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Concentration sensor with multilayer thin film-coupled 
surface plasmon resonance*
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A concentration sensor based on silver (Ag)/silica (SiO2)/zirconium anhydride (ZrO2) multilayer structure is proposed. 

Two dominant dips can be observed in the reflection spectrum, which correspond to different sensing methods. Firstly, 

it is demonstrated that the coupling between the surface plasmon polariton (SPP) mode and a planar waveguide mode 

(WGM) leads to the Fano resonance (FR). The induced bonding hybridized modes have ultra-narrow full wave at half 

maximum (FWHM) as well as ultra-high quality factors (Q). We can achieve a theoretical value of the refractive index 

sensitivity 167 times higher than conventional surface plasmon resonance (SPR) sensors with a single metal layer. 

Secondly, the waveguide coupling mode was examined by measuring angular spectra. A deep and sharp waveguide 

coupling dip was obtained. The experimental results show that with an increase in the concentration of the fill dielec-

tric material in the surface of the system, the resonance dip exhibits a remarkable red shift, and the measured angular 

sensitivity is 98.04°/RIU.  
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Due to highly sensitive performance, surface plasmon 

resonance (SPR) has been considered as a fascinating 

optical detection method and has found wide practical 

applications, especially been a major modality in the 

development of biosensors[1-5]. Surface plasmon (SP) is a 

charge-density oscillation occurring at the interface be-

tween a noble metal, such as gold (Au) or silver (Ag), 

and a dielectric. So, when there is a change in the refrac-

tive index of the dielectric medium, the dispersion rela-

tion of the SP is altered[1,6,7]. The change in refractive 

index alters the characteristics of the light wave coupled 

to the SP and ultimately shifts the resonance conditions. 

The versatility of SPR biosensors allows it to be em-

ployed in many analytical fields if a suitable bio-affinity 

interaction exits for an analyte of interest[8-10]. 

An SPR biosensor can be characterized by its light 

coupling method, configuration, modulation and func-

tionalisation strategy[11]. No matter which way is intro-

duced, it is common to use a single metal layer. However, 

the resolution of the sensors is limited by a broad SPR 

curve caused by this metal layer[12,13]. For sensing appli-

cation, a sharp resonance is preferred to enhance the 

sensing accuracy. For this purpose, various methods have 

been proposed in the past few years, including bimetallic 

film SPR[14], long-range surface plasmons (LRSPs)[15], 

transition metal dichalcogenides (TMDCs) structures[16], 

and so on. Besides, in recent years, Fano resonance (FR) 

is proved to be a promising one to further enhance the 

sensing performance by significantly narrowing reso-

nance. A hybrid structure consisting of two different 

modes can produce a narrower resonant line in the re-

flectivity curve, thus improving the sensitivity of the 

structure. Hayashi et al reported resolution enhancement 

in SPR sensors based on metal-dielectric-waveguide 

multilayer structures[17,18]. The maximum sensitivity can 

reach 1.5×103 RIU-1, two orders of magnitude relative to 

that of conventional SPR sensors. Nesterenko et al pre-

sented a planar sensing structure in Kretschmann con-

figuration and performs numerical and analytical study 

of the losses imposed to the waveguide[19]. Huang et al 

proposed a waveguide-coupled SPR configuration, re-

sulting in electromagnetically induced transparence and 

asymmetric FR[20]. Wang et al proposed and fabricated a 

novel gold-silver-gold trilayered SPR sensor chip, the 

measured chip demonstrated over 50% increase in sensi-

tivity and 30% improvement in limit of detection com-

pared to the single layered gold chip fabricated under 

the same conditions[21]. Stebunov et al have demon-

strated highly sensitive and selective SPR sensor chips 

with linking layers based on airbrushed graphene oxide 

films experimentally. The sensor chips are bioselective 

with more than 25 times reduced binding for nonspecific 
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interaction and can be used multiple times[22]. 

In this study, we propose a planar structure for the 

performance enhancement of an SPR sensor based on the 

coupling between the waveguide mode (WGM) and the 

surface plasmon polariton (SPP). Both of the WGM and 

the FR can be used for sensing applications. The FR ex-

ists in the proposed sensor can induce a theoretical value 

of the refractive index sensitivity 167 times higher than 

conventional SPR sensors based on single metal layer. 

The measured sensitivity of the layered chip is 

98.04°/RIU, which is larger than the SPR sensor made by 

a gold thin film on a glass substrate. The experimental 

results show that when the sensor is used for the meas-

urement of salt concentration, the correlation coefficient 

between the concentration and the resonance angle is as 

high as 0.998 8.  

The schematics of the proposed structure is shown in 

Fig.1, which consists of a prism, Ag film, a SiO2 layer, a 

ZrO2 layer, and a surrounding dielectric layer. It is 

widely accepted that coupling between the bright mode 

characterized by broad resonance and the dark mode 

with sharp resonance leads to FR[23-27]. In this structure, 

the SPP mode at the Ag/SiO2 interface is regarded as a 

bright mode with broad resonance, and the waveguide 

(PWG) mode in the SiO2/ZrO2/surrounding dielectric 

layer waveguide structure is regarded as a dark mode 

with sharp resonance. The coupling of the SPP mode and 

PWG modes can be achieved if the structural parameters 

are selected appropriately. In the calculation, the dielec-

tric function of metal is defined by the Drude model as: 
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where �� is the infinite frequency dielectric constant, �p 

is the bulk plasma frequency, � is the angular frequency, 

and the � is the collision frequency which is related to the 

dissipation loss in the metal. These parameters are set as 

6.0, 1.5×1016 rad/s, and 7.73×1013 rad/s, respectively[28]. 

The surrounding material is chosen as the water solution. 

Wavelength of incident light is 632.8 nm. At this 

wavelength, the thicknesses of Ag, SiO2, and ZrO2 layers 

are 40 nm, 800 nm, and 120 nm and SiO2, ZrO2, water 

exhibit refractive indices of 1.455 6, 2.151 7 and 1.333 0, 

respectively. All the layers are stacked along the 

direction perpendicular to the prism, and each layer is 

defined by the thickness, refractive index, and dielectric 

constant. Therefore, theoretical simulations of the SPR 

reflectivity were performed by solving the Fresnel 

equations for the multilayer stack configurations via 

rigorous coupled-wave analysis (RCWA). The calculated 

result is shown in Fig.2(a). It was demonstrated that the 

excitation of the FR can be achieved by illuminating the 

structure through a glass prism with an incidence angle 

larger than the total internal reflection (TIR) angle of the 

prism. At the resonance condition with optimal 

thicknesses, a sharp and deep FR peak appears in the 

reflectivity spectrum and the excitation efficiency of the 

resonance is almost 95%. 

 

Fig.1 Structure of the multilayer sensor consisting of 
the prism, Ag, SiO2, ZrO2 and sensing medium 

 

To further check the performance of the multilayer 

sensor, the amplitude distributions of |Hy| field corre-

sponding to the chosen three resonant angles denoted as 

“A”, “B”, “C” are displayed in Figs.2(b)—(d), respec-

tively. There are strong magnetic fields concentrated in a 

certain region, with prominent differences in terms of the 

distribution profiles. Point “A” corresponds to the angles 

of 56.5°, which represents the case of conventional re-

flection from metal layer. Point “B” corresponds to the 

angles of 60.881 4°. The fields are mainly distributed 

near ZrO2 layers, as shown in Fig.2(c). It is should be 

pointed out that strong filed distributions can be ob-

served at the interface of ZrO2 and surrounding materials, 

which is highly demanded for sensing application. 

However, at point “C”, Fig.2(d) demonstrates that the 

strong electric field is only generated at the Ag-prism 

interface and decays exponentially away from the inter-

face, which clearly indicates the excitation of SPP mode. 

 

 

Fig.2 (a) Contour plots of the reflection versus 
incident angle (d=0.04 μm, t2=0.11 μm, nSiO2=1.455 6, 
nZrO2=2.151 7, ns=1.333); (b)-(d) Distributions of the 
magnetic field and field intensity curves at the three 
points (the three points are under different angles and 
tSiO2=1.0 μm)  

 

The thickness of each layer was optimized through 

calculating the map of reflection spectra at different an-

gles under TM-polarized light. Influence of geometric 
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parameters of d, t1 and t2 on the structure's reflectance 

under TM polarization is investigated and plotted in 

Fig.3. Obviously, obvious FR can be observed with cer-

tain range of structural parameters. Fig.3(a) illustrates the 

map of reflection spectra when d is tuned from 0 to 

0.1 μm with t1 and t2 fixed at 1 μm and 0.11 μm, respec-

tively. In addition, the linewidth of the resonance de-

creases with the increase of t1, as shown in Fig.3(b), 

where the corresponding Q-factor can be calculated as 

Q=�/�� =60.96/0.001=60 960 (θ is a resonant angle of 

the FR and Δθ is defined as the difference of the angle at 

the reflection peak and dip) when d1=0.04 μm and 

t2=0.11 μm. Fig.3(c) reveals the maps of reflection spec-

tra when t2 is tuned from 0.11 μm to 0.15 μm with 

d=0.04 μm and t1=1 μm. With the increasement of t2, the 

linewidth of the resonance decreases, and the corre-

sponding Q-factor is increased. Fig.3 demonstrates how 

to determine the optimized thickness of the each layer by 

the map of reflection spectra. We will not go into details 

here. Finally, we conclude that the optimal thickness of 

each layer was Ag (0.04 μm)/SiO2 (1.0 μm)/ZrO2 

(0.11 μm). 

 

 

Fig.3 Maps of reflection spectra for the proposed 
structure when (a) d, (b) t1 and (c) t2 are tuned (The 
parameters are set the same as those of the 
absorbing device discussed in Fig.2(a), unless 
otherwise specified.) 

 

Then, we investigate the sensing properties of this 

planer structure though compare to that of conventional 

SPR sensor. The change in the resonance curve caused 

by a change in the refractive index ∆n can be character-

ized either by an angular shift of the curve ∆θ res (sens-

ing by angular modulation) or a change in the reflectance 

ΔI at a fixed angle (sensing by intensity modulation). 

According to previous reports on the performance of 

SPR sensors[29-32], the sensitivity by intensity is ex-

pressed as: 
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The figure of merit (FOM) for the sensitivity by inten-

sity is often used to compare the sensitivity of different 

types of sensors, which is given as: 
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where I is the reflection intensity, and ΔI is the intensity 

change caused by a small index change ∆n. As is shown 

in Fig.4, we calculated the reflectivity for analyte1 

(n=1.333) and analyte2 (n=1.333 1). Here, ∆n=0.000 1, 

but I increased by 0.584 5, so the ∆I/∆n is 5 845. For the 

conventional SPR sensor constructed with prim/Ag 

(40 nm), the refractive index of water should increase 

∆n=1.0×10−2 to generate a ∆Imax=0.35 in the reflectance 

due to the reflectance curve in the conventional SPR 

sensor is broad and has a small slope. This value 

qualitatively suggests that the steep part of the FR curve 

in an optimized structure leads to an FOM of 1.67×102 

times larger than that of the conventional SPR sensor 

with a single Ag layer. 

 

 

Fig.4 Reflectivity versus incidence angle with 
different refractive indices of the sensing medium of 
the designed structure 

 

Furthermore, we prefer the salt solution as a test sub-

stance to verify the detection capability of the planar 

structure. To prepare the sensor chip, we introduce a 

glass substrate that is the same material as the prism 

(BK7 Schott glass, 75 mm×25 mm, Guangming Optical 

Elements Co.) first cleaned with a solution consisting of 

ethanol and diethyl and then rinsed with deionized water 

(Milli-Q water) and dried with N2. Chromium (Cr) and 

Ag for evaporations were obtained from General Re-

search Institute for Nonferrous Metals Co. All the mate-

rials were used as received without modification or puri-

fication unless otherwise stated. Film deposition is car-

ried out at RF power of 13.56 MHz under argon atmos-

phere with the following parameters: power is 150 W, 

total pressure is 0.011 mbar, O2/Ar ratio is 0%, and 

deposition speed is 120 nm/min. The substrate was 

coated with a 0.005-μm-thick Cr film, a 0.04-μm-thick 

Ag film, a 1-μm-thick SiO2 film, and a 0.11-μm-thick 

ZrO2 film to construct and then matched with the prism 

through the gluing solution. A 0.005-μm-thick Cr film 

was introduced to ensure a good adhesion of the Ag to 

the glass substrate, the film was coated via radio 
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frequency magnetron sputtering, and the film thickness 

was measured using a quartz crystal oscillator thickness 

monitor. The substrate heating and bias voltage tech-

niques were employed in the coating process to improve 

the film thickness uniformity and firmness.  

The interface can be clearly seen in the cross-section 

SEM image shown in Fig.5(b), indicating that the sur-

faces of SiO2 and ZrO2 layer sample are almost smooth 

as that of the substrate. For the measurements of the 

θ-scan TIR spectra, TM-polarized light from a semicon-

ductor fiber laser was applied to the prism through a 

beam expander and a polarizer, then P-polarization light 

was divided into signal and reference light by a beam 

splitter. The reference light was directly detected by Si 

photodiode and the signal light illuminates the sample as 

the incident light, then the reflected light is detected by 

the other Si photodiode after being focused by a lens, 

The reflectance spectra were obtained by normalizing the 

intensity data recorded for the sample to those recorded 

for a bare part of the prism, the schematic diagram of the 

designed structure SPR sensor system was depicted in 

Fig.5(a). 

The salt solution prepared on a weight/weight per-

centage basis by dissolving salt in de-ionized water at 

different concentrations. Change in the concentration of 

salt led to a shift in the resonance angle and the change 

in the reflectance was monitored at a fixed wavelength of 

685 nm. Mass fraction of 6%, 12%, 18% and 24% was 

injected into the sensors surface to investigate the re-

sponse. The reflectance curves obtained for 

prism/Ag/SiO2/ZrO2 system under the salt solution with 

various mass fraction were shown in Fig.6(a). The cor-

responding curve in the absence of salt solution is also 

included for comparison. The position of resonance an-

gle increase continuously as the salt solution concentra-

tion increases but the linear shape and minimum reflec-

tance of the resonance dip almost keep stable with in-

crease in the concentration of the salt solution as shown 

Fig.6(a). 

To confirm these results, Fig.6(b) presents the reso-

nance angle as a function of the concentration of salt 

solution which exhibits a very linear relationship of 

resonance angle and the salt solution which is among the 

solubility. This shows that the sensor system we have 

designed has good capacity to measure the concentration 

of salt solution. The angle shift ∆θ is 0.51° for the 

change in the refractive index of a solution from 1.333 

(water) to 1.338 (6% salt), the measured sensitivity of the 

layered chip is 98.04°/RIU, which is larger than the 

highest measured sensitivity of the chip presented in 

Ref.[22]. The angular sensitivity for an SPR sensor made 

by a gold thin film on a glass substrate is around 

65°/RIU[33]. We can infer that the present optical 

waveguide sensor could detect a small change in the re-

fractive index of a sample solution and that the present 

sensor showed higher sensitivity than the SPR sensor. 

 
 

 

Fig.5 (a) Schematic diagram of the designed SPR 
system (b) SEM micrograph of the cross-section of 
the fabricated sensor chip 
 

 

Fig.6 (a) Reflectance spectra for different concentrat- 
ions of salt solution at λ=685 nm; (b) Resonance 
angle as a function of salt concentration 

 

In this study, we experimentally investigated a planar 

structure for the resolution enhancement of an SPR sen-

sor based on the coupling between the WGM and the 

SPP, then theoretical simulations of the SPR reflectivity 

were performed by solving the Fresnel equations for the 

multilayer stack configurations via rigorous cou-

pled-wave analysis. Based on our calculation, the FOM 

of the planer structure is 167 times higher than that of a 

conventional sensor constructed with prim/Ag (40 nm). 

Finally, a series of experiment was carried out by using 

this planar structure. The experiment result shows good 

agreement between simulation and experiment in meas-

uring the TIR spectra and good liner relationship be-

tween the resonance angle and the concentration of salt.  
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