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ABSTRACT   

We describe approaches to enhance localized surface plasmons by placing metallic nanoparticles into two different 
structures: (i) Fabry-Perot (F-P) resonant cavities, and (ii) Photonic crystal slot waveguides. Through synchronization of 
the plasmonic and resonant modes, electric field at the surface of the nanoparticles is enhanced by a factor of 4~20 
compared with the nanoparticles in free space, depending on the device structure and coupling mechanism. We report 
key differences between the F-P enhancement and the slow-light enhancement to the plasmonic effect in details. This 
theoretical investigation reveals a new method to strengthen plasmonic resonances and suggests that the sensitivity of 
existing plasmonic sensors can be further improved if they are integrated with dielectric resonant photonic devices.  
Keywords: Microcavities, Optical sensing and sensors, Photonic Crystal Slot, Surface plasmons.  
 
 

1. INTRODUCTION  

Localized surface plasmons (LSPs) from metallic nano-particles (NPs) have attracted tremendous research interests because they 
are capable of concentrating light beyond the diffraction limit, which leads to extremely strong local electric field at the metal-
dielectric interface. LSPs play significant roles in numerous applications including label-free biomedical sensing [1], optical tweezers 
by utilizing near-field coupling between NPs [2], and light-trapping for photovoltaic devices [3]. For example, LSPs have increased 
the sensitivity of surface-enhanced Raman scattering (SERS) that is enough for single-molecule detection [4-5], as the single-molecule 
enhancement factor is proportional to the fourth power of the localized electric field amplitude in the hot spots [6]. Two methods have 
been adopted to maximize the electric field of the LSPs. The most popular one focuses on optimization of size, shape, separation and 
distribution of metallic NPs [7-8]. The second approach is based on increasing power density of the incident light [9]. For example, a 
high numerical aperture lens can be used to focus a laser beam into a small spot (λ/2 is the theoretical limit and λ is the wavelength), 
which effectively enhance the optical power density in the lateral plane (the plane that is perpendicular to the Poynting vector). In this 
paper, we describe a third approach to amplify LSPs by placing a metallic (Ag or Au) NP in two different dielectric photonic band gap 
(PBG) structures. The electric field enhancement in the FP cavity comes from the constructive interference of the standing waves 
inside the resonant structure, which can increase the intensity of the excitation light through longitudinal (the direction parallel to the 
Poynting vector) compression. On the other hand, the Photonic Crystal (PC) slot waveguide can provide strong field enhancement in 
the slot region due to the slow-light effect if the device is carefully designed and integrated with advanced coupling structures. The 
approach we discuss here not only achieves much higher field enhancement, but also suggests an integrated solution to improve 
performance of on-chip plasmonic sensors. We must point out that, although the single-particle-in-device structure is difficult to 
implement as a practical device, the analysis here will pave the way to explain the interaction of resonant modes of photonic crystal 
device with complex plasmonic modes of array like metal structures with highly dense number of hotspots fabricated either by the 
self-assembly technique or thermal annealing of metal films. Nevertheless, techniques of performing single metal object spectroscopy 
have been proposed recently in different literatures [9]. The approach described in this work has already been theoretically and 
experimentally confirmed on more engineering-feasible structure like guided-mode-resonant (GMR) gratings coated with metallic 
nanoparticles [10-11]. Such Purcell-like enhancement is a function of both quality factor and mode volume of the device of interest 
[12].  In this work, we conduct a comparative theoretical study on the enhancement of LSPs due to the F-P resonance and the slow-
light effect and demonstrate device-specific schemes to increase the strength of LSP resonances which will eventually improve the 
efficiency of plasmon-enhanced optical devices. 
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2. THEORETICAL BACKGROUND   

Figure 1 (a) and (b) shows the schematic diagrams of the F-P-cavity and the photonic crystal slot waveguide.  The F-P 
cavity is formed by alternating dielectric pairs of 99 nm SiO2 (n=1.45)/ 69 nm Si3N4 (n=2.02) with five pairs for the front 
mirror and seven pairs for the back mirror. The waveguide width of the DBR mirrors is 400nm for single mode 
operation. The length of the air cavity is 295 nm, which gives a single longitudinal resonant mode at 540 nm wavelength 
with peak electric field in the center of the cavity. The input light is a Gaussian-shape transverse-magnetic (TM) source 
with normalized peak electric field amplitude of E0=1. The electric field enhancement factor EF is defined as Emax/E0 
throughout this analysis, and Emax is the peak electric field in a given region.  In Figure 1 (b), the Si3N4 PC slot device has 
a waveguide width of 127 nm. The air holes in the active region have a diameter of 82.5 nm and are distributed at a 
period of 254 nm. The slot width has been fixed at 60 nm.  

 
 
Figure  1. Schematic of (a) An Optical Resonant Cavity  formed by two DBR mirrors (b) 1-D slotted Photonic Crystal Waveguide 
(PCW) with additional coupling structures: optical mode converter and impedence taper  
 
In Figure 2 (a), the simulated electric field distribution inside the resonant cavity obtained by a 3D frequency domain 
solver is shown [13]. It can be clearly observed from the preliminary simulation that, the electric field amplitude inside 
the cavity is around 8.5× the input normalized beam during resonance. This additional enhancement can be effectively 
coupled with plasmonic enhancement to improve the strength of Raman signal of the sample under investigation during 
SERS. 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. (a) 2D electric field enhancement distribution inside the resonant cavity at 540 nm obtained by finite element (FE) 
simulation (b) Analytically obtained optical intensity distribution inside the resonant cavity. 
 
In fact, resonant cavity structure has been used to improve the performance of various photonic devices for a long time 
[14]. The enhanced electric field inside the cavity is formed by two oppositely propagating waves with strong coherence. 
The standing waves inside a resonant cavity can be written as: 

(a) (b) 

(a) (b) 
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where L is the length of the cavity, r1 and r2 are the amplitude reflectivity (R1=r1

2, R2=r2
2, R1 and R2 are the intensity 

reflectivity), Ef  is the forward traveling field, Eb is the back reflected field from the mirror, and β is the propagation 
constant. The optical intensity inside the resonant cavity, which is proportional to |E|2 is given as:
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where Ψ1 and Ψ2 are the phase shift induced by the front and back mirrors, respectively. The standing wave patterns 
inside the cavity as a function of the wavelength are shown in Figure 2 (b). For example, if the reflectivity of the DBR 
mirrors is 98.3%, the peak optical intensity is nearly 100× stronger than that of the incident light.  
 
In the slotted PC waveguide, the electric field enhancement occurs in the narrow slot region while the group velocity of 
the propagating light in the medium decreases significantly. Hence, such structure can be used to strengthen the light 
matter interaction for different purposes [15].  The dispersion diagram of the designed PC slot waveguide obtained using 
a planar-wave-expansion (PWE) method is illustrated in Figure 3(a). We focus on the narrow band gap as marked in the 
figure which has a significant portion below the light line. It is obvious that, at band edge wavelength the group velocity 
will become minimum and metal-light interaction will be maximized .However, we observed some deviation between 
the results obtained using PWE and the finite element (FE) based field solver. One possible reason is the PWM assumes 
the structure to be infinitely long whereas we consider only 30 periods of air holes. We obtained a peak enhancement 
wavelength at 632 nm in our FE simulation which is a little bit smaller than the band edge wavelength from PWE 
simulation. The simulated electric field distribution in the slot region at this wavelength considering an effective slab 
index of 2 is illustrated in Figure 3(b). It can be observed from Figure 3(b) that, the electric field distribution follows a 
standing wave pattern which is governed by the periodicity of the 1D photonic crystal structures on both side. We also 
do an investigation at 662 nm where the band-gap is located. It is clearly visible that, the field enhancement in the active 
region of the device at this point is 5 times smaller than at 632 nm which is because there is no transmission and slow- 
light effect at 662 nm. To get a better picture of the slow-light effect, we have also shown the field distribution at the 
input ends of the device in Figure 3(d) and (e). The enhancement observed at 662 nm at the interface of the mode 
converter and the PC-slot waveguide is because of the strong reflection of light by the active region at this wavelength.     

         

                               
Figure 3. (a) Photonic band-gap diagram of the Si3N4 PC slot waveguide obtained by Bandsolve, RSOFT. The band-gap under 
consideration is marked (b) Electric field distribution inside the slot region at (b) 632 nm and (c) 662 nm (nearly zero transmission).  
Electric field distribution at the input end at (d) 632 nm (e) 662 nm.  
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To simplify the analysis of additional improvement of plasmonic enhancement by metals inside the resonant structure, 
we have considered 2D models of simulation instead of 3D here. However, in reality, plasmonic behavior of metal 
nanostructures is strongly influenced by their 3D shapes. To address this issue and justify the outcomes of our work, we 
have run a numerical experiment on aspect ratio (height (h)/diameter (d)) dependence of field enhancement by metal 
nanorod.  It is to be noted here that, during the FE simulation, meshing grids have been increased to at least 10 elements 
per wavelength and the convergence of EFs is achieved. The refractive indices of the metal are given by Drude-Lorentz 
model to incorporate dispersion [16]. It can be observed from Figure 4(a) that, at higher aspect ratio, resonance behavior 
of nanorod becomes nearly insensitive to wavelength variation in addition to the drastic reduction of field enhancement 
at the surface. In this simulation, the light source was assumed to excite the rod structure from the side instead from the 
top with a polarization perpendicular to the axis. In our 2D model, the metal nanoparticle (NP) can be assumed to be an 
infinite aspect ratio nanorod structure. Hence, we can ignore the strong wavelength dependence of metal NPs and focus 
primarily on the additional enhancement that can be achieved from the optical devices under consideration.  Besides, it 
can be seen in Figure 4(b) that, at this extreme condition, Au-nanorod will provide larger field enhancement than Ag--
nanorod within the range of wavelength considered. This also implies larger extinction cross section of Au structure that 
may introduce more perturbation into the physics of the two optical devices. In Figure 5, the simulated field profiles are 
shown considering a TM-polarized light source.  The width of the Gaussian beam was set to 400 nm for the FP cavity 
simulation. However, we considered a 127 nm wide Gaussian beam during the PC waveguide simulation and scaled the 
magnitude of the field enhancement accordingly so that both the enhancements for a given NP size remain comparable.  
 
          
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. (a) Effect of Ag nanorod aspect ratio and diameter on enhancement spectrum (b) Comparison between peak field 
enhancements by Au and Ag- nanorod at an aspect ratio of 12.5  
 
    
 
 
 
 

                                                                            
 
 
 
 
 
 
 
Figure 5. 2D field enhancement by an 35 nm Ag NP (a) inside the resonant FP-cavity (540 nm) (b) inside the slot region of the PC 
waveguide (632 nm)  
  
It is clearly visible that field enhancement by Ag NP can be improved at least 7 times  when it is placed inside the active 
region of any of the devices. However, further improvement can still be achieved by tuning the device parameters and 
operating at the resonant condition. A rigorous analysis of the underlying physics of this phenomenon are going to be 
performed in the later section.  

(a) (b) 

(a) 
(b) 
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3. RESULTS AND ANALYSIS 

When metallic NPs are placed inside the resonant structure as shown in Figure. 5(a) and 5(b), we expect two major 
effects. First, metallic NPs extinct (scatter and absorb) the standing waves. It is obvious that such loss of optical power 
will lower the Q-factor of the resonant cavity and reduce the optical transmission. Second, if the diameter of the NPs is 
not negligible (>10nm), quadrupole and other higher order resonances appear in the NPs, which will induce phase 
retardation to optical waves [17-18]. This phase retardation, which depends on the size, shape and position of the NPs, 
red-shift (to longer wavelength) the resonant frequency of the cavity, and thus it is important to synchronize the LSPs 
and the resonant cavity to maximize the electric field enhancement factor (EF). Although standing waves inside the 
resonant cavity can enhance surface plasmons as enhanced plane waves can do, we must point out their slight differences 
in physics. Standing wave differs itself with plane wave in that there is a π/2 phase difference between the electric field 
and the magnetic field. For example, at the point with peak electric field, the magnetic field is actually zero. For 
plasmonic resonances, we neglect the effect of the magnetic field if the permeability of the material µr=1. Therefore, 
LSPs of metallic NPs see no difference between standing waves and plane waves if the size of the NP is much smaller 
than the wavelength (d<λ/10). But if the size of the NP is not negligible, the electric field variation along the longitudinal 
direction becomes important.  The electric field distribution in Figure. 5(a) and 5(b), is a mixture of the resonant mode 
and the optical extinction pattern of a plasmonic NP in free space. Numerical simulation shows that the electric field 
enhancement EF of the Ag NP in free space and the resonant FP cavity is 2.37 and 7.5, respectively. Therefore, the 
standing waves inside the resonant cavity provide 5.9× additional EF to LSPs compared with free space. However, due 
to the optical absorption of the metallic NP at optical frequencies and the red-shift of the resonant frequency caused by 
the NP, the total electric field enhancement factor, EF is smaller than the product of the individual EF of 7.5×2.37=17.8. 
Figure. 6(a) shows the maximum electric field enhancement EF as a function of wavelength from 500 to 600nm for 
different configurations: F-P cavity only, Au NP in free space, Ag NP in free space, Au NP in cavity and Ag NP in 
cavity. The simulation results clearly prove that the optical resonant FP cavity can significantly enhance the LSPs 
whereas the presence of metal will red-shift the resonant frequency of the cavity. We can also see that Au NP provides a 
larger EF and frequency shift of the resonant cavity. This is because the simulated wavelength range is closer to the 
plasmonic resonance of the infinite aspect ratio Au structure, where stronger electric field and phase retardation can 
occur. We observed similar behavior for the case of PC-slot waveguide also. Although the two devices are designed for 
two different wavelength ranges, effect of operating wavelength can be ignored during the comparative analysis of 
additional enhancement from optical device due to the insignificant wavelength dependence of the infinite aspect ratio 
metal structure.  In PC slot waveguide, the peak enhancement occurs at the wavelength 632 nm where the group velocity 
becomes minimum. It can be observed that in Figure 6(b) that, we obtain around 7 times slow-light enhancement from 
the PC slot waveguide device.    

  
  
 
 
 
 
 
 
 
 
 

 
Figure 6.  Electric Field enhancement factors (a) FP- cavity (b) Slotted PCW. The metallic NP diameter is fixed at 35 nm. 
 
It is to be noted that, the PC-slot device has another wide band gap above light line at shorter wavelengths as pictured in 
Figure. 3(a). To observe the effects of radiation losses in this band gap, the device has to be several 100 microns long 
where as our simulated device is maximum 13 microns long. The peak enhancement observed is also limited by the 
difficulty of coupling light into the device at slow-light regime [19]. As in FP cavity, we got higher peak enhancement 
from Au NP as well. In addition to that, the band edge wavelength redshifts with respect to the band edge when there is 
no nanoparticle.  A more detailed investigation on NP size dependence of resonance shift will be conducted later in this 

Slow-light  
enhancement 
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section.  There are several differences between the properties of enhancement of the two structures. First, the effective 
contribution from the PC-slot device is larger than the FP device as observed from the maximum EF distribution in 
Figure 6. This enhancement in the PC-slot structure can be improved further by adding an impendence taper before and 
after the active region. Second, Q of the complex resonance mode formed due to the mixture of cavity mode and 
plasmonic mode is relatively higher in PC-slot device. In other words, the enhancement spectrum in the FP device can be 
treated as a broadband response as compared to the PC-slot which may be useful for a commercial Raman sensor that 
can detect Raman peaks of sampling material as many as possible. Third, near field coupling mechanism in a more 
realistic nanoparticle chain structure will be completely different in PC-slot device. We will address the key difference in 
the end part of this section.   
 
We also investigate the dependence of the electric field EF to the size of the Ag and Au NPs in Figure. 7 (a),(b), (c) and 
(d). The main peaks around 550nm wavelength originate from the FP cavity resonant mode, where strongest standing 
waves can excite the LSPs of the metallic NPs. The minor peaks around 650nm wavelength, where the electric field 
inside the cavity is insensitive to the wavelength because the DBR mirrors lose their functionality due to the low 
reflectivity, are mainly due to the dipole resonance of the nanoparticles. It is clearly seen that as the diameter of the NPs 
increases, there will be more red-shift of the resonant frequency. Again, the frequency shift of Au is larger than that of 
Ag. We must point out that the maximum EF shown in Figure 7 (a) and (b) is the combined effect of the resonant cavity 
and the NPs with different size. It is not clear whether the change of the EF is due to the standing waves in the resonant 
cavity or the size of the NPs. In principle, a larger metallic NP should absorb more light and further weaken the standing 
wave EF of the resonant cavity. But on the other hand, a larger metallic NP has a larger extinction cross section, and thus 
increases the local electric field at the surface of the metallic NP. In Figure 7 (a), the maximum EF of Ag NPs keeps 
increasing as the diameter increases from 20nm to 80nm; while in Figure 7 (b), the maximum EF of Au NPs reaches the 
maximum value when the diameter is around 50nm. This is not difficult to understand as Au has a larger imaginary part 
of the dielectric constant, which can cause higher absorption loss. Thus the resonant cavity is more sensitive to the size 
of Au NPs. We observed the similar behavior in PC slot device as illustrated in Figure 7(c) and 7(d). We had to limit the 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  7. Electric field EF and red-shift of the resonant frequency in presence of NPs with different diameters (a) Ag NP in FP cavity; (b) Au NP in 
FP cavity (c) Ag NP in PC-slot waveguide (d) Au NP in PC-slot waveguide 

the particle size to 50 nm to fit into the slot region during the analysis. It is found that, increasing the size of a single NP 
always improves the field enhancement within this range. The peak enhancements from both Ag and Au NP in PC-slot 
device are always greater than in FP cavity regardless of the particle size which clearly demonstrates higher additional 
enhancement from the PC structure. However, it is interesting that, the resonance shift for larger particle  size  in   FP    
cavity is more significant than in PC-slot structure. For example, resonance wavelength of the FP structure shifts from 

(d)

(b)

(c) 

(a) 
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540 nm to 548.2 nm when the particle size is set to 50 nm.  On the other hand, it shifts from 632 nm to 635 nm when the 
particle is placed inside the slot region. One possible explanation is that, the interaction of plasmonic mode and resonant 
mode of the device is relatively stronger in the FP device. The back and forth travelling wave inside the resonant cavity 
experiences more phase retardation when the NP volume becomes bigger. We have confirmed this finding in the end part 
of this section by considering a NP chain at resonance. However, it is still possible to observe additional shift of 
resonance wavelength when the taper is integrated with the PC-slot device as the interaction between NP mode and the 
standing wave will be stronger. 
 
We have investigated to overcome the difficulty of coupling light at slow-light regime close to the band edge with a view 
to improving localized surface plasmons.  The main objective was to manipulate the group index of the PC structure 
gradually from the input end. In this way, there will be effectively less impedence mismatch which will enable to couple 
the slow-light of high group index into the active region. For doing this, we can either modulate the air hole diameter or 
the periodicity of the air holes at a given diameter. In this work, we kept the hole size at 82.5 nm and altered the 
periodicity of the taper region deploying the following exponential equation:  

                                                      
( )/

taper

taper

254 13 , P 12

i=1,2,3,......P

taperi P F

iP e   
                                                   (3)                 

We have kept the number of holes in the taper region 12. The spatial distribution of these holes will be determined the 
modulation factor F. At a very small F, the periodicity of the air holes will nearly become 254 nm which is identical to 
the case when there is no taper. We can distribute the air holes at different periodicity by setting F to a suitable value. 
Effect of this parameter has been shown in the inset of Figure 8(a). It can be observed that, at larger F, the modulation of 
the periodicity becomes slower which implies slower rate of change of group index along the taper region. Following 
this technique, we simulated the electric field enhancement as a function of F. It can be clearly observed in Figure 8(a) 
that, the peak enhancement from the single NP can be increased from 28 to 50 as we introduce the taper with F=6.5.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  8. Effect of taper  modulation factor,  F on improvement of field enhancement (a) 35 nm Ag NP in PC-slot , Inset: effect of  F on the 
distribution of hole periodicity in the taper region  (b) PC-slot alone 
 
Such improvement is mainly due to the group index modulation that enables more light to couple into the slot region at 
band edge wavelength. This additional coupling also increases the magnitude of electric field enhancement in the PC-slot 
region. We can observe around 3 times improvement when the taper is designed at F=6.5. In addition to the 
improvement, the resonance wavelength shift becomes more significant as the coupling of light gets stronger. This is 
quite expected as the interaction between the plasmon mode and the slot mode becomes stronger. In other words, the slot 
mode experiences more phase retardation than before. 
 
We also investigated the schemes to improve the enhancement due to the localized surface plasmon resonance inside the 
FP- cavity. Here, we change the reflectivity of the back mirror by increasing the number of stacks. We kept the front 
mirror periodicity to be 5 like before as increasing it will make it difficult to couple light into the cavity during 

(a) (b) 
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resonance. In Figure 9(a), the variation of Q as a function of back mirror pair number has been shown. It can be easily 
understood that, the proposed device is a low Q factor device. It is expected that, the field enhancement will become 
larger as the Q of the cavity goes higher. Figure 9(b) shows that, the enhancement improves as we increase the back 
mirror reflectivity. However, it reaches saturation at a certain point as the back mirror reflectivity does not change much 
beyond that. It is notable here that, the improvement obtained through this technique is not as significant as in the PC-
slot device. Also the resonance wavelength shift was found to be less significant during the analysis.   

 

 

 

 
 
 
Figure  9. (a) FP-cavity Q as a function of back mirror reflectivity (b) Peak Field enhancement by 50 nm NP as a function of back 
mirror reflectivity. The peak enhancement has been monitored at the corresponding resonance wavelength.   
 
Later, we studied the plasmonic resonance behavior of NP chain being influenced by the resonant mode of the optical 
devices under consideration. The NP chain consists of 7 nanoparticles of equal size (50 nm) at gap size of 20 nm to fit 
into the waveguide region of the cavity. It is to be noted here that, such nanoparticle chain excited by light source with 
appropriate polarization will exhibit strong near field coupling effect although we are ignoring the effect of coupling into 
the substrate here. It has been reported in that, such inter-coupling in 1D particle array can lead to narrow line shape 
resonance with exceptionally large electromagnetic field enhancement [20]. One reason behind the narrow resonance 
with sharp peak is the coherent interplay arising from multiple scattering by the regularly spaced NPs [21]. In addition to 
that, such linear chain of NPs can support travelling waves mediated by plasmonic resonance among the elements which 
may lead to several unusual properties [22].  In this work, we investigate the chain resonance when it is excited by a 
resonant field instead of a plane wave. In Figure 10(a), the peak enhancement observed along the NP chain inside the FP-
cavity has been plotted as a function of wavelength. For Ag system, we did not observe any significant improvement of 
peak enhancement possibly due to the smaller cross section of individual element. However, the Q of the main resonance 
becomes much higher than in the single particle system. We observed identical field profiles for both the main resonance 
and the higher order dipolar resonance as well. It is important to mention here that, the resonance wavelength shifts from  
 
 
 

 
 
 
 
 
 
 
 
 
Figure 10 (a) Enhancement spectrum of NP chain inside the (a) FP-cavity (b) PC-slot waveguide. Inset: field profile at different peaks 
of the spectrum. 
 
540 nm to 590 nm which implies significant amount of phase retardation to the standing wave due to the presence of NP 
chain. On the other hand, Au NP chain was found to resonate with much stronger field enhancement and sharper Q as 
shown in Figure. 10(a). The explanation is that, the linear chain of infinite aspect ratio Au structure has large extinction 
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cross section with resonance peak around the wavelength range under consideration. On the contrary, the PC-slot 
structure behaves entirely different when NP chain is included. During the analysis, we considered a taper with F=6.5 to 
ensure the maximum light coupling possible. It is to be kept in mind here that, the device is operating for TM 
polarization. Hence, the NP chain being considered here cannot demonstrate inter-particle coupling to form the hotspots 
similar to the case of FP-cavity. It is clearly visible that, the band edge wavelength shifts from 632 nm to 650 nm and 
655 nm for Ag and Au chain, respectively. Also the peak enhancement from Ag chain does not occur at the band edge 
anymore. It is notable here that, the electric field distribution in the slot region follows a standing wave pattern. Hence, 
the surface enhancement from a NP can occur through coupling of plasmon mode and this standing wave. In other 
words, the particle chain can be assumed to be excited by a longitudinally polarized light source inside the slot. Hence, 
the observed enhancement is mainly due to the interaction between single NP resonance and PC-slot resonance. In our 
simulation, we observed that the location of peak enhancement can change as a function of wavelength. In addition, the 
effective enhancement from the PC-slot waveguide can reduce due to the damping effect as wave travels through the 
nanoparticle chain. This can be a reason behind the low enhancement obtained from Ag- chain at band edge. However, 
the Au-chain demonstrates narrow resonance as in FP-cavity at the band edge wavelength which implies more 
interaction between the elements of the system. However, the peak enhancement was not too large especially due to the 
cumulative damping of standing wave inside the slot region. This is a key difference between the underlying physics of 
the FP-cavity and the PC-slot device. More rigorous theoretical analysis will be conducted in future to address these 
phenomena. There are also some significant issues from practical point of view. It can be concluded from Figure 10(b) 
that, the enhancement profile is not uniform inside the PC-slot waveguide as in the FP-cavity shown in Figure 10(a). 
This implies that the cumulative EF along the chain can be larger when it is integrated with the FP device. Hence, the 
Raman signal is expected to be stronger when the FP- device is used as a SERS substrate under the same condition. 
Moreover, it is possible to increase the field enhancement among the particles by several degrees in FP device by 
reducing the gap size. However, it is not possible in PC-slot waveguide for TM polarization. The only way we can 
achieve field enhancement in the gap between two elements of the chain considered is the coupling due the travelling 
wave which will not be as strong as the coupling observed in dimer or trimer like structure for a polarization 
perpendicular to the gap.     
 

4. CONCLUSION 

In conclusion, we have theoretically demonstrated a mechanism to strengthen localized surface plasmon resonance of 
metal nanoparticles by several times. The approach can be implemented due to recent the advancement of 
nanofabrication technology like electron beam lithography (EBL) and focused ion beam (FIB) patterning. The key 
challenge is to precisely integrate the metal structures with the device at the desired location.  A method of fabricating 
1D NP chain with control over particle size and gap size has been demonstrated by combining the advantage of precise 
positioning capability of EBL and post deposition thermal annealing [23]. Apart from the fabrication challenges, this 
method provides a solution to alter the plasmonic behavior of metals in a desired way by tuning the spectral position of 
the mixed mode resonance. Such spectral manipulation of plasmonic enhancement is of significant engineering merit 
leading to a highly tunable system for single molecule detection or plasmon enhanced nonlinear optical devices. 
Performance of FP resonant plasmonic device can also be further improved through a high Q design integrated with 
efficient coupling mechanism. The merit of the PC-slot waveguide device is crucially limited by the narrow slot width. 
The slow-light effect in such device can be greatly utilized in structure with wider slot region providing enough room to 
incorporate metal structures like dimers/trimers which can produce large field enhancement in the hotspots.   
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