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ABSTRACT. Metal nanoparticles have the ability to strongly enhance the local electromagnetic 

field in their vicinity. Such enhancement is crucial for biomolecular detection and is used by 

techniques such as surface plasmon resonance detection or surface enhanced Raman scattering. 

For these processes, the sensitivity strongly depends on the electromagnetic field intensity 

confined around such nanoparticles. In this article, we have numerically studied an array of 

metallic nanocylinders, which can sustain Localized Surface Plasmons (LSP). However, the 

excitation wavelengths of the LSP are not tunable due to their limited dispersion. We have 

demonstrated a plasmonic mode, the Hybrid Lattice Plasmon (HLP), which is excited in such a 

periodic array by adding a uniform thin metallic film below it. This mode is a result of a 

harmonic coupling between the propagating surface plasmons present in such a metallic film 

with the Bragg waves of the array. It shows a strong confinement of the electromagnetic field 

intensity around the nanocylinders, similar to the LSP, but the dispersion of this HLP mode is, 

however, similar to that of the propagating plasmons, and thus can be tuned over a wide range of 

excitation wavelengths. The structure was fabricated using electron beam lithography, and 

characterized by a surface plasmon resonance setup. These experimental results show that the 

HLP mode can be excited in a classical Kretschmann configuration with a dispersion similar to 

the prediction of numerical simulations. 

KEYWORDS. Plasmonics, Nano-materials, Field enhancement, surface plasmon resonance 

modes, hybrid plasmon   
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Metal nanoparticles have been extensively studied due to their ability to enhance local 

electromagnetic field in their vicinity.
1
 
2
 Such enhancement results from the confinement of the 

field at nanoscale by surface plasmon resonances (SPR) in metallic structures. When light is 

incident on a metallic structure, the photons can resonantly couple to the collective oscillations 

of free electrons at the structure surface resulting in a surface plasmon polariton.  

In a uniform metallic film, propagating surface plasmon (PSP) can be excited at the interface 

of the metal and the dielectric resulting in an electromagnetic (EM) wave propagating along the 

interface. These PSP are evanescent waves with a typical penetration depth in the dielectric of 

about 200 nm and are widely used for optical label free SPR biosensing.
3
 
4
 
5
 To excite PSP, it is 

necessary to match its momentum to the incident photon momentum. SPR sensors use either 

prism coupling (Kretschmann or Otto configurations), 
6
 

7
 grating coupling 

8
 

9
 or waveguide 

coupling 
10

 to couple the incident radiation to SPPs. 

On the other hand, metallic nanostructures with dimensions less than the wavelength of the 

incident light can sustain localized surface plasmon (LSP) that do not propagate. The local 

charge oscillations at the structure edges lead to an intense local field at the metal dielectric 

interfaces 
11

 
12

 
13

 with a typical penetration depth of about 50 nm. This phenomenon in 

nanostructures has been used for a number of applications, such as Surface Enhanced Raman 

Scattering (SERS),
14

 
15

 drug delivery, chemical sensing, cancer therapy, and new photonic 

devices. 
16

 
17

 
18

 

For all the above-mentioned applications, it is important to have a high EM field confinement 

close to the metal surface.
19

 
20

 
21

 This can be achieved with nanostructures of dimensions smaller 

than the wavelength of light, to effectively confine the electromagnetic field and thus enhance 

the sensor performance for detection of trace concentrations of bio-molecules. In particular, there 
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has been a surge of interest in studying the effect of coupling between plasmon polaritons. It is 

well known for example that coupling of plasmons between nanostructures can sometimes result 

in some high field confinements in the gap between them. 
22

 
23

 
24

 
25

 
26

 Indeed, when the structure 

is illuminated from the nanostructure side, the Bragg waves of the array give rise to a hybrid 

plasmonic mode. 
27

 
28

 
29

 This Bragg mode (BM) can help to confine the EM field around the 

nanostructures. Also, periodic array of nanostructures, when excited in the Kretschmann 

configuration, can support surface lattice resonances (SLRs), which are caused by the coupling 

of the diffracted orders of the array to the LSP. 
30

 
31

 
32

 However, for periods much smaller than 

the incident wavelength, such BMs and SLRs do not have much of an effect. For an efficient 

excitation of these modes, structures with larger dimensions are needed but the confinement of 

the EM field in such large structures is generally weak. Also, such resonances are restricted 

within a very small range of excitation wavelengths and cannot be tuned for various applications.  

In this paper, we show that the introduction of a metallic film, below a nanostructure array, 

which can sustain PSP, can significantly enhance the field around the nanostructures for small 

array dimensions. In certain configurations, the PSPs can be harmonically coupled to the Bragg 

wave of the array. This modifies the properties of the PSP, giving rise to a hybrid lattice plasmon 

(HLP) mode with a large dispersion and an enhancement of the local EM field around the 

metallic nanostructures. This type of hybrid mode occurs whenever there is a coupling between 

two different plasmons 
33

 
34

 
35

 and they have appeared in the literature from time to time as 

Hybrid Plasmons 
36

 
37

 
38

 
39

 or Fano-like resonances.
40

 
41

 
42

 
43

 However, the HLP mode is different 

from the Fano-like resonances as it results from the coupling of two plasmonic modes, which can 

be expressed as “broad states”, and not from the coupling of a broad and discrete state for Fano 
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resonances. This coupling is largely dependent on the periodicity of the array and is in some 

sense similar to the modes found in photonic crystals. 
44

 
45

  

Though similar modes and mechanisms of excitation have been studied before, but their 

excitations in the Kretschmann configuration and the field enhancement, which results from such 

coupling, have not been explored with respect to biosensing. We will show that the magnitude of 

the field intensity of this HLP mode is much greater than with the BM and the SLR. Also, almost 

all previous studies used a dielectric spacer layer between nanostructures and the metallic film, 

which would not be ideal for biosensing as most of the field would then be concentrated in the 

spacer layer, and not around the particles, where the biomolecules would actually be adsorbed. 

In this paper, we study numerically such coupling of PSP with other excited modes in a 

periodic array of metallic nanocylinders. A simple mechanism is given to explain the features 

observed in the absorption map. The electrical field intensity distribution of the different modes 

is also discussed. Finally, these numerical predictions are compared to experimental results 

showing the existence of the HLP mode. 

 

RESULTS AND DISCUSSIONS 

We have used gold cylinders as metallic nanostructures with a period of the array (Λ) of 200 

nm and a cylinder diameter (D) of 50 nm. The cylinder heights as well as the heights of the 

uniform gold layer below the cylinder array were varied to study their effect. We have chosen 

the conventional Kretschmann configuration with a BK7 glass prism to couple the incident light 

to the PSP. However, we must mention that the new modes and the explanations of their origin 

presented in this article also hold for other methods used to couple the incident light to the PSP. 
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The medium surrounding the cylinders is water, keeping in mind the applications of these 

structures to biomolecular detections. The structure is shown in Figure 1. 

To get a better understanding on what happens when the incident light couples to this structure, 

we will start by briefly showing the various plasmonic modes that exist in an uniform metallic 

film and then in a nanostructure array on glass substrate when they are excited in the 

Krestchmann configuration. We will also briefly mention, for the sake of comparison, the modes 

in the structure when excited from the nano-structure side. 

 

Plasmonic modes in a uniform metallic film and a nanocylinder array on glass substrate. 

For a uniform metallic layer the wave-vector of the propagating surface plasmon (PSP) in the 

plane parallel to the metal-dielectric interface (kx) is given by the well-known equation 
46

  

𝑘𝑝𝑠𝑝 = 𝑘0√
𝑛𝑑

2𝑛𝑚
2

𝑛𝑑
2 + 𝑛𝑚

2
                      (1) 

Figure 1. Structure geometry consisting of a gold cylinder array with a diameter of 50 nm, a 

period of 200 nm, and a height h2. A gold film of height h1 is placed below the array. The 

medium above the gold film is water and the medium below is glass (BK7). TM polarized 

field is incident on the structure at an angle θ and azimuthal angle ϕ = π/2. The HLP mode is 

excited in the structure by coupling the PSP and the BM mode. 
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where k0 = 2π/λ is the free space wave vector for the wavelength λ, nm and nd are the refractive 

indices of the metal and the medium above the metal surface, respectively. This mode exists only 

for the TM polarized light because a non-zero component of the incident electric field 

perpendicular to the metal-dielectric interface is necessary for the excitation. The resulting 

dispersion for a uniform gold film is shown in Figure 2(a) for a height h1 of 60 nm. The PSP 

exist for values of the in-plane wave-vectors (kx = k0nsinθ where n the refractive index of the 

medium) that lie above the critical angle for the BK7-water interface (lightline in the medium 

above the metal surface with kx/k0 = nd), and below the lightline in BK7 (kx/k0 = nb (refractive 

index of glass)). We have chosen the representation in the (neff, k0) space where neff = kx/k0 = 

nbsinθ. 

On the other hand, the absorption of nanostructures can be calculated using the Mie theory and 

dipolar polarizability to give the resonance condition for the LSPs, but such theories apply only 

for spherical or elliptical structures
47

 
11

 
48

. However we have used exact numerical calculation to 

characterize a single and an array of nanocylinders in the Kretschmann configuration. The 

absorption for two different heights of nanocylinders (h2) is shown in Figures 2(b) and 2(c). The 

localized surface plasmon resonance modes can be excited for both the TM and TE polarized 

incident light. The resonance of the LSPs excited in such structures has almost no dispersion, as 

these are non-propagating plasmons. It can be seen that the absorption of the array matches 

closely that of single structure.  

The slight red shift of the frequency with narrowing of the resonance linewidth for higher kx 

(above the critical angle of glass water interface) can be attributed to the SLR phenomenon as 

mentioned elsewhere.
49

 
50

 
51

 The SLR mode is excited when the Bragg vector (given by kB = 

2π/Λ for a structure with period Λ) matches the in-plane wave-vector (kx) caused by the 
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diffraction orders from the nanostructure array. The condition for such constructive interference 

can be written as kx ± mkB = k0n where m is an integer, and n = nb if the condition is fulfilled in 

glass (in reflection) or n = nd when considered in water (in transmission). We see that the 

dispersion of the cylinders follows the SLR condition.  

However, the dispersion of the SLR is insignificant when compared to the dispersion of the 

PSP or the subsequent modes that we studied. The range of wavelengths where the SLR mode 

can be effectively excited does not change significantly by changing the cylinder dimensions 

(height h2) as can be seen in Figures 2(b) and 2(c). The SLR mode is excited by the in-plane 

wave-vectors due to diffraction, which depend on the structure periodicity and not on cylinder 

height.  
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Excitation of the HLP mode in the array of nanocylinders on a metallic film. Finally, the 

absorption (A) for the different modes present in the complete structure (Figure 1) is shown in 

Figure 3, for an incident TM polarized light, and two different heights of the nanocylinder in the 

Kretschmann configuration. For TE polarized light, no modes exist in the system (data not 

shown).  

Figure 2. (a) Normalized absorption (A) as a function of k0 and neff = kx/k0 in a uniform gold 

film placed on a BK7 substrate with a height of h1 = 60 nm. The PSP dispersion as calculated 

by Eq.1 is also shown (black dashed-dotted). (b-c) Absorption maps for an array of cylinders 

of 50 nm in diameter with a period of 200 nm placed on a BK7 substrate for two values of 

the cylinder height (b) h2 = 30 nm, and (c) h2 = 60 nm. For comparison, the absorption curve 

for a single cylinder as a function of k0 is also shown (blue line) as well as the fulfillment of 

the SLR condition in BK7 (black dashed) and in water (black solid).  
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The presence of the mode marked as BM (Bragg Mode) can be explained as follows: the PSP 

in the thin film is partially reflected by the edges of the nanostructure array. Thus, we have two 

contra-propagating PSP modes with the same in plane wave vector. The Bragg condition 
52

 for 

the constructive interference of such contra-propagating modes can be written as  

𝑘𝐵𝑀 = 𝑘𝑝𝑠𝑝 ± 𝑚𝑘𝐵             (2) 

where m is an integer. kB is the Bragg wave vector given by 2π/Λ for the structure with period 

Λ. When the Bragg condition is fulfilled, a localized plasmonic mode is obtained with a field 

confined around the cylinders. We see in Figure 3 that the dispersion of the BM resonance 

follows closely the fulfillment of the Bragg condition calculated in Equation 2 with m = 1. A 

little shift from Equation 2 may be expected as the true values of kpsp are not exactly as that 

Figure 3. Normalized absorption (A) of the structure as a function of k0 and neff = kx/k0 for h1 

= 30 nm and h2 = 30 nm (a), and 60 nm (b). The dispersion curves for the PSP and BM as 

calculated by Eq.1 and Eq.2, respectively, are shown. The resonance frequency of the LSP 

was calculated using the FEM method for a single cylinder. The dispersion for the HLP 

mode calculated using Eq.3 is also shown for h2 = 30 nm (blue dashed).  
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predicted in Equation 1 for lower heights of the gold film. The shift can also be the result of the 

coupling between the BM and the individual localized plasmonic mode. The excitation of this 

mode follows the same principle as that of the SLR mode mentioned earlier. The difference lies 

in the fact that in the case of the BM, the energy comes from the propagation plasmons (PSP), 

while for the SLR it originates from the diffraction orders from the structure. We will henceforth 

use the nomenclature ‘SLR’ for the mode excited in the nanostructure array on glass substrate 

and ‘BM’ for that with the nanostructure array on the gold film. 

Another striking feature of the absorption map is the two modes marked in Figure 3 as HLP, 

which have a similar dispersion as the PSP modes shown in Figure 2(a). These modes are excited 

by the PSP present in the thin gold film and this is further verified by the fact that these modes 

do not exist for TE polarized incidence. To get a better understanding of this HLP mode, we can 

consider the structure as a combination of two harmonic oscillators namely the PSP, and the BM. 

It is well known 
53

 that such a coupling of harmonic oscillators results in the characteristic anti-

crossing phenomenon and a frequency splitting. 
54

 
55

 In Figure 3, we observe such a frequency 

splitting with the two modes on both sides of the resonance frequencies of the BM mode. The 

characteristic frequencies of two coupled harmonic oscillators can be written as: 

𝜔𝐻𝐿𝑃
∓ =

1

2
(𝜔𝑝𝑠𝑝

2 + 𝜔𝐵𝑀
2 + 2𝐾 ∓ √(𝜔𝑝𝑠𝑝

2 − 𝜔𝐵𝑀
2 )

2
+ 4𝐾2)    (3) 

where K is the coupling coefficient, ωpsp, and ωBM are the resonance frequencies of the PSP 

and BM, respectively. The dispersion of the lower branch of the HLP mode using Equation 3 is 

shown in Figure 3. We see it closely follows the results obtained from the rigorous calculations 

which validate our interpretation of the origin of the HLP mode. 

Now, when the BM mode resonance lies close to the resonance frequencies of the LSP mode 

as for the case of cylinder height of 60 nm in Figure 3, we have a coupling between 3 modes 
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namely the PSP, BM, and LSPR. In such a situation, the photonic bandgap can be expected to 

increase and the frequencies of the HLP mode moves further away from the frequencies of both 

the PSP, and BM. We see such a broadening of the bandgap in Figure 3 for h2 = 60 nm. Such a 

coupling could be analytically expressed using a 3×3 coupling matrix, but with some unknown 

coupling parameters.  

Effect of different heights on the HLP mode position. The effects of h1 (gold film height) and 

h2 (cylinder height) were studied. Firstly, the resonance frequencies of the modes are not 

expected to change with h1 as it only affects the PSP mode and its dispersion is largely 

independent of the film height. Indeed, this is observed on Figure 4(a). On the contrary, the 

position of the HLP mode strongly varies with the cylinder height (Figure 4(b)). This is 

explained by the coupling between the BM and PSP modes, which is stronger when the cylinder 

height is increased, thus pushing the HLP mode to higher wavelengths (lower k0). Also the LSP 

mode shifts to higher wavelengths with increasing height as can be seen in Figure 2(b-c) and this 

further causes a red-shift of the HLP. We see a somewhat linear dependence of the resonance 

wavelength of the HLP mode and the cylinder height (Figure 4(c)). This gives the opportunity to 

tune the resonance wavelength of the HLP mode, over a range of 1000nm, depending on the 

application, by changing the cylinder height (h2) while retaining the same high field intensity 

distribution as seen later. 
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Electric field intensity distribution of modes. The electric field intensity distributions (I = 

Ex
2
+Ey

2
+Ez

2
) normalized to the incident field intensity (I0), at each point over one period of the 

structure for the 3 modes (HLP and BM) are shown in Figure 5. For all modes, the field 

component orthogonal to the metal surface is the strongest.  

Figure 4. (a) Normalized absorption curve of the HLP mode as a function of k0 for three 

different heights of the gold film (h1) with fixed cylinder height (h2 = 30 nm). The curves are 

shown at neff = 1.42 (b) same for three different cylinder heights with a gold film height 

fixed at h1 = 30 nm. The vertical solid lines represents the calculated BM position using Eq.2 

at neff=1.42.(c) Resonance Wavelength of HLP mode for h1=30nm with different cylinder 

heights (h2). 
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For the lower frequency branch of the HLP mode, we see a strong confinement of the field 

around the cylinder top with a symmetric distribution. This is similar to the field distributions we 

expect in dipoles or for LSP mode. We therefore have a field distribution similar to LSP modes 

and a dispersion similar to PSP modes, which further validates the fact that this mode is a result 

of coupling between the two. For BM mode, we have an asymmetric intensity distribution with 

more field intensity concentrated on the cylinder edge facing the direction of incidence. A closer 

look at the metal film surface (z = 0) shows a weak sinusoidal variation of the intensity along the 

Figure 5. Normalized intensity distribution (I/I0), in logarithmic scale, of the different modes 

over one half-period (200 nm) of the array for h1 = 30 nm and h2 = 30 nm. The nanocylinder 

is located at x = 0, y = 0, and z = 0. The intensity was calculated for different values of k0, 

and neff, where the absorption of each mode is maximum. (a) k0 = 10.33 µm
-1

, neff = 1.42; (b) 

k0 = 9.60 µm
-1

, neff =1.46; (c) k0 = 7.20 µm
-1

, neff = 1.42. The positions on the (k0,neff) 

absorption map, where the fields were calculated, are shown as dots.  



 14 

axes of the PSP propagation (x-axis), which is expected from the standing wave formed by the 

interference of the contra propagating PSPs. Finally, for the higher frequency branch of the HLP 

mode, we have a somewhat orthogonal distribution to that of its lower frequency branch with the 

field intensity being concentrated around the bottom edge of the cylinders.  

We then compare the intensity distribution of the HLP mode (lower frequency branch) to that 

of the classical resonance mode (SLR) in a cylinder array without gold film. Figure 6 shows, in 

the plane of incidence (x-z plane), the intensity variation at a distance of 1 nm from the surface 

with respect to curvilinear coordinates. The fact that the field intensity distribution is not exactly 

symmetric with respect to the nanostructure geometry is due the direction of the propagating 

plasmons. Both the SLR and the HLP modes have much higher field intensity than the BM, 

which is also the mode we expect, when the structure is excited from the nanostructure side (see 

supplementary data). This validates the benefit of illuminating the structures in the Kretschmann 

configuration as compared to excitation from the nanostructure side. It is clear that the HLP 

mode obtained with a gold film below the cylinder array gives the highest field intensity on the 

nanostructure top surface. Both SLR and HLP modes show some very high intensity peaks 

predicted by the numerical model at the top and bottom corners of the structure which will 

probably not be observed as such, first because their exact amplitude depends on the mesh 

finesse used in the numerical simulation and also because in a real sample, the edges will not be 

perfect. However, we have carefully checked that the value of the integral of intensity as 

calculated in the next section, which is the important quantity for biomolecular detection, is 

largely independent of the mesh finesse.  

.  
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Mean intensity enhancement. As we are mainly interested in the overall sensitivity gain due to 

the nanostructure, we have calculated the surface integral of the intensity distribution at a 

distance of 1 nm from the surface of the cylinders (Scyl) as  

𝐼𝑆 =
1

𝑆𝑐𝑦𝑙
∬ 𝐼(𝑆) 𝑑𝑆

𝑆𝑐𝑦𝑙

           (4) 

The dependence of the integrated intensity on the effective refractive index (neff) for the HLP and 

SLR mode is shown in Figure 7. As before, it was calculated for a value of h1 = 30 nm and 

shown for two values of h2 (30 nm and 60 nm). We can see that the mean intensity around the 

cylinders is enhanced up to 3 times when using the HLP mode compared to the classical SLR 

mode in a nanostructure array. Such an enhancement can prove to be very useful in SPR 

applications, where the sensitivity strongly depends on the field intensity
56

, and even more for 

Figure 6. Intensity profile (I/I0) in logarithmic scale with respect to the curvilinear 

coordinates (x) at the metal-water interface in the incidence plane for excitation in the 

Kretschmann configuration. For h2 = 30 nm (a), and 60 nm (b) without the gold film, and 

with the gold film of 30 nm height below the cylinders. The curves are shown at neff = 1.42, 

and the cylinders are centered at 0 on the curvilinear coordinates and excitation in the 

Kretschmann configuration. 



 16 

SERS 
57

 where the signal is proportional to the surface integral of I
2
. It can be shown that we 

have an enhancement up to 9 times for [∬I
2
(S) dS]/Scyl obtained with the HLP mode as 

compared to the SLR mode (see Supplementary data). Thus such a structure can be effectively 

used as a substrate for both the processes. 
58

 
7
 The HLP mode also has a mean intensity higher by 

an order of magnitude (and surface integral of I
2
 up to 10

2
 times) as compared to that of the BM 

(see Supplementary data). Applications that require high field intensity can therefore take 

advantage of the HLP mode in the Kretschmann configuration as compared to using the BM.  

 

For biosensing applications, the biomolecules may be difficult to localize selectively only 

around the nanocylinders, and an integration of the field intensity over the entire unit period of 

Figure 7. (a) Integrated intensity IS with h2 = 30 nm, with and without a 30 nm gold film, as 

a function of neff. (b) Same for h2 = 60 nm. The excitation is in the Kretschmann 

configuration.   
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the array may be more useful to estimate the performance of the structures. We have observed 

that the field enhancement of the HLP mode with respect to the SLR mode over the entire 

surface of one structure period is a bit higher than that shown in Figure 7 (see Supplementary 

data). Because the HLP mode results from the coupling of propagation plasmons and has a 

higher field distribution far from the cylinders than the SLR mode (Figure 6), we can expect a 

higher field intensity enhancement for the HLP mode than the SLR mode when the entire surface 

of an unit period of the structure is taken into account. 

Experimental results.  The nanostructure shown in Figure 1, with h1 = 30 nm and h2 = 30 nm, 

was fabricated by Electron Beam Lithography in order to have a good control of the size, shape 

and distance between nanocylinders. A thin layer of 3 nm titanium was used for adhesion of the 

gold film on the BK7 substrate. SEM images (Figure 8(a)) shows that the resulting gold 

nanocylinders have a mean diameter of around 50 nm and a periodicity of 200 nm. The structure 

was characterized by a SPR imaging system based on spectral scanning modality similar to a 

previously reported setup (see Supplementary data).
6
 

59
 Here, the normalized reflectivity (R) 

(TM reflectivity divided by TE reflectivity) of the sample is measured as a function of the 

incident wave vector k0 and effective index neff. For the numerical simulation, the Titanium 

adhesion layer below the gold film was also taken into consideration. As can be seen in Figure 

8(b), a good agreement between the experimental results and the exact numerical simulation is 

obtained for the HLP mode and thus this mode can be effectively excited using the Kretschmann 

setup. The BM is somehow weaker in the experiment than what is predicted by the simulation. 

As can be seen from Figure 4(a), the absorption of the BM strongly depends on the gold film 

height which may be lower than expected in the fabricated structure.  
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CONCLUSION 

In summary, we have numerically calculated the absorption as a function of excitation 

wavelength, and incident internal angle for an array of metallic nanocylinders with and without 

an underlying thin metallic film in the Kretschmann configuration. We have shown that mean 

field intensity around the array of nanostructures can be enhanced by placing the thin metallic 

film below the array as compared to the SLR mode excited in the array on a glass substrate in the 

Kretschmann configuration. By taking advantage of interference of the contra-propagating 

plasmons excited on the metallic film, for certain conditions, which depend on the periodicity of 

Figure 8. (a) SEM image of gold cylinders with a diameter of 50 nm, a period of 200 nm, 

and a height of 30 nm on a 30 nm gold film. (b) Reflectivity (R) of the structure as a 

function of k0, and neff = kx/k0 calculated by numerical simulation, and measured 

experimentally. The position of the BM mode, as calculated by Equation 2, is also shown 

(dotted).  
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the structure, we can excite the Bragg Mode in the array of metallic nanostructures. This mode is 

similar to the plasmonic modes that can be excited with incidence from the nanostructure side. 

However, in the Kretschmann configuration the harmonic coupling between the propagating 

surface plasmon mode of the thin film and the Bragg modes results in a new hybrid mode. This 

Hybrid Lattice Plasmon (HLP) mode has a strong dispersion, and thus can be tuned effectively 

over a wide range of excitation wavelengths. The tunability can also be achieved by changing the 

height of the cylinder (over a range of 1000nm in resonance wavelength of the HLP).  

Indeed, we have fabricated the nanostructures by electron beam lithography and experimentally 

confirmed that the HLP mode can be excited using the conventional Kretschmann configuration. 

The near-field intensity excited in such configurations as well as the mean field intensity 

distribution was also calculated and proved that excitation of the HLP mode also leads to a 

significant increase in the mean field intensity around the nanostructures. We can conclude that 

this type of structure can be used effectively for applications that need such a high confinement 

of the field intensity, such as SERS and SPR detection.  

Methods 

Numerical Simulations.  

For the uniform metallic film we have used the well-known Rouard method, and its 

generalization to absorbing metallic thin films (see Figure 2).
60

 The refractive indices of gold 

used for simulations are the values of Johnson and Christy.
61

 For the nanostructures, firstly single 

cylinders placed at the BK7-Water interface were characterized using the Finite Element Method 

(FEM) with a perfectly matched layer (PML) surrounding the cylinders.
62

 Then, an array of such 

cylinders was studied using a numerical model that hybridizes two popular numerical methods: 
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FEM, and the periodic Fourier Modal Method (FMM).
63

 This hybrid method gives accurate 

rigorous results with limited consumption of time and memory.
64

 
65

 
66

  

The electric and magnetic fields for the structure were calculated for different values of 

wavelength (λ), and different plane incidence wave-vectors using the Hybrid method.(kx = 

k0nbsinθ, where k0 = 2π/λ, nb the refractive index of the incident medium, and θ is the incidence 

angle, as shown in Figure 1). From the calculated fields we derived the value of the absorption of 

the nanostructures with respect to the incidence EM field.  

The idea is to calculate the fields for the periodic array using the FEM method, and then derive 

the far field effects (reflectivity, transmission, and absorption) using the FMM (see Figure 3). 

Finally, a gold film was placed between the cylinder array, and the BK7 layer. Electric field 

distribution and the consequent far field response were studied using the same hybridized 

method as mentioned above.  

Nanostructure fabrication. BK7 substrates were cleaned in a piranha solution (3:1 ratio of 

H2SO4 (98%) and H2O2 (30%)) for 10 minutes. After a wash step by deionized water, a layer of 3 

nm titanium followed by a layer of 30 nm gold, were deposited by E-beam evaporation. Then, a 

layer of around 75 nm of poly(mehtylmethacrylate) (PMMA) was deposited by spin-coating on 

glass substrates, and then baked for 15 minutes at 150°C. Patterns were then obtained by EBL 

followed by a development step of the exposed regions in a mixture of methylisobutylketone 

(MIBK), and isopropanol (ISO) (MIBK/ISO ratio: 1:3) for around 90 seconds. After a gold 

evaporation step, nanocylinders were obtained via a lift-off process carried out by dipping the 

substrate in acetone for several hours. The obtained structures have a period of around 200 nm, 

and diameters of around 50 nm as determined by SEM images (SEMFEG Philips). 
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