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Hybrid Graphene/Gold Plasmonic Fiber-Optic Biosensor

Nancy Meng Ying Zhang, Kaiwei Li, Perry Ping Shum, Xuechao Yu, Shuwen Zeng,
Zhifang Wu, Qi Jie Wang, Ken Tye Yong, and Lei Wei*

The emergence of 2D materials starts a new chapter of optical,
electrochemical, and nanoelectronic sensors, owing to their
unique optical, electrical, mechanical, structural, and chem-
ical properties and atomically thin thickness.l!l In particular,
2D materials exhibit superior optical properties such as uni-
versal optical conductivity, broadband absorption from vis-
ible to infrared frequency, and novel gate-tunable plasmonic
properties.?l Therefore, integrating 2D materials into conven-
tional optical sensors delivers unprecedented enhancement
on sensing performance. There are mainly two ways that 2D
materials are integrated into optical sensors. The most straight-
forward one is to simply place 2D material on the surface of
a waveguide or a prism to utilize the optical absorption or
plasmonic property by replacing the commonly used metallic
thin films to gain a better sensing characteristic.l3% The other
way is to integrate the 2D material into a plasmonic sensor
to tune or enhance the resonant property, as well as serve as
a functional layer. For example, integrating 2D materials into
a conventional surface plasmon (SP) resonance sensor could
construct plasmonic metasurfaces.”l Moreover, recent studies
have explored the great potential of 2D material/metal hybrid
film-like structures for the sensitivity enhancement on conven-
tional Kretschmann configuration based plasmonic sensor.”"!
Various hybrid plasmonic sensing platforms have been pro-
posed, such as graphene/gold,”’'% graphene oxide/gold,-1!
graphene-MoS,/gold,l'*8 and MX,/silicon/gold."” However,
most of these studies are preliminary theoretical investigations.

In this work, we study the influence of 2D material on
hybrid plasmonic photonic structure on the surface plasmon
polariton (SPP) excitation as well as the sensing performance
of this hybrid plasmonic sensor. To be more specific, we take
optical fiber, the most prevalent form of dielectric waveguide as
a model to carry out eigenmode analysis to investigate the drift
of resonant coupling between TM-polarized guided mode and
SPP induced by the additional atomic layer on metal film. As
it is unrealistic to discuss all existing 2D materials in details,
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our analysis concentrates on graphene, which is the most rep-
resentative and commercially available 2D material. In addition
to their superior optical properties, graphene has also been
demonstrated to be an excellent functionalization strategy. The
honeycomb arrangement of carbon atoms forms n-stacking
interaction with aromatic rings that commonly exist in bio-
molecules.?”) Besides, as the plasmonic sensitivity is critically
decayed as the thickness of functionalization layer increases,?!!
the atomically thin graphene hardly compromises the sensing
performance. More importantly, the additional graphene layer
strengthens the electric field of SPP, thereby further pro-
motes the interaction between biomolecules and evanescent
field. Here, we numerically analyze and experimentally dem-
onstrate an optical fiber based plasmonic biosensor seam-
lessly integrated with the graphene-on-gold hybrid structure.
To validate the resulting sensor, we detect the concentration
of single-stranded DNA (ssDNA), as ssDNA quantitation is a
critical process in many biomedical techniques, such as DNA
sequencing, cloning, gene expression, and polymerase chain
reaction (PCR).?2l Our proposed biosensor provides a detec-
tion limit of 24-mer ssDNA as low as 1 X 1072 m and a linear
response within a wide range of concentrations from 1 x 10712
to 10 x 1070 m.

Figure 1 illustrates the configuration of our proposed bio-
sensor. Considering the cylindrical geometry of optical fiber
is not suitable for the transfer of large-area single-layer gra-
phene, we propose to use a side-polished fiber of which the
flat polished facet can better preserve the integrity as well as
prevent the wrinkles of graphene sheet. To do so, a standard
single-mode fiber (SMF) is laterally polished to expose the eva-
nescent field of core mode and a thin gold film is coated on the
side-polished facet. Single sheet of graphene is then transferred
on top of the gold film to enhance the excited SPP as well as to
bond with biomolecules. A polychromatic light source couples
into the fiber core. The peak transmission loss of the output
spectrum occurs at the resonance at which the phase matching
condition is satisfied.?’l We use both wavelength and intensity
interrogations to characterize the plasmonic behaviors. Gra-
phene is particularly helpful for the immobilization of ssDNA
molecules. Driven by the strong n-stacking interaction between
aromatic carbons of graphene and nucleobases, the flexible
ssDNA molecules intend to maximize the affinity, thus “lie” on
the graphene surface.?”) Therefore, the entire molecules could
fully interact with the surface plasmon and lead to the increase
of local refractive index. As a result, the phase matching point
will experience a redshift.

We first carry out numerical analysis to verify that the
graphene enhanced plasmonic sensor provides better perfor-
mance even for bulk refractive index sensing (see the simula-
tion method in the Experimental Section). In the first scenario,
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Figure 1. Proposed graphene-on-gold hybrid plasmonic biosensor. ssDNA molecules are adsorbed on single sheet of graphene through m-stacking
interactions between the aromatic rings of nucleobases and honeycomb latticed carbon atoms.

a 30 nm gold film (see the discussion of gold thickness in
Section S2, Supporting Information), beyond which is dielec-
tric liquid medium, is coated on top of the side-polished facet.
The black curve in Figure 2a shows the normalized electric field
distribution of SPP excited by thin gold film. The zero posi-
tion is the boundary between gold film and side-polished facet.
The inset of Figure 2a plots the electric field distributions over
the entire simulated configuration, which includes the dielec-
tric medium, thin gold film, fiber core, and fiber cladding. In
agreement with theory, the electric field of guided core mode
is Gaussian distributed and that of SPP is the strongest at the
thin film surface and exponentially decays into the dielectric
medium. We add single layer of graphene on top of the gold
film in the following scenario. As shown by the red curve in
Figure 2a, the intensity of SPP considerably enhances by
~30.2% with the addition of single graphene sheet. We also
investigate the impact of multiple graphene layers on the plas-
monic behaviors. Two or more graphene layers would depress
the SPP intensity instead of further boosting it. The increase of
graphene layers leads to the gradual decrease of SPP due to the
energy loss of electrons induced by additional graphene layers.!”!
Therefore, single sheet of graphene provides an optimal sen-
sitivity to the change of dielectric medium (see Section S3,
Supporting Information, for details).

The transmission spectra of the core modes of two scenarios
are plotted in Figure 2b. The inset of Figure 2b shows the mode
profiles of fundamental core mode and SP mode. With a gra-
phene layer added, the peak transmission loss enhances, mean-
while shifts to a longer wavelength. The peak loss enhancement
is due to the increased SPP excitation caused by graphene as
explained above. The redshift of resonant wavelength is owing

to the high refractive index of graphene, which is 3 +i§/’h

within visible range, where C = 5.446 um 1124 As the refrac-
tive index of analyte increases, the graphene enhanced sensor
undergoes a larger wavelength redshift as well as a larger peak
loss enhancement, leading to the improved sensitivities in both
wavelength and intensity interrogations. Figure 2¢,d compares
the sensitivities corresponding to both wavelength and intensity
interrogations when the analyte refractive index increases from
1.333 (the refractive index of numerous aqueous solutions) to
1.3505 (the refractive index of blood plasma).?>! The proposed
graphene-on-gold hybrid structure improves the wavelength
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interrogation sensitivity from 904.49 to 1039.18 nm RIU™}, and
the intensity interrogation sensitivity improves from —752.62 to
—897.15% RIU~. The response of plasmonic biosensor to ana-
lyte refractive index is therefore effectively promoted, which is
profited from the alteration of electronic properties when gra-
phene is deposited on metal substrate. Pristine graphene is
a zero-bandgap semiconductor with valence and conduction
bands touching at the conical points.?®! When graphene, of
which work function is 4.5 eV, is in contact with a metal with
work function higher than 5.4 eV (e.g., gold with work function
of 5.54 eV), it becomes p-type doped as electrons transfer from
graphene to metal surface to equilibrate the Fermi levels.[?-%]
The charge transfer enhances the resonant electron oscillations
at gold surface, thereby boosts the field of SPP.’!

To fabricate the side-polished fiber, we fix a standard SMF
in the groove of a silica block using epoxy. We then polish
the entire silica block till the fiber core is exposed. The inset
of Figure 2e illustrates the cross section of our fabricated side-
polished fiber. The polished facet is further coated with a 30 nm
gold film by electron beam evaporation (see the discussion of
gold thickness in Section S2, Supporting Information). We
characterize the plasmonic behaviors of the resulting gold-
coated side-polished fiber (the experimental setup is described
in the Experimental Section). The gold-coated side-polished
facet sequentially immerses in refractive index matching
liquids, which are NaCl solutions with different concentrations
with the refractive indices ranging from 1.3326 to 1.3497.
Figure 2e shows the characterization results. The resonant
wavelength shifts to longer wavelengths and the peak
loss enhances along with increasing analyte refractive index.
As plotted in Figure 2f, both resonant wavelength shift and
transmission minimum show linear relations against analyte
refractive index. This phenomenon matches with the above-
mentioned simulation results. The corresponding sensitivities
of wavelength and intensity interrogations are 413.79 nm RIU™
and —391.02% RIU™!, respectively. The experimental sensitivi-
ties are less than those of simulation due to the structural dif-
ferences between the fabricated fiber sensor and constructed
simulation model. In the simulation, the constructed 2D model
assumes perfect uniformity along the longitudinal direction of
fiber and the surfaces of side-polished facet and thin gold film
are perfectly planar. In the experiment, however, the polishing
depth is not uniform along the longitudinal direction of fiber

Adv. Mater. Technol. 2017, 2, 1600185



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

—~
&
~

—1 layer graphene
—2-layer graphene
—3-layer graphene
—w/o graphene

<
S

.o
)

Electric Field Intensity (a. u.)

-1 -0.5 0.5 1
Position (um)
c
©s7s1 O AutG o
O Au - -
570 | <
e y=1039.18x-829.31 -~
£ R2=09973 &
=565} -
1)
5 -
2 560 s
& 555 1 y = 904.49x - 656.67
R? = 0.9974
550 |
1.3320  1.3365 1.3410  1.3455 1.3500
Analyte Refractive Index (RIU)
100 ———— e
(e
90
S
= 80
8
2
g 70
60

1
550 600
Wavelength (nm)

650

Transmission (%)
~
(=}
T

D
(=}
T

www.advmattechnol.de

Au 1.333
Au 1.34
------ Aut+G 1.333
0 Mo AutG 1.34
1 1 1 |
480 520 560 600 640
Wavelength (nm)
@ ol
S ¥ =-752.62x + 1064.10
ESS L R? = 0.9950
=
g o T
8
S50t =
=
g .
245 s
£ -
g ~
£40F @ Ay Y=-897.15x+ 124929 2 -
2
A AWG R? = 0.9963 Mg
35 1 1 1 1 1
13320  1.3365 13410  1.3455  1.3500
Analyte Refractive Index (RTU)
(f) 413.79 25.88 ™
4 1 y= .79x + 25.
% ‘2 R? = 0.9643 =
452
Esgof s
= §
g o 2
E 5801 O Transmission g
< <
B {48
578 |- b
y =-391.02x +573.60 ~ o0
) . RP=09732 o 146
1332 1336 1.340 1.344 1.348 1.352
Refractive Index (RIU)

Figure 2. a) Normalized electric field intensities of excited SPPs when no graphene layer, single-layer graphene, two-layer graphene, and three-layer
graphene are deposited on the 30 nm gold film coated on the side-polished facet of fiber. (Inset) Distributions of normalized electric field intensity over
the entire simulated geometry. b) Transmission spectra of side-polished optical fiber based plasmonic sensors with and without single-layer graphene.
(Inset) Mode profiles of the fundamental core mode and surface plasmon mode. Comparison of sensitivities between plasmonic sensors with and
without single-layer graphene using c) wavelength interrogation and d) intensity interrogation. e) Transmission spectra of a side-polished fiber based
plasmonic sensor with gold thickness of 30 nm. (Inset) SEM image of the cross section of the side-polished fiber. f) Measured sensitivities that cor-

respond to wavelength and intensity interrogations.

(see Section S5, Supporting Information, for the schematic dia-
gram of side-polished fiber) and surface roughness is measured
to be around 5 nm using atomic force microscopy (AFM) (see
Section S4, Supporting Information, for the AFM image). As a
consequence, the sensitivities are degraded due to the uneven
polishing depth?! and surface roughness.[30-32

Following the characterization, we transfer single sheet
of graphene on top of the thin gold film by the wet transfer
approach (see the Experimental Section).! Figure 3a,b shows
the Raman spectra of the monolayer chemical vapor deposi-
tion (CVD)-grown graphene on copper foil and the monolayer
graphene transferred onto the gold-coated side-polished optical
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fiber, respectively. The peak locations of G and 2D bands are at
1589 cm™' + 2 cm™! and 2678 cm™! £ 2 cm™, respectively, (see
more details in Section S6, Supporting Information). The inten-
sity ratios of 2D to G peaks in Figure 3a,b are 2.70 and 2.26,
respectively, which indicate the monolayer of graphene.?¥l The
inset of Figure 3c shows the microscopic view of the transferred
single graphene sheet boundary on the side-polished facet.
The strip in the middle is the groove of silica block in which
the SMF is fixed with epoxy. Figure 3¢ compares the transmis-
sion spectra of plain gold film and graphene-coated gold film
on side-polished fiber when immerging in deionized (DI)
water. In agreement with simulation, the resonant wavelength
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Figure 3. a) Raman spectrum of monolayer CVD-grown graphene on copper foil. b) Raman spectrum of transferred monolayer graphene on gold-
coated fiber. ) Comparison of transmission spectra of configurations with and without graphene. (Inset) Microscopic view of the graphene sheet
transferred on fiber. Red dotted line indicates the boundary of graphene sheet. d) Change of transmission spectra of graphene enhanced plasmonic fiber
sensor when detecting concentrations of ssDNA. e) Transmission minimum and resonant wavelength against ssDNA concentrations (log x107'2 w).

undergoes a redshift from 577.2 to 579.3 nm with the addition
of a graphene layer. Meanwhile, the graphene sheet obviously
decreases the transmission minimum from 52.97% to 48.27%.
One reason why the transmission spectrum change after
graphene transfer in experiment is less than that in simula-
tion is because the sensitivity of the fabricated fiber sensor is
smaller than the simulated sensitivities as we explained above.
Another reason is due to the impurities associated with gra-
phene transfer. Compared with the seamless contact between
graphene and gold film, the unavoidable residual Cu atoms
trapped within the graphene layer after etching leads to the
imperfect contact between graphene and gold layer.> Also,
surface roughness associated with side-polished fiber fabrica-
tion and gold film deposition degrades the contact between two
materials. Hence, the transmission spectrum is less varied after
graphene transfer. The decrease of transmission minimum
after graphene transfer indicates a stronger excitation of SPP
thereby a higher sensitivity (see the comparison and detailed
discussion of plasmonic sensors with and without graphene in
Section S4, Supporting Information).

Finally, we validate the biosensing capability of our proposed
sensor by detecting 7.3 kDa 24-mer (5-CTT CTG TCT TGA
TGT TTG TCA AAC-3’) ssDNA (Integrated DNA Technolo-
gies) with concentrations ranging from 1 x 10712 to 10 x 10 m
using the same setup with aforementioned characterization.
24-mer is a commonly used oligonucleotide probe length in
the detection of human disease-causing peptides and bacteria
such as amyloid-f peptide,l3®! Streptococcus pyogenes,>’ Entero-
bacteriaceae,®® and Arcobacter butzleri.9 We inject ssDNA
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solutions into flow chamber that envelops the sensing area of
side-polished fiber (see schematic diagram of the flow chamber
in Section S5, Supporting Information). For each concentra-
tion, we fill up the chamber with ssDNA solution and wait for
8 min to ensure that ssDNA molecules fully interact with gra-
phene. Then we inject DI water into the flow chamber to flush
away the unbonded or weakly adsorbed ssDNA molecules. We
recorded the stabilized transmission spectrum at this point
since only strongly adsorbed ssDNA molecules remained in the
solution. Figure 3d plots the magnified transmission spectra
with various ssDNA concentrations. Same with the trend when
sensing bulk refractive index, the resonant dip deepens and
also shifts to longer wavelengths as the concentration increases.
This phenomenon is caused by the adsorption of ssDNA mol-
ecules on graphene sheet. The bonding of ssDNA varies the
local refractive index as well as scatters the evanescent field,
thereby causes higher transmission loss. Also, the propagation
constant of SPP is modified so that the phase matching con-
dition is satisfied at a longer wavelength.®l We also observe a
distinguishable enhancement of peak transmission loss when
ssDNA concentrations is as small as 1 x 1072 m. Such low limit
of detection is benefited from the enhanced plasmonic sensi-
tivity as well as the stable bonding between ssDNA molecules
and graphene at the SPP propagation surface. Compared with
a bare gold film which has weaker adsorption capability, gra-
phene/gold hybrid structure boosts the detection limit for
orders of magnitude (see Section S5, Supporting Information,
for detailed analysis). Figure 3e plots the linearly decreasing
transmission minimum and the gradually saturated increasing

Adv. Mater. Technol. 2017, 2, 1600185
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resonant wavelength against log x107'2 M concentration. There-
fore, transmission minimum is adopted as the sensing param-
eter, and our proposed biosensor provides a linear response
over a wide detection range of log scale ssDNA concentration
from 1x 1072 to 10 X 10 m.

In summary, we demonstrate a graphene/gold sensing film
coated optical fiber as a proof-of-concept of hybrid plasmonic
waveguide biosensor. We prove by both numerical analysis and
experimental demonstration that the deposition of graphene on
the thin gold film coated fiber effectively enhances the excited
SPP, thus promotes the sensitivities in both wavelength and
intensity interrogations. Coupled with biomolecules adsorp-
tion capability, 2D material based hybrid plasmonic waveguide
sensor delivers distinctive sensing performance, leading to the
realization of the prospect of highly sensitive, highly integrated,
flexible, and miniaturized in situ biosensors. This new sensing
platform could be more versatile and the sensing performance
can be further improved by introducing various nanomaterials
in the future.

Experimental Section

Optical Simulation: Numerical analysis was carried out using the
mode analysis in Lumerical FDTD Solutions. In the simulation, the
fiber core diameter is 8 um and the polished fiber cladding facet just
coincides with the perimeter of fiber core. The refractive indices of fiber
core and cladding were set based on the Sellmeier equations of fused
silica and 3.5% GeO,-doped silica, respectively.l*y) The optical constants
of gold and graphene are built-in parameters in Lumerical.

Experiment Setup: The same setup was used for the characterization
of gold-coated side-polished fiber and the ssDNA detection. A
polychromatic light source with the wavelength range from 400 to
700 nm transmits through a linear polarizer and couples into the SMF.
The output light is received by a spectrometer with spectral resolution of
0.38 nm. The angle of linear polarizer is adjusted meanwhile monitoring
the transmission spectrum of side-polished fiber. When the peak
transmission loss on spectrum reaches the lowest point, the angle of
polarizer is fixed as it corresponds to the TM-polarized core mode. Then
the analyte liquids sequentially flow through the sensing area of side-
polished fiber. A 532 nm Raman system (WITec alpha300) was used to
measure the Raman spectra of monolayer graphene before and after
wet transfer. The laser has an output power of 5 mW. The spot size is
=500 nm focused by 100x objective lens.

Graphene Transfer Procedure: A commercial 1 cm x 1 cm single-layer
graphene grown on copper foil via CVD was used. First, a few hundred
nanometers of polymethyl methacrylate (PMMA) thin film was spin-
coated on the top surface of graphene sheet. After the PMMA film is
solidified, the whole copper foil was floated on 8.33% ammonium
persulfate (NH,),S,0g solution to etch the copper foil beneath graphene.
Then the remaining PMMA-coated graphene sheet was transferred to
float on DI water for several times to remove the residual ions. The
floating graphene sheet was located on top of gold-coated side-polished
facet of the fiber, and gradually lifted out of water with the graphene
sheet attached on the side-polished facet. After drying the graphene-
coated fiber in 37 °C oven for 12 h, the PMMA thin film was removed
by acetone.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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