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Abstract: Surface plasmon resonance biosensors based on grating coupling 
exhibiting two plasmons are less known because usually thick gratings and 
thick metal films are used. In this paper we show that when thin dielectric 
grating is used on top of thin metal film two surface plasmons are generated 
at the two boundaries of the metal film represented as two dips in the 
reflectivity or peaks in the absorption. One of the plasmons is sensitive to 
the analyte refractive index (sensitivity 580nm/RIU) while the other is 
sensitive to the refractive index of the substrate; hence it can be used as a 
reference. This self-reference makes the measurement more accurate and 
less sensitive to temperature fluctuations and optomechanical drifts. Field 
distribution calculations show that the plasmon excited at the metal-
substrate interface is a long range plasmon with large penetration depth. 
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1. Introduction 

Optical Biosensors are one of the most attractive and important optical devices, increasingly 
receiving huge interest in the last two decades [1], due to their importance in biology, 
chemistry [2,3], environment and industry. Among the extremely sensitive optical biosensors 
are the ones based on plasmonic nanostructures for example nanoholes, nanoslits, 
nanoparticles and more [4–6]. Resonant based structures are usually attractive because the 
resonance location (angle or wavelength) is usually easy to detect and in most cases its 
excitation is associated with evanescent wave. There are two important resonant phenomena 
used to design optical biosensors. The first phenomenon is the Guided Mode Resonance 
(GMR) [7,8], in which the structure consists of periodic dielectric grating coupled waveguide, 
illuminated with a specific wavelength and incidence angle at which the resonance condition 
is satisfied [7]. Sharp resonant peak exhibited in the reflectivity when the diffracted light 
matches the guided-mode condition causes interference with the zero-order beams, while on 
the other hand destructive interference occurs between the re-diffracted and the transmitted 
beams [7]. One of the unique features that make the GMR structures very useful is that the 
optical field is evanescent, and there is a sensing region where the resonance shifts due to 
variations in the refractive index within this evanescence region [7]. Other works proposed 
GMR on metal structures which consists of periodic dielectric grating (or periodic dielectric 
grating coupled waveguide) on the top of relatively thick metal film (>50nm) [9] or metal 
substrate [10]. In contrast to the conventional GMR structures, GMR on metal structures 
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showed dips in the reflectivity function because of the use of reflective/absorptive metal layer. 
In [11] a thin metal film was used but combined with thick dielectric grating under TE 
polarization. The second resonant phenomenon is the Surface Plasmon Resonance (SPR). 
There are two main types of Surface Plasmons (SPs), the first one is the extended or 
propagating surface plasmon resonance or (ESPR) which has been known for a longer time 
[12]. Extended SP is a longitudinal electromagnetic surface wave excited at and propagates 
along the interface between metal and dielectric and decays evanescently along the normal to 
the interface. The ESPR is excited with a specific wavelength and incidence angle when the 
resonance condition of momentum matching along the surface is satisfied causing a sharp 
reflection dip. Both in the GMR and ESPR, the resonance can be observed in two main 
modes, the angular mode (at fixed wavelength) and the spectral modes (at fixed angle), with 
the refractive index of the analyte changing due to pollution for example and causing shift of 
the resonance. The second type of SP waves is the localized surface plasmon resonance 
(LSPR) on the surface of nanoparticles and nanostructures that became very familiar during 
the last two decades. Several works showed theoretical [13,14] and experimental [15,16] 
collective coupling of localized plasmons in gold nanoparticle arrays. Due to their wide 
variety of applications such as in biosensing, nowadays a large number of theoretical and 
experimental research groups are active in the investigation of nanophotonic and 
nanoplasmonic metallic structures [17]. In order to excite LSPR in metallic structures, the 
dimensions of the structures should be less than half the wavelength of the exciting 
electromagnetic (EM) wave [12]. The present work concentrates on the ESPR. 

There are a number of methods to excite ESPR, but the two main ones used in biosensing 
are using prism (Kretschmann-Raether [18]) and grating coupling [19]. In grating coupling 
there could be several possibilities: (i) the grating itself is metallic [20–25], (ii) the grating is 
dielectric on top of bulk metal [9,10,26], (iii) the grating is dielectric on top of thin metal film. 
In most of the works that used dielectric gratings (also GMR structures and SPR structures), 
the thickness of the grating was relatively thick, so in addition to the SPR excitation some 
GMR excitation was also observed [26]. In other cases the thickness of the Ag or Au metal 
film was relatively thick (>60nm) so that only one plasmon is excited [10]. 

In this work we demonstrate that using both thin dielectric grating (<200nm) and thin 
metal film (<50nm) two plasmons are excited, one on the top surface of the metal (adjacent to 
the interface with the analyte) and one on the bottom surface with the substrate. When the 
refractive index of the analyte is varied, the top plasmon location shifts according to the 
momentum matching condition while the bottom plasmon remains nearly fixed, so it can be 
used as a reference. Furthermore field distribution calculations show that the bottom plasmon 
is actually a long range plasmon. Hence a design is presented for self-referenced sensor in the 
near infrared region with a separation of ~80nm between the two plasmon wavelengths. As 
compared to the self-referenced sensor reported by our group recently (~160nm separation) 
based on enhanced optical transmission (EOT) [23] through nanoslits array, the present design 
has the advantage that a standard tunable laser can be used in the optical telecommunication 
window and the manufacturing of grating with features in the sub-micron regime is easier 
than features in the nanoscale regime (45nm). 

2. Sensor design considerations and structure parameters optimization 

Figure 1 shows a schematic diagram of the sensor based on dielectric grating on top of thin 
Ag film. The material of the dielectric grating lines is 3 4Si N , the period of the dielectric 

grating is 1000nmΛ =  which is an important parameter that determines the resonance 
wavelengths location res effnλ = Λ  where effn  is the mode effective index. The chosen grating 

period gives resonance wavelengths in the near infrared region, the grating thickness 
is 175h nm= , the fill factor is defined by /f W= Λ  and equals to 0.55, the thickness of the 

metal film is 40d nm=  to allow the excitation of the two plasmons. The simulations showed 
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that this is the optimal thickness of the metal film and the contrast of the reference dip 
decreases and causes the measurement to be more difficult as the metal thickness increases. 
On the other hand by decreasing the metal film thickness, the reference dip becomes more 
sensitive to variations in the refractive index (RI) of the ambient of the analyte. The material 
of the substrate is 2SiO  chosen to give the reference dip as close as possible to the main dip. 

We present two possible designs, where in the first design the analyte is filling the spaces 
between the grating lines and on top of the grating. In the 2nd design in order to reduce the 
sensitivity of the reference dip to variations in the RI of the analyte, we filled the grating 
spaces with 2SiO , on the cost of reducing slightly the contrast. The structure is designed to 

operate in the spectral mode at normal incidence under TM polarization for plasmons 
excitation. 

 

Fig. 1. Schematic diagram of the sensor based on dielectric grating on top of thin Ag film. 

The main considerations during the sensor design and structure parameters selection were: 
(i) achieving reference dip with negligible sensitivity to the analyte RI, (ii) achieving high 
spectral sensitivity to the analyte RI (the non-reference dip), (iii) achieving high contrast, 
FWHM and figure of merit (FOM) for the two dips, (iv) achieving dips in the near infrared 
region, (v) achieving small spectral distance between the two dips so that tunable laser with 
short tuning range can be used. 

3. Simulation methodologies 

Rigorous electromagnetic simulations of gratings were used in this paper based on GSolver 
(see http://www.gsolver.com/) which is based on rigorous coupled-wave analysis (RCWA) 
method [27]. On the other hand in order to calculate the field distributions we used COMSOL 
software which is based on finite element analysis (FEA) method. We have verified that the 
reflection spectra calculated using GSolver and COMSOL are the same with very high 
accuracy. The refractive indices and the dielectric functions of the Ag (including the metal 
losses), 2SiO  and 3 4Si N  are taken from the database of GSOLVER. The data for the metal is 

based on experimental data but it fits very well the Drude model with damping. The incident 
light is a plane wave with TM polarization, the magnetic field amplitude at the input equals to 
one, the mesh size is extremely fine of 0.3nm (triangular mesh) and the boundary conditions 
are periodic. 
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4. Simulation results and discussions 

4.1. Spectral response and field distribution calculation 

4.1.1 Grating spaces filled with water 

Figure 2(a) shows the spectral response of the self-referenced sensor for different refractive 
indices of the analyte in the case when the grating spaces filled with the analyte material 
(water in our case). One of the unique features of the sensor is that the reflection function has 
two dips, while only one of them is sensitive to the analyte refractive index variations. This 
means that the second one can be used as a reference because it remains nearly fixed due to 
variations in the RI of the analyte. This feature makes the measurement more accurate and 
less sensitive to temperature fluctuations and optomechanical misalignments, which improves 
the sensor stability and sensitivity. The proposed structure can be used as a sensor with a good 
spectral sensitivity of 580 /nm RIU . The second unique feature is the distance between the 
two dips which equals to 73.7nm , an important advantage because it allows the use of 
standard tunable laser used in the optical telecommunication window (usually operating in the 
range 1540nm-1620nm). The sensor showed good figure of merit, and good contrast of the 
dips, while the spectral sensitivity of the reference dip (the left one) to the analyte RI 
variations is 40 /nm RIU , which means that the right (non-reference) dip is sensitive to the 
analyte RI variations 14.5 times than the left one. This fact demonstrates that the left dip can 
be used as a reference, as shown in Fig. 2(a), when the RI of the analyte varies, the resonance 
wavelength red shifts according to the following equation: res effnλ = Λ  that will be explained 

later. Figure 2(b) shows the total electric field distribution at normal incidence 
and 1536.2res nmλ = , in the plane of incidence x-z. It is easy to see that most of the field is 

located in the analyte side and decaying in a direction that is normal to the surface ( + z). 
Figure 2(c) shows the total magnetic field distribution at normal incidence 
and 1536.2res nmλ = . It is important to note that in the COMSOL simulation we supplied 

magnetic field at the input with amplitude equals to one, so the ratio between the amplitude of 
the electric and the magnetic fields can be explained by the impedance of the media that the 
light is propagating in. At 1536.2res nmλ =  an asymmetric plasmon is obtained because the 

major part of the field exists in one side of the metal. This plasmon is travelling at the surface 
of the top interface of the dielectric-metal and decaying in ( + z) before getting absorbed in 
the metal film (large part of the field is located near the metal). The field distribution 
demonstrates that this resonance is sensitive to the grating lines, grating spaces and the 
analyte material because the field is mainly in these regions. 
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Fig. 2. (a) Spectral response (at normal incidence), for different refractive indices of the 

analyte. Field distribution at 1536.2
res

nm=λ : (b) Total electric field, (c) Total magnetic field. 

Figure 3(a) shows the spectral response of the self-referenced sensor for different 
refractive indices of the substrate in the case when the grating spaces are filled with the 
analyte material (water in our case). It can be observed in Fig. 3(a) that when the RI of the 
substrate increases, then the resonance wavelength of the reference dip red shifts. The spectral 
sensitivity of the reference dip (the left one) to the substrate RI variations is 950 /nm RIU  
which is larger by a factor of around 1.64 than the spectral sensitivity of the right dip to the 
analyte RI variations. The reason for that is because the reference dip is a long range plasmon 
(LRSPR [25]) and it is penetrating for a depth of around 1.2 mμ  inside the substrate. In other 

words the bottom plasmon has deeper evanescence field region relative to the evanescence 
field region of the top plasmon, so the interaction between this plasmon and the substrate 
material is more sufficient than the interaction of the top plasmon and the effective dielectric 
material at the top interface of the metal film. This fact demonstrates the correlation between 
the penetration depth which when increases also the propagation length increases and so also 
the sensitivity, through the increase of the overlap integral as was shown originally by our 
group [28,29]. Increasing the penetration depth has the advantage of improving the 
detectability of large bioentities such as bacteria; however it degrades the specificity of 
detecting small bioentities and molecules. This plasmon is travelling at the metal-dielectric 
interface for a longer distance relative to the top plasmon because most of the field is far from 
the metal surface and so absorbed less. We can estimate the propagation length according to 

the following equation: 
2

x
x

L
k

π≈
Δ

 while xL  is the propagation length, xk  is the k-vector 

component in x-direction which is defined by: 0 sinx ak n k θ=  where 0k  is the propagation 

constant in free space, an is the refractive index of the analyte and θ  is the angle of the 

incident light. Now we can calculate xkΔ  which is the FWHM in xk -space, proportional to 

θΔ  that defines the angular FWHM of the dip in the reflection function. We calculated θΔ  
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from the angular mode and found that it is equals to 0.09 degrees. Using the previous relations 
and by substituting the parameters values, we can define and estimate the propagation length 

by the following equation: 735.32
cosx

a res

L m
n

λ μ
θ θ

≈ ≈
Δ

 where λ  is the wavelength of the 

incident light and resθ  is the resonance angle in the angular mode. This propagation length is 

larger by about factor x5 the propagation length of extended SPR excited on silver-water 
interface in Kretschmann configuration; thus confirming that it is a LRSPR. Figure 3(b) 
shows the total electric field distribution at normal incidence and 1462.9res nmλ = , in contrast 

to the previous case, it is easy to see that in this case most of the field is located in the 
substrate side and decaying in the direction normal to the surface (-z). The field distribution in 
this case demonstrates that the reference dip is sensitive mainly to the substrate material, 
because the field exists nearly in the substrate side only. Similar to the right dip this one also 
asymmetric (in general LRSPR is an asymmetric mode). Figure 3(c) shows the total magnetic 
field distribution at normal incidence and 1462.9res nmλ = . 

 

Fig. 3. (a) Spectral response (at normal incidence), for different refractive indices of the 

substrate. Field distribution at 1462.9
res

nm=λ : (b) Total electric field, (c) Total magnetic 

field. 

The ESPR is excited with a specific wavelength and incidence angle when the resonance 
condition of momentum matching is satisfied causing a sharp resonant reflection dip. In order 
to calculate the absorption peaks that appropriate to the excitation wavelengths of the 
plasmons, we calculated the reflection and transmission functions and then the absorption is 
given by: 1A R T= − − . Figure 4 shows the spectrum of the reflection, transmission and 
absorption functions in the case of grating spaces filled with water. 
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Reflectance

Transmittance

Absorbance

 

Fig. 4. Reflectance, transmittance and absorbance spectra at normal incidence, when grating 
spaces filled with water.   

As it is observed in Fig. 4, according to the right side dip there is a small shift between the 
dip location of the reflection function, the dip location of the transmission function, and the 
peak of the absorption function. The reason for that is the strong dispersion and absorption of 
the metal that causes these shifts, which is a general phenomenon that can be observed when 
there is resonance combined with absorption. It is easy to see in Fig. 4 that the absorption 
function is asymmetric around the resonance, the reflection dip has a small red shift (relative 
to the absorption peak location), while the transmission dip has a small blue shift. It is 
important to note that at the resonance wavelength in the ideal case the reflection and the 
transmission functions should be equal to zero and the absorption function should be equal to 
one. 

4.1.2 Grating spaces filled with 2SiO  

In order to make the reference dip less sensitive to variations in the RI of the analyte, we filled 
the grating spaces with 2SiO  instead of the analyte material (water). Figure 5(a) shows the 

spectral response of the self-referenced sensor for different RIs of the analyte. The first 
noticeable result is that we get red shifts in the resonance wavelength of the right side dip, 
because, when the grating spaces filled with 2SiO , the effective refractive index effn  that 

affects the top palsmon becomes larger, and the resonance wavelength, which in general is 
given by res effnλ = Λ  red shifts. More details as well as considerations to the homogenization 

method in order to calculate effn  will be given later in the section dealing with dips location 

calculation. The spectral sensitivity of the reference dip (the left side one) to the analyte RI 
variations is 20 /nm RIU , which means that the reference dip became twice less sensitive 
than the reference dip in the case of the grating spaces filled with the analyte material. The 
spectral sensitivity of the right side dip to the analyte RI variations in this case is 
490 /nm RIU  compared to the first case that was 580 /nm RIU . The contrast of the reference 
dip also decreases, but it is still high enough for measurement and similar to the first case, the 
sensor is showing good figure of merit. When the grating spaces were filled with water, the 
right side (non-reference) dip was sensitive to the analyte RI variations 14.5 times more than 
the left side one, when the grating spaces were filled with 2SiO , the ratio between the two 

sensitivities to the RI variations of the analyte became 24.5, a fact which demonstrates that the 
left side dip became a more stable reference. In order to understand the importance of the 
reference dip for the measurement, we estimated the effect of the temperature on the dips 
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location. We calculated the reference dip shift due to 2 C°  drift in the room temperature, then 
the detection limit with the 2 C°  temperature drift was estimated in two cases. The first case 
is with the use of the reference dip, while the second is without using it. A tunable laser with 
1pm resolution is assumed and the thermo-optic coefficient used of water at 1550nm 
according to [30] (worst case that causes a relatively large shift in the resonance). We found 
that by using the reference dip, the detection limit has improved by a factor of ~25. Figure 
5(b) shows the total electric field distribution at normal incidence and 1549.9res nmλ = , 

similar to the first case, most of the field is located in the analyte side and decaying in a 
direction that is normal to surface ( + z). Also one can see that in this case the penetration 
depth became smaller than the first case, as well as the amplitudes of the fields (in the 
substrate side) became smaller. The explanation to the reduction of these values together with 
the spectral sensitivities is that the analyte became more far from the top surface of the metal 
film where the top plasmon is excited. Figure 5(c) shows the total magnetic field distribution 
at normal incidence and 1549.9res nmλ = . 

 

Fig. 5. (a) Spectral response (at normal incidence), for different refractive indices of the 

analyte. Field distribution at 1549.9
res

nm=λ : (b) Total electric field, (c) Total magnetic field. 

Figure 6(a) shows the spectral response of the self-referenced sensor for different RIs of 
the substrate for the case of the grating spaces filled with 2SiO . The spectral sensitivity of the 

reference dip (the left side one) to the substrate RI variations is 970 /nm RIU  which is larger 
by a factor of around 1.98 than the spectral sensitivity of the right side dip to the analyte RI 
variations, Figs. 6(b) and 6(c) show the total electric and magnetic field distribution at normal 
incidence and 1463.5res nmλ =  respectively. As mentioned before the reference dip is a long 

range plasmon and also when the grating spaces are filled with 2SiO  we paid in the spectral 

sensitivity of the right dip and its contrast. We can see the result of that in both cases in the 
field distribution calculations (Figs. 5(b) and 5(c), and Figs. 6(b) and 6(c)), and in particular it 
can be seen that the amplitudes of the fields (in the substrate side) and the penetration depths 
become smaller than the case of grating spaces filled with water. The reason for this is that the 
interaction region (the evanescent field region) becomes smaller. 
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Fig. 6. (a) Spectral response (at normal incidence), for different refractive indices of the 

substrate. Field distribution at 1463.5
res

nm=λ : (b) Total electric field, (c) Total magnetic 

field. 
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Transmittance
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Fig. 7. Reflectance, transmittance and absorbance spectra at normal incidence, grating spaces 

filled with 
2

SiO . 

Figure 7 shows the spectra of the reflection, transmission and absorption functions in the 
case of the grating spaces filled with 2SiO . Similar to Fig. 4, one can observe in Fig. 7 the 

shifts between the dip location of the reflection, transmission, and the absorption functions. In 
this case the absorption peaks are slightly smaller than in the case of the grating spaced filled 
with water. As mentioned before the reason is due to the reduction of the interaction region 
between the field and the analyte. 

4.2. Metal film thickness effect 

In order to investigate the effect of the metal film thickness on the reference dip, we simulated 
the spectral response of the sensor for different thicknesses of the metal thin film as well as 

#247727 Received 11 Aug 2015; revised 18 Sep 2015; accepted 22 Sep 2015; published 23 Oct 2015 
© 2015 OSA 2 Nov 2015 | Vol. 23, No. 22 | DOI:10.1364/OE.23.028667 | OPTICS EXPRESS 28676 



the total electric and the total magnetic field distribution calculations for grating spaces filled 
with 2SiO . The results are shown in Figs. 8(a)-8(c). 

 

Fig. 8. (a) Spectral response (at normal incidence), for different thicknesses of the metal layer, 

grating spaces filled with 
2

SiO . Field distribution at metal thickness 100d nm= : (b) Total 

electric field, (c) Total magnetic field. 

As observed in Fig. 8(a), by increasing the thickness of the metal film the reference dip 
begins to disappear and at thickness around 100nm it is completely missing. The second 
observation is that the resonance wavelength of the right side dip is blue shifted. This is 
because the effective refractive index that affects the right side plasmon becomes smaller 
since when the metal layer thickness increases, the right side dip became less sensitive to the 
substrate material. The third observation is that now, there is more absorption by the thin 
metal film according to the right side dip. More details about the effective refractive index 
and its effect on the resonance wavelength will be presented in section 4.4. On the other hand 
by decreasing the metal film thickness, the reference dip became more sensitive to variations 
in the RI of the analyte. Our conclusion is that the optimal metal film thickness is 40nm in this 
case. Figure 8(a) is very important because it demonstrates the importance of the metal film 
thickness in order to allow physically the excitation of two plasmons, one on each interface. 

4.3. At resonance vs. off resonance 

In order to compare between resonance and off resonance cases we plotted the fields 
distribution for the total electric and the total magnetic fields in the two cases (at resonance 

1549.9res nmλ =  and off resonance at 1500res nmλ = ) when the grating spaces filled with 

2SiO . The results of the simulations are shown in Figs. 9(a) and 9(b) respectively. As it is 

shown in Fig. 9(b), in the off resonance case, we get travelling waves and the result of that is 
no evanescent wave, field strength is smaller and no possible sensing at this wavelength. 

#247727 Received 11 Aug 2015; revised 18 Sep 2015; accepted 22 Sep 2015; published 23 Oct 2015 
© 2015 OSA 2 Nov 2015 | Vol. 23, No. 22 | DOI:10.1364/OE.23.028667 | OPTICS EXPRESS 28677 



 

Fig. 9. Field distribution for the total electric and magnetic fields at normal incidence: (a) at 

resonance, 1549.9
res

nm=λ , (b) off resonance, 1500
res

nm=λ . Grating spaces filled with 

2SiO . 

4.4. Analytical and numerical calculation of the resonance wavelengths location 

In order to calculate the resonance wavelengths location, we start from the momentum 
matching equation along the interface: _ _x inc light Grating SPk k k+ = : 

 

2

0 0 2

Re( )2
sin

Re( )
metal eff

a
metal eff

n
k n m k

n

επθ
ε

⋅
± =

Λ +  (1) 

At normal incidence and using 0 2k π λ=  from Eq. (1) we get: 

 
2

2

Re( )

Re( )
metal eff

res
metal eff

n

m n

ε
λ

ε
⋅Λ= ±
+

 (2) 

Where _ _x inc lightk  is the k-vector of the incident light in x-direction, Gratingk  is the k-vector of 

the grating, SPk  is the k-vector of the surface plasmon, metalε  is the complex dielectric 

constant of the metal, effn  is the effective refractive index of the mode at the interface with 

the metal film, Λ is the grating period, m is the diffraction order and resλ  is the resonance 

wavelength. This means that we expect a linear relation between the resonance wavelength 
location and the grating period. At the bottom interface of the dielectric-metal, the resonance 
wavelength calculation is easy because, the plasmon at the bottom interface affected mainly 
by the material of the substrate. In this case the momentum matching equation is given by: 

 
2

_ 2

Re( )

Re( )
metal substrate

res substrate
metal substrate

n

m n

ελ
ε

⋅Λ= ±
+

 (3) 
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Where substraten  is the refractive index of the substrate and _res substrateλ  is the resonance 

wavelength of the bottom plasmon. At the top interface of the dielectric-metal, the case is 
more complicated for calculating the effective refractive index because we need to use the 
homogenization method valid at 1λ Λ >>  [31]. Based on a simple field averaging approach 

we can define the effective index as follows: 

 ( )
( ) ( ) ( ) ( )

( )

_ _

0 0 0

0 0

, , , ,

,

,

h

g eff g eff a a

h
eff

n x z E x z dxdz n x z E x z dxdz

n x z

E x z dxdz

Λ ∞ Λ

∞ Λ

+
=
   

 
 (4) 

Where ( )_ ,g effn x z  and ( )_ ,g effE x z  are the effective refractive index and the effective 

electric field in the grating region respectively, ( ),an x z  and ( ),aE x z  are the refractive index 

and the electric field in the analyte region respectively. The elecric field is a propagating wave 
in the x-direction and evanescent wave in the z-direction; therefore we write: 

 ( ) ( ) ( ), exp / exp xE x z z ik xδ∝ −  (5) 

Here δ  is the penetration depth and xk  is the plasmon wave vector in the x direction. The 

effective refractive index of the grating ( _g effn ) is calculated according to the homogenization 

method up to the second order approximation of Rytov [32]. Within this approximation the 
subwavelength grating is replaced by a uniaxial layer with negative birefringence, which in 
the zero order approximation has the indices (for TE and TM polarization): 

 ( )2 2
0 1TE SP gn n f n f= − +  (6) 

 
( )0 2 2 1

SP g
TM

SP g

n n
n

n f n f
=

+ −
 (7) 

Then the second order approximation is given by: 
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11
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f f
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π
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 (9) 

Here gn is the refractive index of the grating lines and SPn  is the refractive index of the 

grating spaces, the effective refractive index in the grating region is given by: _ 2g eff TMn n= . 

Figures 10(a) and 10(b) show the analytical and numerical calculations of the resonance 
wavelengths for different grating periods at the top and bottom interface of the dielectric-
metal film respectively. 
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Fig. 10. Analytical and numerical calculations of the resonance wavelengths for different 
grating periods: (a) at the top interface of the dielectric-metal film, (b) at the bottom interface 
of the dielectric-metal film. 

As it can be seen in Fig. 10(b), there is correlation between the analytic and numerical 
calculations of the resonance wavelengths at the bottom interface of the metal-dielectric film 
because the effective dielectric refractive index at this interface is simply the refractive index 
of the substrate substraten . Figure 10(a) shows that there is a small difference between the 

analytic and the numerical values at the top interface of the dielectric-metal film. The reason 
of this difference is because the homogenization method is not accurate enough, since the 
wavelength is not much larger than the grating period [31]. Figure 11 shows the magnetic 
field distribution for different grating periods. It is important to note that according to the 
momentum matching equation, when the effective refractive index becomes larger also the 
resonance wavelength becomes larger. The field intensities however do not change 
significantly as it can be seen in Fig. 11. The electric field carries the same information about 
the field distribution as the magnetic field. 
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Fig. 11. Field distribution for the total magnetic field (at normal incidence) for different grating 
periods. 

5. Analogy to the case of prism coupled low index dielectric layer and thin metal film 

It is well known [12] that by inserting a low index dielectric layer (around 500nm thickness) 
between prism and thin metal film, it is possible to excite two plasmons at the two dielectric-
metal interfaces. Our simulation showed that by decreasing the thickness of the grating to get 
very thin grating (few tens of nanometers), the right side dip disappears, and then we get only 
one plasmon at the bottom interface. However with the 175nm grating thickness we get two 
plasmons which we think have some analogy to the case of prism-dielectric-metal layer 
structure. Referring to the dielectric grating both as a grating coupler to help provide the 
momentum for plasmon excitation and as a dielectric layer, this structure can also support the 
excitation of two plasmons one at each dielectric-metal interface. The analyte in the prism 
coupling case is actually acting as the substrate in our case. The optimum thickness of the 
grating will depend on the wavelength, the grating, analyte and substrate refractive indices. 
One can use lower index grating but then its thickness is expected to be higher. The 
enhancement of the penetration depth and sensitivity of the LRSPR excited in both cases 
seem to be equivalent. 

6. Conclusions and future works 

The proposed structure of thin dielectric grating on top of thin metal film on substrate has two 
plasmonic modes in the reflection function, one of which can be used as a reference. The two 
resonances are excited at the two metal interfaces where one of them is a long range SPR. 
Field distribution simulations demonstrate the correlation between the existence of the fields 
in each case and the sensitivity of each resonance to the appropriate material RI. The 
advantages of the proposed structure are: (i) the use of thin dielectric grating with lateral 
features in the sub-microns scale and thin metal film instead of thin metallic nanoslits (40-
50nm slits) array in the case of EOT which requires fine lithography process, (ii) the existence 
of reference dip, (iii) high spectral sensitivity, (iv) the distance between the two dips is 
smaller, (v) one of the plasmons is a long range with enhanced penetration depth so it can be 
used for large bioentities detection such as cells and bacteria. The long range SPR in the 
substrate medium can also be used for sensing with high sensitivity and large penetration 
depth, for example by replacing the analyte medium (ambient) with a medium of low 
refractive index such as MgF2 while the substrate is replaced with a liquid medium of 
refractive index close to that of SiO2, which is possible for example as with blood medium. In 
the future we plan to study the angular behavior of such structure and to design sensors with 
new unique features observed from the angular response of the structure. We also planning to 
build such biosensor and confirm the observations experimentally in the near future. 
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