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Abstract: A surface plasmon resonance (SPR) sensor with Ag/PbS/GR hybrid nanostructure has been proposed for 
the diagnostics of liquid phase samples. Here Ag/PbS/GR hybrid nanostructure is designed as an asymmetric MIM 
waveguide for surface plasmon. Due to the guided wave SPR (GWSPR) modes, the index of the liquid phase sam-
ples can be measured more accurately than the conventional SPR sensors. Numerical simulation results show that 
the sensitivity of the sensor is about 5 times higher than the conventional SPR sensors. The origin of the enhance-
ment mechanism is the combination of GWSPR in the Ag/PbS/GR hybrid nanostructure which enables the surface 
plasmon to spread along the PbS layer. In Ag/PbS/GR hybrid nanostructure, the electric field is concentrated mostly 
in the PbS layer, and the enhancement of the field intensity is nearly 30%. 
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1  Introduction 

Liquid phase samples, such as protein solution, tissue 
fluid, and polluted water et al, are very important to hu-
man life and health. These samples must be detected with 
utmost accuracy and therefor the efficient detection 
mechanism for this kind of samples is significant. Sensors 
based on surface plasmon resonance (SPR) are widely 
recognized as valuable tools for sensing liquid phase 
samples [1-2]. It can be used in real-time monitoring of 
various biomolecular interactions, such as DNA hybridi-
zation and protein bindings [3-4]. It is a simple, direct, real 
time and sensitive optical sensing technique used for 
probing refractive index changes. 

Different configurations have been proposed for en-
hancing the sensitivity of sensors based on SPR. In all the 
configurations, Au and Ag have been used as SPR active 
metals [5-7]. The major limitation lies in their poor adsor-
bent of biomolecules, thereby limits the performance of 

the biosensor significantly. In recent years, Graphene (GR) 
has been applied in SPR sensors to improve the sensitivity 
[8-10]. GR is a single layer of carbon atoms arranged in a 
two dimensional honeycomb lattice structure with strong 
bio-molecular affinity. When a solution containing bio-
molecules is brought into contact with GR, the binding of 
biomolecules to the SPR sensor is enhanced, which re-
sults in a significant change in refractive index in the 
vicinity of the sensor surface and hence the sensitivity 
increases. However the detection sensitivity and accuracy 
of the sensors are lower for the loss of the electromagnet-
ic field in GR which leads to the damping field and broad 
resonance peak in the SPR curve.  

In this paper, we propose a SPR sensor with Ag/PbS/ 
GR hybrid nanostructure. The Ag/PbS/GR hybrid nano-
structure just like a metal-insulator-metal (MIM) wave-
guide [11-12]. SP is concentrated in the MIM waveguide and 
enables the enhancement of the evanescent field near the 
top layer-analyte interface. The enhancement of the eva-
nescent field in such a small area is helpful to enhance the 
interaction between the SP wave and analyte, and thereby 
compensates the loss caused by GR. So the sensitivity of 
the sensor is improved. Moreover, the stability of the 
sensor is also improved because the nano-layer protect 
the silver from interacting with the environment. 
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2  Design consideration and 

theoretical modeling 
The proposed configuration with Ag/PbS/GR hybrid 
nanostructure is shown in Fig.1. It is based on the 
Kretschmann configuration [13] where an Ag nano-mem-
brane is attached to the base of an equilateral prism made 
of high refractive index glass. On the Ag membrane, a 
nanoPbS membrane and GR membrane are deposited, 
respectively. The excitation light wavelength used for the 
SPR sensing is 700 nm. The TM polarized light is inci-
dent from one lateral face of the prism, then reaches its 
base, and is totally reflected out from the other lateral 
face, then collects and analyzes by a photodetector. 

 
In this configuration, the matching of propagation 

constants, known as resonance condition is given as fol-
lows [14]: 
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where θSPR is the angle of incidence at the resonance, n1 is 
refractive index of prism, εm is the dielectric constant of 
metal and ns is the effective refractive index of sensing 
medium and PbS. Because the refractive index of PbS is 
very high (nPbS=3.92), in order to excite the SPR, we have 
to choose a larger value of n1 than the usual configuration. 
We chose the chalcogenide glass 2S2G as excited prism 
(nSG=2.33) at 700 nm.  

The metal membrane is Ag in our configuration in-
stead of Au in the conventional SPR sensors. In fact Ag 
has clearer SPR tip leading to the better sensitivity and 
accuracy, however, it is too susceptible to oxidation and  
affect the sensor’s reliability. In Ag/PbS/GR hybrid 
nanostructure the Ag membrane can avoid the oxidation 
and the corruption due to the protection of PbS and GR 
layers. 

For SPPs-based photonic devices, the MIM waveguide 
is a fundamental structure. Many references have shown 
that the MIM waveguide is efficient for subwavelength 
manipulation of light with an acceptable propagation 
length thanks to the guided wave SPR (GWSPR) modes 
[15-17]. These modes are propagating along the membrane 
and can be used for sensing of the covered dielectric me-

dium due to the evanescent field. Here the Ag/PbS/GR 
hybrid nanostructure is designed as an asymmetric MIM 
waveguide. The permittivity of Ag and GR are −20.7323+ 
1.3035i and 6.125+8.544i at 700 nm, respectively. 

3  Results and discussion 
We use the finite difference time domain (FDTD) meth-
od [18] to calculate the electromagnetic properties of the 
sensor. The scheme for FDTD numerical computation is 
shown in Fig. 2. In the x direction, the perfectly matched 
layer (PML) is used as the absorption boundary. In the y 
direction, it is Bloch boundary condition. The wavelength 
of incident light is 700 nm, and mesh size is x=y =0.05 
nm. The incident angle is scanned with a step of 0.01°. 
The incident angle versus reflectivity is recorded to show 
the sensor’s performance.  

The sensitivity of the sensor Sn is defined as 

s
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δ

δ
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where δns is the change of the refractive index between 
the standard sample and the test sample, δθSPR is the shift 
of SPR resonance angle of the test sample relative to the 
standard sample. 

With the sensitivity of the sensor as the target, the 
structure parameters have been optimized as following: 
the thickness of Ag and PbS membrane are 50 nm and 17 
nm, respectively. The GR is taken one layer with the 
thickness of 0.34 nm. 

We use two sample solutions (DI water and 10% glu-
cose solution) to test the properties of the sensor. DI Wa-
ter (DIW) is used as the standard sample. The indices of 
DIW and 10% glucose solution (GS) are 1.330 and 1.338, 
respectively. SPR characteristics of the sensor depend 
predominantly on the validity of the resonance condition 
equation (1) for excitation of plasmons. The most effi-
cient way to check this aspect is to graphically observe 
the SPR curve, i.e. the curve of incident angle versus re-
flectivity.  

In Fig.3, we give the SPR cures when Ag/PbS/GR hy-
brid nano-structure is attached to the prism 2S2G. The 
dash line stands for DIW and the solid line for 10% GS. 
Obviously there are two resonance peaks at 67.48° and 
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Fig. 1  Schematic diagram of SPR sensor with 

Ag/PbS/GR hybrid nanostructure. 

Fig. 2  Schematic for FDTD numerical computation.
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68.56°, respectively for DIW and 10% GS. The angular 
shift δθSPR is found to be 1.08° and the change of the re-
fractive index δns is 0.008. So the sensitivity of the sensor 
is Sn=135 according to formula (2). 

For purposes of comparison, we give the SPR cures at 
the same conditions when only the 50 nm Ag nano 
membrane is attached to the prism, as shown in Fig.4. 
The resonance angle are 36.72° and 36.95°, respectively 
for DIW and 10% GS with an angular shift δns of 0.23°. 
According to formula (2), the sensitivity is 28.75. Clearly 
the sensitivity of the sensor with Ag/PbS/GR hybrid 
nanostructure is about 5 times higher than the conven-
tional SPR sensors only based on the Ag nano membrane. 

The origin of the enhancement is the combination of 
the guided wave SPR (GWSPR) in the Ag/PbS/GR hybrid 
nanostructure which is developed by a MIM nano wave-
guide and enables the surface plasmons to spread along 
the dielectric layer PbS. The MIM waveguide is efficient 
for subwavelength manipulation of light with an accepta-
ble propagation length due to GWSPR modes. Fig.5 
shows the electric field distribution in GWSPR mode and 
non-GWSPR mode. Figs.5(a) and 5(b) are electric field 
distribution for DIW and 10% GS when incident angles 
are 67.48° and 68.56° in the proposed sensor corre-

sponding to the GWSPR mode. Figs. 5(c) and 5(d) cor-
respond to the non-GWSPR mode with the incident an-
gles of 36.72° and 36.95° at the same conditions in the 
conventional sensor. 

As can be seen from Figs. 5(a) and 5(b), when the res-
onance condition(equation (1)) is satisfied, in the sensor 
with Ag/PbS/GR hybrid nanostructure, the electric field 
is concentrated mostly in the PbS layer, just like a MIM 
waveguide. The counterpart to the sensor with only Ag 
nano-membrane is from 0 nm to 100 nm. Obviously in 
the proposed sensor, the area of the electromagnetic field 
is much smaller than that in conventional sensors. This 
would lead to a huge increment of the field energy per 
unit area which is beneficial for improving the interac-
tion strength between surface plasmon and analyte. 
Moreover, because most of the field is now in the dielec-
tric layer which is less absorptive than metal, it is ex-
pected that the surface plasmon propagates longer dis-
tance along the surface thus increasing the sensitivity. In 
this sense, the sensitivity enhancement achieved here is 
similar to the long range SPR.  

In addition, we notice that the maximum of the E-field 
intensity is increased in the MIM waveguide. In the 
GWSPR, the relative intensity is 16 for DIW and is 15 for 

-200 -100 0 100 200 
x/nm 

0 

20 

-20 

y/
n

m
 

0

20

-20

y/
n

m
 

-200 -100 0 100 200 
x/nm 

300
0

3

6

9

12

15

1
3

5

7

9

11

300

0 

20 

-20 

y/
n

m
 

0

20

-20

y/
n

m
 

(a) (b)

(c) (d)

0

3

6

9

12

15

-200 -100 0 100 200 
x/nm 

300

1
3

5

7

9

11

-200 -100 0 100 200 
x/nm 

300

Fig. 3  SPR Curve of Ag/Pbs/GR hybrid nano-structure 

with 2S2G prism for DIW and GS samples.
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Fig. 5  Electric field distribution in GWSPR mode (a),(b) and non-GWSPR mode (c),(d). 

Fig. 4  SPR Curve of 50 nm Ag membrane with 

2S2G prism for DIW and GS samples. 
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GS, as shown in Figs. 5(a) and 5(b). When there is no 
GWSPR, the relative intensity drops to about 11 as shown 
in Figs. 5(c) and 5(d). The enhancement of the field in-
tensity in GWSPR is nearly 30%. It means that in the 
proposed sensor there is larger intensity and smaller 
spread size which lead to the higher interactivity between 
the surface plasmon and samples. In order to display this 
phenomenon more clearly, we give the cross-section 
curves of Figs. 4(a) and 4(c) in Fig. 6. As shown in Fig.6, 
the maximum of the E-field intensity appears at the in-
terface of prism and Ag (x=0) in the traditional sensor. It 
is different for the sensor with Ag/PbS/GR hybrid 
nanostructure that the maximum of the E-field intensity 
is appeared in the waveguide layer (x=50 nm). Moreover, 
the evanescent field at the sensing interface has been 
shown clearly. The attenuation distance is about 20 nm 
and 180 nm for these two sensors respectively that also 
demonstrate the concentration characteristics of the field 
in the Ag/PbS/GR hybrid nanostructure. 

4  Conclusions 
We have discussed the SPR sensor with Ag/PbS/ 
Graphene hybrid nanostructure theoretically based on 
FDTD algorithm. The results show a possibility to reach 
about 5 times sensitivity as much as the SPR sensor only 
with Ag nano-membrane. This phenomenon is explained 
as a result of the combination of the guided wave SPR 
(GWSPR) in the Ag/PbS/GR hybrid nanostructure and 
the enhancement of the field near the metal-analyte in-
terface. In addition to high sensitivity, the presented sen-
sor is more suitable for the liquid samples because in 
Ag/PbS/GR hybrid nanostructure, the Ag membrane can 
avoid the corruption and oxidation due to the protection 
of PbS and GR layers.  
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Fig. 6  Cross-section curves of Figs. 4(a) and 4(c).
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