensor and shows its potential in the future chemical and bio-
logical application.
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