
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/1
7/

20
25

 8
:5

7:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Theoretical desig
aSchool of Physics and Electronics, Shandong

E-mail: yanyanhuo2014@sdnu.edu.cn
bInstitute of Electronic Science and Tech

710000, China

Cite this: RSC Adv., 2017, 7, 47177

Received 29th July 2017
Accepted 2nd October 2017

DOI: 10.1039/c7ra08380g

rsc.li/rsc-advances

This journal is © The Royal Society of C
n of a surface plasmon resonance
sensor with high sensitivity and high resolution
based on graphene–WS2 hybrid nanostructures
and Au–Ag bimetallic film
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We proposed a high sensitivity and a high resolution surface plasmon resonance sensor composed of

graphene–WS2 hybrid nanostructure and Au–Ag bimetallic-layers film. The bimetallic-layer configuration

uses the high sensitivity of gold and the narrow full width at half maximum (FWHM) of silver to improve

the sensor's sensitivity and resolution respectively. Graphene and WS2 serve as an effective light

absorption medium. Once they cover the bimetallic-layer, the sensitivity can be further improved

significantly. Graphene–WS2–Au–Ag model shows a higher sensitivity and higher resolution than that of

the conventional sensing scheme where pure Au thin film is used. In our paper, we mainly use Fresnel

equations and the transfer matrix method (TMM) to study the reflectivity and sensitivity as well as the full

width at half maximum (FWHM) of the SPR sensor.
1. Introduction

Surface plasmon resonance (SPR) sensors have become an
important sensing technology in the eld of biology and
chemistry because of their extraordinary high sensitivity,
biocompatibility, detection accuracy, etc.1–4 In general, there are
two common detection methods used for SPR sensors based on
Kretschmann conguration, including wavelength interroga-
tion and angle interrogation. For wavelength interrogation,
polychromatic light is required as the incident light. However,
for angle interrogation, only monochromatic light is required, it
is possible to achieve higher signal-to-noise ratio due to the
wavelength and power stability of the source.5–11 Thus, angle
interrogation is adopted in this article.

Gold, silver, or bimetallic (Au–Ag) lms are usually used as
the sensor-layer in the traditional SPR sensor. The sensitivity of
the Au lm SPR sensor is highest but the resolution is lowest of
these three metallic lm. The SPR sensor based on Ag lm has
the highest resolution, but the sensitivity is relatively low. The
bimetallic lm can improve the resolution of the SPR sensors,
but the sensitivity will be reduced.12–15 In addition, the metal
based on a SPR sensing layer is unstable and easily oxidized,
further limiting its application. Therefore, how to give
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consideration to both sensitivity and resolution is crucial to
obtain a SPR sensor with excellent behaviors.

Graphene was discovered rst in 2004 has attracted great
attention in recent years, due to its compelling unique electrical
and optical properties.16–20 Once graphene is deposited on
metallic thin lms, the sensitivity of the SPR sensor can be
enhanced.21 However, the sensitivity of these SPR sensors was
only enhanced by 25% when ten layers graphene were coated on
the Au lm.22 The enhanced effect of single nanomaterial
toppings still seems insufficient for SPR biosensor applications.
Aerwards, two layers of nanomaterials such as silicon–gra-
phene, silicon–WS2 and MoS2–graphene hybrid nanostructures
were studied to enhance the sensitivity.23,24 The sensitivity of the
SPR sensor based on two layers of nanomaterials can be effec-
tively enhanced, but the FWHM also increased signicantly,
which leads to a lower resolution.25

In this paper, we design a new sensing conguration
composed of graphene, WS2 nanomaterials and Au–Ag
bimetallic-layer, which has a higher sensitivity and a higher
resolution. Au–Ag bimetallic layer is used to reduce the full
width at half maximum (FWHM). Graphene and WS2 can
improve the light absorption, which is much benecial for
obtaining of the SPR signal with high sensitivity. In addition,
graphene layer has a large specic surface area and can selec-
tively detect aromatic compounds through pi-stacking fore. The
sensitivity and the FWHM of SPR sensor are systematically
studied by using Fresnel equations and the transfer matrix
method.
RSC Adv., 2017, 7, 47177–47182 | 47177
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2. Theory

The SPR sensor proposed in this paper is based on the
Kretschmann conguration, as shown in Fig. 1. The rst layer is
the SF11 prism and its refractive index is n1¼ 1.52.25 The second
layer is Ag lm and the third layer is Au lm. The complex
refractive index of thin-metal is obtained from the eqn (1) at
633 nm.26

3 ¼ 3r þ i3i ¼
 
1� l2lc

lp
2ðlc þ ilÞ

!
(1)

where, lp and lc represent the plasma and the collision
wavelengths of the metals, respectively. The dielectric
constant of Ag and Au at 633 nm are 3Ag ¼ �17.81 + i0.68 and
3Au ¼ �10.98 + i1.46 respectively. Next layer is WS2 or MoS2
and their dielectric constant are 3WS2 ¼ 23.85 + i3.06 and
3MoS2 ¼ 24.44 + i11.91 at 633 nm.27 The h layer is graphene
and its complex refractive index is obtained from the eqn (2) at
633 nm.25

n ¼ 3:0þ i
C1

3
l (2)

where C1 z 5.446 mm�1. The last layer is biomolecular analyte,
which is replaced by the deionized (DI) water rstly and its
refractive is n6 ¼ 1.332.

We use the transfer matrix method (TMM) and the Fresnel
equation to analyze the reectivity and FWMH of the sensor
based on graphene–WS2–Au–Ag hybrid nanostructure. In
N-layer model, the tangential eld components at the rst and
the last interface are related as:25�

U1

V1

�
¼ M

�
UN�1

VN�1

�
(3)

where, U1 and UN�1 are the tangential component of electric
eld of the rst layer and the last layer, V1 and VN�1 are the
tangential component of magnetic eld of the rst layer and the
last layer. M is the characteristic Transfer Matrix (TM) of the
combined N-layer structure and can be obtained from the
following relation for the p-polarization light
Fig. 1 A schematic diagram of the SPR sensor system.

47178 | RSC Adv., 2017, 7, 47177–47182
M ¼
YN¼1

k¼2

Mk ¼
�
M11 M12

M21 M22

�
(4)

where

Mk ¼
�

cos ak ð�i sin akÞ=ck

�ick sin ak cos ak

�
(5)

and

ck ¼
�
mk

3k

�1=2

cos qk ¼
�
3k � n1

2 sin2
q1
�1=2

3k
(6)

ak ¼ 2p

l
nk cos qkðZk � Zk�1Þ ¼ 2pdk

l

�
3k � n1

2 sin2
q1
�1=2

(7)

3k and dk are the dielectric constant and thickness of the kth
layer, q1 and l are the incident angle and the wavelength of the
incident light. The total reection coefficient (rp) for the p-
polarization light is

rp ¼ ðM11 þM12cNÞc1 � ðM21 þM22cNÞ
ðM11 þM12cNÞc1 þ ðM21 þM22cNÞ

(8)

The reectivity (R) of the conguration for p-polarization
light are obtained as

R ¼ |rp|
2 (9)

The curve of the reectivity (R) changed as the incident angle
(q1) is called SPR curve. The resonant angle (qSPR) is the angle
corresponding to the minimum reectivity (Rc), which will shi
with the varied refractive index of the sensing layer induced by
the binding of the analyte. The sensitivity of a SPR sensor is
dened as:

SðqÞ ¼ Dq

Dn
¼ dq

dn
(10)

Dq, Dn are the variation of resonance angle and refractive index
of the sample.

3. Results and discussions

According to principle of energy conservation: when the reec-
tivity reaches the minimum value, the maximum energy from
the incident light can be coupled to the surface plasmon, which
can enhance the sensitivity and resolution of a SPR sensor.28–30

Thus, the optimum thickness can be found based on principle of
energy conservation. Fig. 2(a) shows that the minimum reec-
tivity Rc at the resonant angle qSPR of the gold–silver bimetallic
lm SPR sensor changed as the thicknesses of silver and gold
layer. The minimum value of Rc can be very close to 0 when the
gold and silver layers take appropriate thicknesses, which cor-
responding to the optimized thicknesses of silver and gold lm.
The optimized thickness values of the gold and silver layers are
shown in Fig. 2(b). We nd that the thickness of one metal layer
decreases with increasing thickness of the another metal layer
for the optimized thicknesses of the bimetallic layer. When the
thickness of Ag layer increases to 52 nm, the corresponding
thickness of Au layer is 0 nm. While as the thickness of Au layer
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Reflectivity (Rc) at resonance angle with various thicknesses of silver and gold film. (b) The optimized thicknesses of Au–Ag bimetallic
layer in the bimetallic film SPR sensor that achieve minimal reflectivity at resonance angle. (c) Reflectivity curves of Au–Ag layer with different
optimized thickness versus the angle of incidence. Solid lines and dashed lines depict the reflectivity curve corresponding the analyte refractive
index of 1.332 and 1.372, respectively. (d) Sensitivity and FWHM of SPR sensor with varying Au–Ag optimized thicknesses.
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increases to 46 nm, the corresponding thickness of Ag layer is
0 nm. So the calculating thickness range of gold and silver layer
are 0–46 nm and 0–52 nm respectively.

The sensitivity and FWHM of SPR sensor with the optimized
thicknesses of bimetallic layer are calculated in Fig. 2(c) and (d).
From Fig. 2(c), we can see that the resonance angle and FWHM
of the bimetallic lm SPR sensor are different for different
optimized thicknesses of Au–Ag bimetallic layer. When the
thickness of Ag and Au are 52 nm and 0 nm, i.e. only Ag lm on
the SF11 prison, the resonant angles is 67.9 Deg, and the FWHM
is only 1.5 Deg. While there is only Au lm on the SF11 prison,
the resonant angles is 72.8 Deg, and the FWHM is 7.5 Deg. The
sensitivities of sensor based on pure Ag and Au lm are 133 and
182 Deg per RIU, which are obtained by changing the refractive
index of analyte by Dn ¼ 0.04. From the results, we know that
the sensitivity of sensor for pure Au lm is higher than that of
pure Ag lm, but the FWHM of sensor for pure Au lm is higher
than that of pure Ag lm. So the SPR sensor with high sensitivity
and high resolution cannot be realized by using only one single
metallic lm. However, when single metallic lm is replaced by
bimetallic lm, the sensitivity of SPR sensor increases with
increasing thickness of Au lm, but it decreases with increasing
thickness of the Ag lm. While the FWHM decreases with
increasing thickness of Ag lm, but increases with increasing
thickness of the Au lm, as shown in Fig. 2(d). So, the Au lm
can improve the sensitivity of the SPR sensor, while the Ag lm
can improve the resolution. However, for the optimized bime-
tallic lm SPR sensor, although the resolution can be enhanced,
the sensitivity is reduced signicantly.
This journal is © The Royal Society of Chemistry 2017
Two-dimensional materials not only can improve the
sensitivity of a SPR sensor, but also can protect the metal layer
from oxidation and enhance the adsorption of biological and
chemical molecules.31–34 Here, we mainly study the perfor-
mance of sensor when three kinds of two-dimensional mate-
rials (WS2, graphene and MoS2) are covered on bimetallic
layer.32–34 To optimize the number of two-dimensional material
layers, we plotted the reectivity curves of the SPR sensor
composed of Au–Ag bimetallic lm and two dimensional
materials with different numbers of layer, as shown in
Fig. 3(a–c). The thickness of the silver layer and gold layer are
chosen as 30 and 12 nm. As shown in Fig. 3(a–c), when
different layers of WS2, graphene and MoS2 are covered on the
bimetallic lm, some characteristics of the resonant curve are
concluded as: (I) the resonant angle shis to the larger angles
with increasing numbers of WS2, graphene and MoS2 layer. For
WS2 and MoS2, the shis of resonance angle are larger than
that of graphene, which is caused by the larger real part of the
dielectric constant of MoS2 and WS2.22,24 (II) The FWHM of the
SPR curve becomes larger as the numbers of graphene, MoS2
and WS2 layer increase. Especially, for WS2 and MoS2, the
FWHMs have a rapid broadening, because of a larger electron
energy loss caused by the larger imaginary part of dielectric
constant of WS2 and MoS2. (III) The minimal value of reec-
tivity Rc at the resonant angle appears when monolayer struc-
ture is deposited on Au–Ag bimetallic lm for these three kinds
of two dimensional materials, as shown in Fig. 3(d), which
indicates that the light is effectively absorbed and can promote
a stronger SPR excitation. So we choose monolayer WS2,
RSC Adv., 2017, 7, 47177–47182 | 47179
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Fig. 3 (a–c) Reflectivity curves of sensor based on bimetallic film and
two-dimensional materials with different number of layers for WS2 (a),
graphene (b), MoS2 (c), respectively. (d) Reflectivity Rc at resonance
angle with varying numbers of graphene, MoS2, and WS2 layer and
inset: the values of Min Rc for Au–Ag, Graphene, MoS2 and WS2.
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graphene or MoS2 deposited on Au–Ag bimetallic lm to make
a SPR sensor.

In order to investigate the performance of the SPR sensor
with bimetallic layers and single layer two-dimensional mate-
rial, the sensitivity and FWHM of SPR sensors composed of
monolayer WS2, graphene or MoS2 and Au–Ag bimetallic lm
are shown in Fig. 4. When the refractive index of analyte layer
changes from 1.332 to 1.372, the resonant angles shi 6.3, 6.8
and 7.1 Deg for graphene, MoS2 and WS2 SPR sensor, respec-
tively. The sensitivities are calculated to be 157.5, 170.0 and
Fig. 4 (a–c) Reflectivity curves of sensors based on bimetallic film and
two-dimensional materials as the refractive index of analyte layer
changes from 1.332 to 1.372 for WS2 (a), graphene (b), MoS2 (c). (d)
Resonance angle of sensors based on bimetallic film and graphene,
MoS2 or WS2 film with respect to the refractive index of analyte layer.

47180 | RSC Adv., 2017, 7, 47177–47182
177.5 Deg per RIU, respectively, which are all higher than that of
the sensor composed only Au–Ag bimetallic lm (only 151.5 Deg
per RIU). Because the sensitivity depends on the evanescent
eld strength which directly related to the absorbed light
energy. From inset of Fig. 3(d), we can see that the Min Rc of the
bimetallic sensor based on WS2 is the smallest, which means
that WS2 can promote the absorption of light more effectively.
So the SPR sensor composed of WS2 and Au–Ag bimetallic lm
is most sensitive for these three kinds of two-dimensional
materials. Comparing with the sensor based on pure Au lm,
its sensitivity is slightly smaller but the FWHM is only 5.1 Deg,
which is much smaller than that of SPR sensor composed of
pure Au lm. Thus WS2 is the best choice for SPR sensors in
these three kinds of two-dimensional materials.

Graphene has many advantages for biosensing applications,
especially it can selectively detect aromatic compounds and
enhance the sensitivity of sensor. So we deposit graphene on
WS2–Au–Ag hybrid nanostructure to form a new SPR sensor.
The sensitivity and FWHM of the SPR sensor based on gra-
phene–WS2–Au–Ag hybrid nanostructure are calculated in
Fig. 5. When monolayer graphene is deposited on WS2–Au–Ag
hybrid nanostructure, the sensitivity is further enhanced, can
reach up to 182.5 Deg per RIU which is higher than the SPR
sensor based on single WS2 lm and others. Because the min Rc

of this sensor is only 1.07� 10�3 which is the lowest than others
based on single WS2 lm and others. So it can further absorb
the light and get the highest sensitivity. However, the FWHM is
also increase a little (5.4 Deg). When the number of graphene
layer continues to increase, the sensitivity increases rstly and
then decreases, as shown in Fig. 5(a). When the number of
graphene layer is 4, the sensitivity can reach to a maximum
value (192.5 Deg per RIU), which is higher than the SPR sensor
based on only single Au lm. The FWHM (7.3 Deg) is a little
smaller than that of sensor based on pure Au lm. If the
number of graphene layers increase to 5, although the sensi-
tivity is also higher than that pure Au lm sensor, the FWHM is
larger than that of the pure gold. So we can realize a SPR sensor
with a higher sensitivity and a higher resolution than pure Au
lm sensor by using graphene with less than 4 layers and WS2–
Au–Ag hybrid nanostructure.

In the above, we only discuss the sensor based on Au–Ag
bimetallic with the thickness of 12 and 30 nm. In Fig. 6, we also
discuss the sensitivity and FWHM of the sensor composed of
monolayer graphene, monolayer WS2 and Au–Ag bimetallic
layer with other optimized thicknesses. The sensitivity and the
Fig. 5 Sensitivity (a) and FWHM (b) of SPR sensor based on graphene–
WS2–Au–Ag film with respect to the numbers of graphene layer.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Sensitivity and FWHM of SPR sensor based on graphene–WS2–
Au–Ag film with respect to the different optimized thicknesses of
silver–gold bimetallic film.
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FWHM decrease gradually as Ag lm thickness increases, while
increase with increasing thickness of Au lm. However, when
the optimized thickness of Au–Ag bimetallic layer reach to 16–
26 nm, the FWHM of the SPR curve will exceed that of SPR
sensor with only single gold lm. Similarly, when the optimized
thickness of Au–Ag bimetallic layer reach to 11–32 nm, the
sensitivity of the SPR sensor will be lower than that of SPR
sensor with pure gold lm. So if we want to realize a SPR sensor
with a higher sensitivity and a higher resolution, the optimized
thickness range of Ag and Au layer are 26–32 nm and 11–16 nm
respectively.
4. Conclusion

In this article, a high sensitivity and resolution SPR sensor is
proposed. Based on the Kretschmann conguration, the system
consists of graphene, WS2 and Au–Ag bimetallic thin lm. In
order to obtain a higher sensitivity and resolution sensor, we
systematically investigate the optimized thicknesses of Au–Ag
bimetallic layer and the optimized layers of 2D nanomaterials.
Fresnel equations and transfer matrix method are used to
analyze the change of resonance angle, the corresponding
sensitivity, and the FWHM for angularmodulation of SPR sensor.
The result shows that when monolayer graphene and monolayer
WS2 are deposited on Au–Ag hybrid nanostructure, the sensitivity
can reach up to 182.5 Deg per RIU and the FWHM is only 5.4 Deg,
which are superior to the sensor based on only pure Au lm. We
also discuss the inuence of the other optimized thicknesses. If
we want to realize a SPR sensor with a higher sensitivity and
a higher resolution, the optimized thickness range of Ag and Au
layer are 26–32 nm and 11–16 nm respectively.
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