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Abstract
In this paper, a new design of hybrid plasmonic photonic crystal (PhC) waveguide is pro-
posed and analyzed at operating wavelength of 1550 nm. The suggested design consists 
of hybrid cylindrical core with periodic grating as a cladding region. The effective index 
(neff), propagation length (Lp), and normalized mode effective area (Aeff) of the supported 
modes are numerically investigated using full vectorial finite element method. The clad-
ding geometry is tuned to obtain long propagation length with good field confinement. The 
reported plasmonic PhC with uniform grating achieves long propagation length and low 
propagation loss of 124 µm, and 0.035 dB/µm respectively. Further, the PhC with chirped 
cladding offers propagation length and low propagation loss of 162 µm, and 0.0268 dB/µm 
at λ = 1550 nm, respectively.

Keywords  Hybrid plasmonic waveguide · Surface plasmon polaritons · Photonic crystals

1  Introduction

The confinement of the light waves at the subwavelength scale beyond the diffraction 
limit can be realized at optical frequencies using plasmonic structures. At the optical 
wavelength, the metal-dielectric interfaces allow the propagation of surface electro-
magnetic waves. In the past few years, different kinds of plasmonic waveguides have 
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been proposed such as metallic nanowires (Dickson and Lyon 2000), dielectric-loaded 
surface plasmonic waveguides (Heikal et al. 2013; Holmgaard and Bozhevolnyi 2007; 
Holmgaard et  al. 2009; Weeber et  al. 2017), long-range dielectric-loaded plasmonic 
waveguides (Hahn et al. 2015; Holmgaard et al. 2010), metal–insulator–metal (Liu et al. 
2005; Pile et al. 2005), and hybrid plasmonic waveguides (Alam et al. 2010; Buckley and 
Berini 2007; Chelladurai et al. 2018; Güsken et al. 2019; Zenin et al. 2017). Addition-
ally, new improvements in plasmonic waveguides have been used in realizing integrated 
nanophotonic devices like switches, couplers, sensors (Azzam et al 2016; Hameed and 
Obayya 2019), modulators (Konopsky and Alieva 2007a), Nanoantenna(Obayya et  al. 
2015).

In recent decade, for guiding waves with low propagation loss, hybrid modes based on 
the hybridization of dielectric and surface plasmon polaritons (SPPs) mode are investigated 
(Buckley and Berini 2007). Bloch surface wave (BSW) at the interface between truncated 
periodic multilayer dielectric and a surrounding media is another type of surface electro-
magnetic mode (Fang and Sun 2015; Wei et al. 2011). The electric field of Bloch surface 
polaritons (BSP) can propagate along the interface between the multilayer dielectric and 
the adjacent dielectric medium with a good confinement close to the surface. At certain 
multilayer dielectric, the BSP can be transverse electric (TE) and transverse magnetic 
(TM) polarizations while the SPPs are always TM polarized mode. The propagation loss of 
the BSP is small owing to the all-dielectric structure. Because of the electric field distribu-
tion, the BSP mode is weakly confined. Therefore, the mode confinement of the SPP wave-
guide is stronger than that of the BSP waveguide. Few years ago, Konopsky and Alieva 
(2006, 2007b) showed that a 1D photonic crystal (PhC) structure can be used around a thin 
metallic layer to imitate the optical properties of the structure. In this context, the coupling 
occurs between the SPP and the BSP modes supported by the metallic nanowire coated by 
1D PhC multilayer structure, respectively. As a result, the structure has a small propaga-
tion loss with a much deeper subwavelength mode confinement. Recently, plasmonic wave-
guides have been studied to obtain strong confinement and low loss (Berini 2019; Güsken 
et al. 2019; Haffner et al. 2018; Huong et al. 2020; Liu et al. 2017; Manzoor et al. 2019; 
Pak and Panahi 2019; Soleimannezhad et al. 2020; Wu et al. 2020; Xu et al. 2018). In this 
regard, Bloch surface polaritons (Fong et al. 2017a, b; Kong et al. 2018, 2020; Wan et al. 
2013) is introduced.

In this paper, a modified type of cylindrical plasmonic waveguide is proposed and ana-
lyzed, showing orders of magnitude longer propagation length than the traditional plas-
monic waveguides (Chen 2010; Chowdhury 2011). The suggested structure consists of sil-
ver nano-wire embedded in SiO2 as a core region. The core is surrounded by 1D PhC based 
on Si/SiO2 (Celanovic et al. 2004; O’Sullivan et al. 2005) as a cladding region. The hybrid 
mode (Fong et al. 2017a; Wan et al. 2013) is generated by the coupling between the BSP 
mode and the plasmonic mode. The reported waveguide has advantages of using 1D PhC 
and plasmonic nanowire to guide the surface electromagnetic wave in a sub-wavelength 
scale. The effects of the structure geometrical parameters on the modal characteristics of 
the proposed design are investigated using full vectorial finite-element method (Obayya 
et  al. 2000). The analyzed parameters are effective refractive index (neff), propagation 
length (Lp), and normalized mode area (Aeff). The reported designs with uniform and non-
uniform grating with 10 layers show long propagation lengths of 124 µm, and 161.9 µm, 
respectively with low propagation loss of 0.035 dB/µm and 0.0268 dB/µm at λ = 1550 nm. 
The obtained propagation length is longer than those reported in Chen (2010), Chern et al. 
(2017), Kong et al. (2018) and Liu et al. (2015) with low propagation loss. The suggested 
structure could enable highly efficient light transmission in integrated photonic devices.
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The paper is organized as follows. In Sect.  2, design considerations and numerical 
results are presented. The geometry of the proposed structure with uniform grating and 
their results are studied in Sect. 2.1. Further, the plasmonic PhC waveguide with non-uni-
form grating is introduced in Sect. 2.2 followed by the conclusion.

2 � Design considerations and numerical results

2.1 � Plasmonic PhC waveguide with uniform grating

The simulation results of the proposed design is made using full vectorial finite element 
method (FVFEM) via COMOL Multiphysics software package [https://​www.​comsol.​com]. 
In order to ensure the high accuracy of the used numerical technique, a comparison was 
first made to validate our FVEM model. Figure 1 shows a schematic diagram of the stud-
ied plasmonic cylindrical nanowire surrounded by SiO2 (Chowdhury 2011). In this study, 
silver is used with permittivity of − 129 + 3.3i (Johnson and Christy 1972; Chen 2010; 
Chowdhury 2011; Sun et al. 2015) at λ = 1.55 µm while the SiO2 has permittivity of 2.25. 
In order to have high accuracy, high mesh is used with minimum element size of 0.45 nm 
and degree of freedom of 7213. Figure  1b–d show the variation of the effective index, 
normalized effective mode area and propagation length of the studied TM Mode with the 

Fig. 1   a Schematic diagram of metallic cylinder surrounded by SiO2 material, variation of b real part of the 
effective index neff, c propagation length Lp, and d normalized mode Area Aeff of the TM with the nanowire 
diameter d

https://www.comsol.com
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diameter of the plasmonic cylinder. It may be seen that an excellent agreement is obtained 
between our results and those reported in Chowdhury (2011). This ensures the high accu-
racy of our calculations.

Figure 2 shows a schematic diagram of the proposed structure. The suggested design 
consists of a metallic wire embedded in a dielectric material surrounding by 1D PhC mul-
tilayer. The inner structure consists of a silver cylinder with a diameter d, embedded in 
a dielectric of silica with a thickness c. The cladding structure consists of 10 alternating 
Si (ε1 = 12.25) and SiO2 (ε2 = 2.25) layers, each with thickness b. The permittivity of sil-
ver is − 129 + 3.3i (Chen 2010; Chowdhury 2011) at the operating wavelength of 1.55 µm. 
The characteristics of the proposed waveguide are studied by using finite-element method 
(FEM) based on COMSOL software package. In order to achieve high accuracy, minimum 
element of size of 1.5 nm is used with degree of freedoms of 18423. Further, first-order 
scattering boundary condition (Davletshin and Douplik 2016) is used to truncate the com-
putational domain and calculate the confinement loss of the supported modes. In this study, 
the effective index (neff), propagation length (Lp), normalized mode area (A1/A0), and figure 
of merit (FoM) (Chen 2010; Chowdhury 2011) of the supported hybrid mode is investi-
gated. It is aimed to maximize the field confinement with minimum propagation losses and 
long propagation length. The propagation length is calculated using:

The effective mode area A1 is obtained by Chowdhury (2011)

where W(r) is the energy density taken as:

(1)Lp =
�

4�Im(neff )

(2)A1 =
∬ (W(r))dA

max(W(r))

(3)W(r) =
1

2
�0|H(r)|2 + 1

2
Re

{
d[w�(r)]

dw

}
|E(r)|2

Fig. 2   Schematic diagram of the proposed hybrid plasmonic photonic crystal waveguide
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where H(r) and E(r) are the magnetic and electric fields, respectively, μ0 is the vacuum 
magnetic permeability and ε(r) is the electric permittivity. In this investigation, it is aimed 
to maximize the FoM defined as the ratio between the normalized propagation length and 
normalized mode area.

where A0 is the diffraction-limit mode area that equals to λ2/4. The diameter of the Ag 
nanowire is taken by 100 nm for better optical confinement. The electric field distribution 
of the fundamental mode of the proposed waveguide is shown in Fig. 3. The geometrical 
parameter of the waveguide are initially chosen as c = 800 nm, b = 24 nm. Based on Eq. (1), 
the propagation length equals to 161 µm compared to 27 µm in conventional cylindrical 
waveguide (Chowdhury 2011) with silver cylinder. 

The geometrical parameters of the proposed structure are studied to obtain strong con-
finement and long propagation length. First, the effect of the number of layers of the 1D 
PhC cladding layer is investigated. Figure 4 shows the dependences of the mode properties 
on the thicknesses of the dielectric layer SiO2 for different numbers of the 1D PhC layers. 
Here, the thicknesses of the SiO2 varies from 100 to 400 nm, and the number of layer of 1D 
photonic crystal is taken as 4, 6, 8, and 10 layers, respectively. In Fig. 4a, b, the effective 
index neff increases while the propagation length Lp decreases by increasing the thickness 
of the SiO2. It is also evident that the reported structure has a significant improvement in 
the propagation length compared to conventional design (Chowdhury 2011). Further, the 
propagation length increase from 30 to 55 µm by increasing the number of layers from 4 
to 10 layers. The result is in a good agreement with the results shown in Fig. 4c. In this 

(4)FOM =
Lp∕�0

A1∕A0

Fig. 3   Electric field distribution of the hybrid mode of the proposed design with c = 800 nm, b = 24 nm



	 H. M. I. Hassan et al.

1 3

431  Page 6 of 18

context, the mode area increases with increasing the thickness c values. Figure 4d shows 
the FoM with respect to the change in the thickness of SiO2. It can be noticed that the 
FoM decreases from 450 to 393 when the number of layer increases from 4 to 10 layers. 
Furthermore, the FoM of the proposed design with 10 layers, shows better performance 
than similar published structures (Chern et al. 2017). Therefore, 10 layers is chosen with 
long propagation length and good subwavelength mode confinement. However, the FoM 
decreases with increasing the thickness c. In order to prove our results, the field plots of 
the two dimensional (2D) electric field modes at different layers 4, 6, 8, and 10 layers are 
shown in Fig. 5. The field patterns at y = 0 are shown at the right of the figures. It may be 
seen that the optical energy is confined around the metallic nanowire. Further, the optical 
energy is enhanced by increasing the number of layer of 1D PhC.

In order to understand the optical performance of the uniform grating with 10 layers, 
the geometrical parameters effects are next investigated. The hybridization between the 
BSP and SPP modes can be optimized through tuning the thickness of SiO2, c and the lat-
tice constant Ʌ = 2 × b of the uniform grating with 10 layers. This will also enable efficient 
compromise between the field confinement and the propagation loss. Thickness of the lat-
tice constant has a strong impact on the model behavior in the proposed plasmonic PhC 
waveguide.

Fig. 4   a Real part of the effective index neff, b propagation length Lp, c normalized mode Area Aeff, and d 
figure of merit FoM as functions of the thickness c of the SiO2 at different N layers while b = 20 nm and 
diameter d of the Ag is equal to 100 nm
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Figure  6 shows the effective index neff, propagation length Lp, normalized mode area 
Aeff, and FoM of the proposed uniform grating as a function of the thickness c of SiO2 
at different values of the thickness b of the 1D PhC. Here c varies within the range 
50–550 nm at b = 10 nm, and 20 nm. It is evident that the effective index neff, propagation 
length Lp, and mode area Aeff increase with increasing the thickness b. It may be also seen 
that the coupling between the metallic nanowire and the 1D PhC results in improved deep-
subwavelength mode confinement where Aeff is lower than 10−2 as shown in Fig. 6c. Fur-
ther, long propagation distance can be simultaneously achieved within the studied struc-
tural parameters. Figure 6d shows that the FoM at b = 10 nm is slightly greater than that of 
b = 20 nm. This is due to the concentration of the field in the silica dielectric layer instead 
of the metallic surface with reduced propagation loss.

Figure 7 shows the variation of the modal properties of the proposed waveguide with 
the thickness b of the 1D PhC at different values of the thickness c of the SiO2 (200 nm, 
400 nm, and 600 nm) to achieve strong interaction between the BSP mode and SPP mode 
with low propagation loss and subwavelength mode confinement. Here, b varies within the 
range 6–24 nm. Figure 7a shows an increase in the effective index neff of the hybrid mode 
at larger thickness of the 1D PhC b. This is due to the increase of the effective index of the 
BSP mode. As the thickness b increases, the propagation length (see Fig. 7b) can reach up 
to tens of micrometers. It is also evident from Fig. 7c that the effective area Aeff increases 
by increasing the thickness of the PhC b. Figure 7d shows the FoM as a function of the 
thickness of the 1D PhC b and thickness of SiO2 c. It may be seen that the FoM decreases 
rapidly from 470 to around 320 by increasing b from 6 to 24 nm, which is greater than 290 
that reported by Chowdhury (2011).

2.2 � Plasmonic PhC waveguide with non‑uniform grating

Figure  8 shows the schematic diagram of the proposed design with non-uniform grat-
ing. Similar to the first design, the structure consists of a metallic wire with a diameter 
d embedded in a dielectric of silica with a thickness c. The cladding structure consists of 
10 alternating Si and SiO2 layers. The effect of chirped grating is carried out based on cos 
function, sin function, linear function, and square function. The numerical results show 
that the sin function described by Eq. 5 results in longer propagation length Lp compared to 
that with uniform grating. As shown in Fig. 8, the chirped grating is described by:

where Ʌn is the lattice constant.
Figure  9 shows the dependences of the guided fundamental mode properties on the 

thickness of the SiO2 for the proposed design with uniform and chirped grating. Here c var-
ies within the range 200–800 nm. The lattice constant Ʌ = 2 × b = 48 nm for uniform grat-
ing, while the thickness of the chirped grating starts with Ʌ1 = 60 nm. This indicates the 
dependence of the real part of the effective index neff, mode area Aeff, propagation length 
Lp, and FoM on the thickness of the dielectric layer SiO2. Figure 9a, d show that the effec-
tive index neff, and FoM for the proposed design with chirped grating are slightly higher 
than those with uniform grating. It is also evident from Fig. 9b, c that the mode area Aeff, 
and propagation length Lp increase with increasing the thickness c of the SiO2. Further, the 
chirped grating achieves higher Aeff and Lp than that of the uniform grating. This is appar-
ently realized by leveraging the very-low-loss, high confinement properties of the BSP. In 

(5)Λn = Λ sin(x) at x =
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order to prove our results, the field plots of the power density distribution of the studied 
mode with uniform grating and chirped grating are shown in Fig. 10 at λ = 1550. It may 
be seen that the energy is confined and enhanced around the circumference of the core. It 
is also evident from the field plots that the power density through the chirped grating has 
more energy concentration than that with uniform grating. Table  1 shows a comparison 
between the two proposed structures and those reported in the literature. It may be seen 
from this table that the chirped grating and uniform grating have much lower loss than the 
previously cylindrical plasmonic waveguide.

It is worth noting that the 1D photonic crystals have been studied and fabricated using 
different techniques. This includes 3D rapid prototyping (Cruz et  al. 2015), digital light 
processing rapid prototyping (Hong et  al. 2017), modified chemical vapor deposition 
(MCVD) (Bookey et  al. 2009; Wang et  al. 2018, Yang et  al. 2021), and stack-and draw 
technique (Li and Kathirvel 2019). Further, Fink et  al. (1999) have fabricated a broad-
band, low-loss hollow waveguide using a LADD 30,000 evaporator fitted with a Sycon 
Instruments STM100 film thickness monitor. The dip coating technique is used to deposit 
the different layers. Also, Kuriki et al. (2004) fabricated hollow-core cylindrical photonic 
bandgap fibers by using thermal evaporation of an As2Se3 layer (2–5 µm) on each side of a 
free-standing 9–15-µm-thick PEI film and the subsequent ‘rolling’ of that coated film into 
a hollow multilayer tube. The plasmonic material can be infiltrated into the central hole by 
pumping the molten metal into the central hole at high pressure. This is because the Ag 
has lower melting temperature than the fiber material (silica) (Lee et  al. 2008; Schmidt 
et al. 2008; Lee et al 2011; Tyagi et al 2010). Therefore, it is believed that the suggested 
plasmonic cylindrical multilayers structure can be fabricated using the current technology.

The fabrication tolerance of the proposed design is also studied to show the fabrica-
tion feasibility as shown in Table  2. The optimum geometrical parameter are chosen as 
c = 800  nm, b = 24  nm, d = 100  nm for the uniform grating while the chirped coating 
has c = 800  nm, b = 30  nm, d = 100  nm. In this study, the effect of fabrication tolerance 
within ± 5% of a specific parameter is investigated while the other parameters are kept con-
stant at their optimum values. It is worth noting that there is a tradeoff between the propa-
gation length and field confinement. Table 2 shows the tolerance of the thickness b of the 
1D PhC, the thickness c of the SiO2, and the diameter d of silver cylinder, respectively 
within a tolerance of ± 5%. It may be seen from the tolerance table that the propagation 
length Lp, increase with increasing the studied parameters b, c, d by 5% which is desir-
able while the normalized mode Area Aeff is also increased which is undesirable effect. 
However, the normalized Aeff of the suggested design will be less than value of 4.0 that 
has been reported by Chowdhury (2011). Therefore, the suggested design within a toler-
ance of ± 5% has a better performance than that has been obtained by Chowdhury (2011) in 
terms of longer propagation length and small Aeff.

The fiber Bragg grating is mainly used in fiber communication, fiber sensing and 
optical information processing. The optical fiber communication consists of many 
active and passive optical fiber devices. The active devices include fiber laser based 
on grating narrowband reflector, grating fiber amplifier to achieve flat gain and resid-
ual pumping light reflection and Ramam fiber amplifier using Bragg grating resona-
tor. Additionally, passive devices are included in the communication systems such 

Fig. 5   2D energy density distributions of the fundamental hybrid mode supported by the proposed wave-
guide and 1D energy density distributions along y = 0 for using different layers a 4 layers, b 6 layers, c 8 
layers, and d 10 layers. The other parameters are c = 100 nm, b = 20 nm, and d = 100 nm

▸
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as optical fiber filter, and wavelength division multiplexer (WDM) (Patki et  al 2020) 
based on waveguide grating, dispersion compensating grating fibers and fiber sensors. 
In this context, fiber Bragg grating (FBG) (Othonos 1997) has been widely used in 
the sensing filed. Recently, plasmonic fiber sensors (Qi et  al 2020) have been used 
with improved sensitivity. Such sensors have been used in different applications for 
monitoring of highways and bridges. The sensors can be developed in multi-point and 
distributed sensors, which relies on combination of wavelength-division multiplexing 
(WDM) (Luo et  al 2013), time division multiplexing (TDM) (Dai et  al 2009), space 
division multiplexing (SDM) (Gao et  al 2005) and code division multiple access 
(CDMA) (Koo et al 1999). Further, plasmonic fiber is an important passive device in 
optical fiber communication. The emergence of fiber grating really realizes all-fiber 
filter. The FBG filter (Hunter and Minasian 1996) is an ideal device in optical com-
munication system because of its low cost, compatibility with optical fibers and easy 
integration. Due to the fabrication feasibility of the FBG along with the availability of 
various wavelength adjustment methods, the single-channel and multi-channel wide-
band, high reflectivity band-stop filters and narrow-band and low-loss band-pass filters 
can be realized from 1520 to 1560  nm. Further, plasmonic FBG filters (Singh et  al 
2019) can achieve flat gain and can be used dispersion compensation and add-drop 

Fig. 6   a Real part of the effective index neff, b propagation length Lp, c modal area Aeff, and d FoM as func-
tions of the thickness c of the SiO2 at different thicknesses of the 1D PhC b = 10 nm, and b = 20 nm
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Fig. 7   a Real part of the effective index neff, b propagation length Lp, c modal area, and d FoM as func-
tions of thickness b of the 1D PhC at different thicknesses of the SiO2 layer; c = 200 nm, c = 400 nm, and 
c = 600 nm

Fig. 8   Schematic diagram of the proposed design with chirped grating



	 H. M. I. Hassan et al.

1 3

431  Page 12 of 18

multiplexing of WDM system. Further, circular hybrid plasmonic waveguide has been 
reported as a fed nano-antenna that is operating at the standard telecommunication 
wavelength of 1550 nm (Khodadadi et al 2020).

3 � Conclusion

Two cylindrical waveguides with metallic wire embedded in dielectric material are pro-
posed and investigated. The first design has a uniform PhC grating while the second one 
has a chirped grating. The modal characteristics of the suggested structures are studied 
at telecommunications wavelength, λ = 1550 nm. By adjusting the number of the PhC 
layers, lattice constant, more field confinement is achieved compared to the conven-
tional cylindrical waveguide. The reported design with uniform grating has a propaga-
tion length Lp of 124 µm and FoM of 339. However, the chirped grating achieves long 
propagation length Lp of 161.9 µm and FoM 335. The proposed cylindrical waveguide 
has the advantages of low propagation loss with suitable mode confinement, which can 
be used to design photonic integration with ultra-high density.

Fig. 9   a Real part of the effective index neff, b propagation length Lp, c modal area and d FoM as functions 
of the thickness c of the SiO2, of the proposed design with uniform grating and chirped grating
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Fig.10   2D power density profile of the fundamental mode and 1D power density distributions along y = 0 
supported by the proposed design with a uniform grating and b chirping grating when b = 24  nm, and 
c = 250 nm at λ = 1550
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