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Abstract— Characteristics of the modes supported by the 

hybrid plasmonic waveguides are investigated. It is shown 

that despite previous claims, the concept of coupled mode 

can be used to describe the mode formation in these 

structures. 
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I.  INTRODUCTION  

Since the first proposal of the hybrid plasmonic 

waveguide (HPWG) in [1], various hybrid structures 

have been investigated [2-3] and a number of practical 

applications have been proposed [4-6]. Though [1-3] 

have studied the formation of hybrid modes in the 

HPWGs and have suggested that these modes are 

formed from the coupling of surface plasmon (SP) and 

dielectric waveguide modes, those studies concentrated 

only on the properties of the even mode. The lack of a 

detailed analysis for various guided modes has led to 

some confusion and some recent work has questioned 

the validity of the coupled mode formation in the 

HPWG [7]. Here, we analyze the modal characteristics 

of both even and odd modes of the HPWG in detail and 

show that these characteristics can be understood in 

terms of coupling between two adjacent plasmonic and 

dielectric waveguides. 

II. ANALYSIS OF ONE DIMENSIONAL HYBRID GUIDE 

For simplicity we consider a one dimensional HPWG 

consisting of a silver surface separated from a silicon 

slab by a silica spacer. As shown in Fig. 1, such a 

HPWG is a combination of a dielectric and a plasmonic 

waveguide (guide 1 and guide 2). When the two guides 

are brought together, the dielectric waveguide mode 

and SP mode supported by the two guides couple and 

form hybrid modes. Properties of the hybrid modes 

depend on the modes supported by guides 1 and 2. 

Number of modes supported by the guide 1 and their 

effective indices depend on the silicon thickness. Guide 

2 supports only the SP mode at silver-silica interface. 
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Fig. 1. Schematic of the hybrid plasmonic waveguide and the 

individual guides which form the hybrid guide. 

 

In the rest of this manuscript we use the following 

notations. 

NTM0 and NTM1: real parts of the effective mode indices 

of the TM0 and TM1 modes supported by guide 1. 

NSP : real part of the effective mode index of the SP 

mode supported by guide 2. 

Neven and Nodd: real parts of the effective mode indices of 

the even and odd modes supported by the HPWG.  

∆0= NTM0 - NSP 

∆1= NTM1 - NSP 

T=cut off thickness of the TM1 mode for guide 1. 

To designate the nature of the hybrid modes we use 

the following notations. If the hybrid mode results from 

the coupling of TM0 mode supported by guide 1 and the 

SP mode supported by guide 2, and with increasing 

spacer thickness (h) the hybrid mode resembles the SP 

mode of guide 2 we designate the mode as SP-TM0. If 

on the other hand, for increasing h the hybrid mode 

resembles the TM0 mode of guide 1, we designate it as 

TM0-SP. Table I summarizes a number of cases which 

may arise for various silicon thicknesses and are 

investigated in this work. By examining the magnetic 

field profile it can be determined whether the hybrid 

mode is the result of coupling between the SP and TM0 

mode or it is the result of coupling between the SP and 

TM1 mode. Whether the mode is more “SP like” or “TM 

like” can also be determined by examining the evolution 

of the mode profile with varying spacer thickness.  
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TABLE I.   VARIOUS CONDITIONS INVESTIGATED IN THIS WORK 

Case Condition Silicon 

thickness 

(d) 

Difference 

between 

effective mode 

indices 

1 NSP>NTM0 50 nm ∆0= - 0.0014 

2 NSP<NTM0, d<<T   100 nm ∆0= 0.0385 

3 NSP<NTM0 , 

NSP<NTM1, large ∆0, 

small ∆1, d> T 

340 nm ∆0= 1.2852 

∆1= 0.0254 
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Fig. 2. Normalized magnetic field of the even mode for various 

spacer thicknesses. Silicon thickness (d) is 100 nm. 

TABLE II.  SUMMARY OF THE MODE CHARACTERISTICS FOR THE 

CASES OF TABLE 1 

Case  Nature of the even mode   Nature of the odd 

mode 

1 SP-TM0 TM0-SP 

2 TM0-SP SP-TM0 

3 TM1-SP  SP-TM1 

As an example, Fig. 2 shows the normalized 

magnetic field (Hx) for the even mode of the case 2 in 

Table I (d=100 nm). The silver-silica interface is located 

at y=0 and the silver occupies the region y<0. The field 

profile is a combination of the TM0 mode supported by 

guide 1 and SP mode supported by guide 2. For small h 

the field is tightly confined in the spacer layer. As Fig. 2 

indicates, the even mode is of type TM0-SP; i.e. it 

begins to resembles the TM0 mode of guide 1 more for 

larger h. Table II summarizes the characteristics of the 

even and odd modes for all cases of the Table I. 

Comparison of Table I and II reveals two general trends 

for the hybrid mode formation. 

a) If guide 1 supports more than one TM mode, the SP 

mode will couple to a TM mode whose effective index 

is closest to its own effective index (NSP). 

b) With increasing spacer thickness, the even mode 

converts to the mode with the higher effective index and 

the opposite is true for the odd mode.  

Variations of Neven and Nodd with h follow similar 

trends. In each case of Table 1, with increasing spacer 

thickness (h), Neven approaches the effective index of the 

mode whose index is higher. The opposite happens for 

the odd mode. In addition, the odd mode reaches cut off 

for small h.  

The change of mode profile and effective index can 

be explained in analogy with coupled resonators. In the 

case of two coupled resonators, the coupled mode 

characteristics are determined by the nature of the 

individual resonators. When the two resonance 

frequencies (ω1 and ω2) are equal, the even and odd 

modes have equal contributions from the two resonator 

modes. When ω1≠ω2 the coupled mode’s characteristics 

is more like the resonator whose resonance frequency is 

closer to its frequency. Similarly, for non-identical 

optical waveguides, the even and odd modes acquire the 

characteristics of the mode whose effective mode index 

is closer to its effective index. The even mode is more 

confined and has higher index. Therefore, with 

increasing spacer thickness its characteristics approach 

those of the mode having higher effective index and the 

opposite happens for the odd mode. Traditional coupled 

mode theory does not predict cut off of odd mode. 

However, the assumptions of weak coupling between 

two adjacent waveguides made in the traditional coupled 

mode  theory is not valid when the guides are very close 

to each other and a careful application of coupled mode 

theory shows that even in case of coupling between two 

identical waveguides the odd modes reaches cut off for 

small waveguide spacing [8]. The modal characteristics 

of the HPWG, therefore, are completely consistent with 

the concept of coupled mode. 

III. CONCLUSION 

Characteristics of the hybrid waveguide modes are 

explained with the help of the concept of coupled mode. 

The analysis can be easily extended to the cases of 

HPWG having arbitrary waveguide dimensions and 

material properties. 
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