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Abstract: Polarization is an intrinsic attribute of optical waves, so manipulating the 

polarization state of optical surface waves can be of a fundamental importance for 

the next-generation information and bio-photonics technology. Here, we show 

theoretically that the polarization of the Bloch surface wave (BSW) on a dielectric 

multilayer can be transformed between a transverse-electric (TE) state and a 

transverse-magnetic (TM) state by using the laterally continuous grooves inscribed 

on this multilayer. This polarization transformation can be enhanced or inhibited by 

the interference between the reflected BSW beams, which can be tuned by the 

periodicity and depth of the grooves. The maximum polarization transformation 

efficiency can be achieved as high as 43% when the number of grooves is increased 

to 10. A generalized Fresnel formula is proposed to describe the polarization 

transformation of the BSW beams. Due to this polarization transformation, an 

anomalous reflection of BSW beams can be realized, which is the inequality between 

the incident angle and the reflection angle. 
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I. INTRODUCTION 

Bloch surface waves (BSWs), the electromagnetic surface waves excited at the 

interface between a truncated periodic dielectric multilayer with a photonic band 

gap (PBG) and its surrounding medium, have been considered as the dielectric 

analogue of surface plasmon polaritons (SPPs) that are also the electromagnetic 

surface waves but propagating at the interface between a metallic film and its 

dielectric cladding [1-2]. Similar as the SPPs, BSWs can also induce the optical 

near-field confinement and enhancement, and can have larger wave-vectors than 

light of the same frequency in vacuum. BSWs have been applied in nanoscale optical 

waveguides, sensing, fluorescence emission enhancement or sorting, surface 

enhanced Raman scattering, and so on [3-13]. It also can realize the giant 

Goos-Hanchen shift, which will improve the functionality of sensors and may have an 

impact on the further development of sensor technology [14]. The BSWs are not 

subject to losses caused by absorption in metal, which allows for BSW with a high 

resonance quality factor and a long propagation length. There are many choices of 

the dielectric materials for BSWs, which allows this dielectric multilayer to be used 

from deep ultraviolet (UV) to near-infrared (NIR) wavelengths [15]. For SPPs, it can 

only be sustained in transverse magnetic (TM) polarization state [16-19], whereas the 

BSWs can be of either transverse electric (TE) or TM polarization. Previously, most 

work on BSWs are related with the TE polarized BSW [3-11, 20], but few on the TM 

polarized one [12, 13]. The reason is that the generation of TM polarized BSWs is 

always affected by the Brewster angle effect [21]. There are no reports on energy 

coupling between the TE and TM polarized BSW, or reports on how to transform the 

TE polarized BSW into TM one and vice versa. Polarization is one of the basic 

parameters for optical waves, hence the ability to manipulate the polarization state 

of the electromagnetic surface waves can be of a fundamental importance for both 

science and technology. For example, it can increase the information capacity with a 

new parameter (polarization) involved in the surface waves, similar as the 

applications of cylindrical vector beams or orbital angular momentum in optical 
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communications [22, 23]. It can also introduce different light-matter interactions 

between electromagnetic surface waves and polarization sensitive materials or cells. 

Although 3D waveguide based polarization rotators are routinely used in modern 

photoelectric components and provide nearly unitary efficiency of polarization 

transformation [24, 25], we have not seen any reports on the polarization rotators for 

2D surface waves.  

      

II. THE DISPERSION RELATIONS OF BSW 

The proposed dielectric multilayer that sustains both TE and TM polarized BSWs 

is consisted of 18 alternating dielectric layers of Si3N4 and SiO2 as shown in Fig. 1(a). 

The refractive indices of Si3N4 and SiO2 layers are 2.65 and 1.48, respectively. The 

thickness of Si3N4 and SiO2 layers are fixed at 80 nm and 126 nm, respectively. The 

thickness of the top SiO2 layer can be varied and denoted as h. A rectangular groove 

with width wg and depth hg is inscribed on the top SiO2 layer. A BSW is obliquely 

incident on the groove. The symbols θi, θr and θt denote the incidence, reflection and 

transmission angles of BSW, respectively. Different from the SPPs supported by the 

metal film, the dielectric multilayer can support the propagation of TE-BSW (the 

electric field perpendicular to X-Z plane) and TM-BSW (the magnetic perpendicular 

to the X-Z plane). Moreover, the propagation of BSW is sensitive to the top layer’s 

thickness h as shown in the inset of Fig. 1(b). Figure 1(b) demonstrates the change of 

the effective refractive indices of TE-BSW and TM-BSW modes as a function of the 

top layer’s thickness h. The effective refractive indices of TE-BSW and TM-BSW 

modes decrease with the decreasing of the thickness h. Compared with the case of 

TE-BSW modes, the TM-BSW modes can be sustained by dielectric multilayer in a 

very limited thickness range, which is attributed to that the bandgap width of 

dielectric multilayer for TM polarization is much smaller than that for TE polarization 

due to the Brewster effect of TM polarization. The photonic bandgap of the dielectric 

multilayer and the dispersion relations for TE-BSW and TM-BSW modes are shown  

in Figs. 2(a) and 2(b), respectively. The yellow zone denotes the photonic stop band 
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of dielectric multilayer. As the top layer’s thickness is fixed at 320 nm, the dispersion 

curves for TE0-BSW and TM1-BSW are also shown in Figs. 2(a) and 2(b), respectively. 

It is noted that the dispersion curve for TM1-BSW can be held in a very limited 

frequency range due to the narrow bandgap. To understand the waveguiding 

behaviors of BSW, the field distributions for TE0-BSW and TM1-BSW are shown in Figs. 

2(c) and 2(d), respectively. A node of field for TM1-BSW can be observed in the top’s 

layer, but there is no node in the top’s layer for TE0-BSW. It is the reason that the 

mode is named according to the number of field node in the top’s layer of dielectric 

multilayer. In addition, the penetration depth of TM1-BSW in the dielectric multilayer 

is larger than that of TE0-BSW due to the narrow bandgap. As noted in Fig. 1(b), the 

dielectric multilayer can sustain the TE0-BSW and TM1-BSW modes with the thickness 

h ranging from 300 nm to 500 nm.  

 

III. POLARIZATION TRANSFORMATION OF BSW 

A. The case of the single groove 

Here, a groove was fabricated on the dielectric multilayer as shown in Fig. 1(a). 

As the BSW is obliquely incident on the groove, the interpolarization coupling 

between TE-BSW and TM-BSW occurs due to the discontinuous of the interface, 

besides the partial reflection and transmission of BSW. The reflection, transmission 

and polarization transformation intensities of TE0-BSW and TM1-BSW as a function of 

the incidence angle are shown in Figs. 3(a) and 3(b), respectively. The results are 

obtained by mode-matching method [26, 27]. The validity of mode-matching method 

is confirmed by comparing with the results obtained from the finite difference 

frequency domain (FDFD) method [28]. The detailed descriptions of the simulation 

process are given in the Appendix. If the incident wave is TE0-BSW, Rss and Tss denote 

the reflection and transmission intensities of TE0-BSW, Rsp and Tsp denote the 

reflection and transmission intensities of TM1-BSW which are excited by the incident 

TE0-BSW. Similarly, if the incident wave is TM1-BSW, Rpp and Tpp denote the reflection 

and transmission intensities of TM1-BSW, Rps and Tps denote the reflection and 
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transmission intensities of TE0-BSW excited by the TM1-BSW. To facilitate the 

comparison of the polarization transformation efficiency of BSW, the intensities of Rsp, 

Rps, Tsp and Tps are magnified by a factor of 10 in the curves shown in Figs. 3(a) and 

3(b).  

As the BSW propagates across the groove, the reflection and transmission of 

BSW are well related to the difference of effective refractive indices of BSW inside 

and outside of the groove. Because the effective refractive index of TE0-BSW is larger 

than that of TM1-BSW for the same top layer’s thickness, the reflection and 

transmission curves of TE0-BSW demonstrate much more drastic changes at the large 

incidence angle. For example, as the incidence angle of TE0-BSW is larger than 50o, 

the reflection intensity of TE0-BSW is dramatically increased with the increasing of 

the incidence angle, and finally approaches one as shown in Fig. 3(a). The 

polarization transformation Rsp from TE0-BSW to TM1-BSW is firstly increased with 

the increasing of the incidence angle, but finally disappears around 55o due to the 

total internal reflection of TM1-BSW, which is determined by matching the transverse 

wavevector.  

                   
0 1

0 , 0 ,sin sinTE TM
eff BSW i eff BSW rk n k nθ θ=

                     (1) 

where 0
,

TE
eff BSWn and 1

,
TM
eff BSWn  are the effective refractive indices of TE0-BSW and 

TM1-BSW, respectively. Because the effective refractive index of TM1-BSW is smaller 

than that of TE0-BSW, the total internal reflection angle of TM1-BSW is expressed as: 

( )01 1
, ,sin TETM TM

c eff BSW eff BSWarc n nθ = . In contrast, as the incident BSW is TM1-BSW, the 

total internal reflection cannot occur, and the reflected angle of TE0-BSW excited by 

TM1-BSW can be expressed as: ( )0 01
, ,sin sinTE TETM

r eff BSW i eff BSWarc n nθ θ= . There will be two 

reflected beams propagating along different directions due to the different effective 

refractive indices for TE0-BSW and TM1-BSW at the same top layer’s thickness, as the 

BSW is obliquely incident on the groove. Besides the incidence angle, the depth and 

width of groove can also affect the polarization transformation efficiency of BSW. The 

influences of the depth and width of groove to the polarization transformation 
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efficiency of TE0-BSW are shown in Fig. 4.  

To evaluate the polarization transformation efficiency of TE0-BSW, the scattering 

loss of TE0-BSW is defined as: 

                    1loss ss ss sp spS R T R T= − − − −                     (2)                  

As the width of groove is fixed at 400 nm, the polarization transformation intensity 

Rsp and the scattering loss Sloss of TE0-BSW versus the depth of groove and incidence 

angle are shown in Figs. 4(a) and 4(b), respectively. With the increasing of the depth 

of groove, the Rsp is increased, but the Sloss of BSW is also increased. To balance the 

efficiency of polarization transformation and the scattering loss of BSW, the depth of 

groove is chosen to be 150 nm. In addition, the relationship of polarization 

transformation intensity Rsp and the scattering loss Sloss of BSW between the width of 

groove and incidence angle are shown in Figs. 4(c) and 4(d), respectively. As the 

width of groove is larger than 200 nm, the polarization transformation of BSW 

becomes insensitive to the changes of groove depth. Moreover, the scattering loss of 

BSW will increase as the width of groove is larger than 500 nm. Therefore, the depth 

and width of groove are chosen as 150 nm and 400 nm in simulation to balance the 

efficiency of polarization transformation and the scattering loss of BSW. 

B. The case of the two grooves 

If multiple grooves are fabricated on the dielectric multilayer, this polarization 

transformation between TE0-BSW and TM1-BSW can be enhanced or inhibited by the 

interference effect of multiple beams. As noted in Fig. 5, the two grooves are 

introduced into the structure, the separation distance between grooves is denoted as 

Ld. Figures 5(a) and 5(b) demonstrate the reflection, transmission and polarization 

transformation intensities of BSW as a function of incidence angle. Compared to the 

case of the single groove, the reflection and transmission intensities of the TE0-BSW 

exhibit a sharp dip and peak around incidence angle of 66o, respectively. When the 

incidence angle of TE0-BSW is larger than 60o, the single groove demonstrates the 

strong reflection to the TE0-BSW as shown in the Fig. 3(a). The groove is similar to a 

2D partially reflecting mirror for the TE0-BSW. The two grooves with separation 
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distance Ld can act as an 2D Fabry-Perot (FP) cavity, which contributes to the strongly 

changes of reflection and transmission for TE0-BSW. Furthermore, the polarization 

transformation intensity Rsp (from TE0-BSW to TM1-BSW during reflection) is about 

increased by 5-fold compared to the case of the single groove as noted in Fig. 3(a). 

Similarly, the enhanced polarization transformation intensity Rps (from TM1-BSW to 

TE0-BSW during reflection) is also observed in the Fig. 5(b).  

 

IV. DISCUSSIONS 

A. Generalized Fresnel formula for polarization transformation of BSW 

The enhanced polarization transformation of BSW is attributed to the multiple 

reflection of BSW in the two grooves. To describe the physical process of polarization 

transformation of BSW modes in the two grooves in detail, the Fresnel formula for 

the multilayer film is generalized to deal with the reflection and transmission of the 

BSW crossing the grooves. The groove can be considered as an equivalent interface. 

As the BSW propagates across the equivalent interface, the reflection, transmission 

and polarization transformation of BSW occur. A simplified model for multiple 

reflections of BSW between the two grooves is demonstrated in the inset of Fig. 6. 

The structure is then divided into three parts by two equivalent interfaces. The three 

parts of structure are numbered as 0, 1 and 2, respectively. The BSW is launched at 

the region 0. As the TE0-BSW propagates from region i to region j, ss
ijr and ss

ijt  

denote the reflection and transmission coefficients of TE0-BSW, respectively. sp
ijr  

and sp
ijt  denote the polarization transformation coefficients of TE0-BSW to TM1-BSW, 

respectively. Similarly, as the TM1-BSW transmits from region i to region j, the terms 

pp
ijr , pp

ijt , ps
ijr and ps

ijt are used to denote the reflection, transmission and 

polarization transformation coefficients of TM1-BSW, respectively. From the 

simplified model and the defined coefficients, the generalized Fresnel formula of 

BSW can be expressed as: 
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                      ( )
r i
s s
r i
p p

A A
A A

⎛ ⎞ ⎛ ⎞
= +⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
% %R MST                   (3)                 

where i
sA  and i

pA  denote the amplitude of the incident TE0-BSW and TM1-BSW, 

respectively. r
sA  and r

pA denote the amplitude of the reflected TE0-BSW and 

TM1-BSW, respectively. As the BSW propagates across the two grooves, the reflection 

and polarization transformation coefficients of BSW can be defined: 

           012 012 012 012
0 0 0 0

, , , 
i i i i
p p s s

r rr r
p pss sp ps pps s

i i i i
s s p pA A A A

A AA Ar r r r
A A A A

= = = =

= = = =          (4) 

In Eq. (3), the terms %R  and %T denote the matrix of reflection and transmission 

coefficients at the first groove, i.e. the first equivalent interface.  

                  01 01 01 01

01 01 01 01

,   
ss ps ss ps

sp pp sp pp

r r t t
r r t t
⎛ ⎞ ⎛ ⎞

= =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

% %R T                     (5) 

The matrix M and S describe the multiple reflections of BSW between the two 

equivalent interfaces. 

      
( ) ( ) 22

10 12 10 12 10 12 10 12
( ) ( ) 22

10 12 10 12 10 12 10 12

s p d s p d p ds d

s p d s p d p ds d

i L i L i Li Lss ss ps sp ss ps ps pp

i L i L i Li Lsp ss pp sp sp ps pp pp

t r e t r e t r e t r e

t r e t r e t r e t r e

γ γ γ γ γγ

γ γ γ γ γγ

+ +

+ +

⎛ ⎞+ +
= ⎜ ⎟⎜ ⎟+ +⎝ ⎠

M        (6) 

  

1( ) ( ) 22
10 12 10 12 10 12 10 12

( ) ( ) 22
10 12 10 12 10 12 10 12

1

1

s p d s p d p ds d

s p d s p d p ds d

i L i L i Li Lss ss ps sp ss ps ps pp

i L i L i Li Lsp ss pp sp sp ps pp pp

r r e r r e r r e r r e

r r e r r e r r e r r e

γ γ γ γ γγ

γ γ γ γ γγ

−+ +

+ +

⎛ ⎞− − − −
= ⎜ ⎟⎜ ⎟− − − −⎝ ⎠

S       (7)   

Here, the terms ( )0
22 2

0 ,
TE

s eff BSW yk n kγ = −  and ( )1
22 2

0 ,
TM

p eff BSW yk n kγ = −  are the 

longitudinal wavenumber of TE0-BSW and TM1-BSW along the X axis, respectively. ky 

is the transverse wavenumber of BSW along the Y axis. Then, the reflection 

intensities Rss and Rpp can be expressed as: 

                      2 2
012 012| | ,    | |ss pp

ss ppR r R r= =                       (8) 

The polarization transformation intensities Rsp and Rps are given by: 

                 
01

0 1

, ,2 2
012 012

, ,

| | ,     | |
TETM

x r x rsp ps
sp psTE TM

x in x in

P P
R r R r

P P
= =                  (9)                  

The terms *
,x rP and *

,x inP denote the propagation power along the X axis for the 
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reflected and incident BSW modes, respectively.  

Figure 6(a) demonstrates the polarization transformation coefficient 012
spr  for 

the TE0-BSW propagating across two grooves versus the incidence angle. The solid 

line denotes the results obtained from the generalized Fresnel formula shown in Eq. 

(4), and the triangles denote the results obtained from the mode-matching method. 

To facilitate the comparison of the polarization transformation enhanced by two 

grooves, the transformation coefficient spr  of TE0-BSW for a single groove is also 

shown in the Fig. 6(a) with a dotted line. It is noted that the transformation 

coefficient 012
spr  of TE0-BSW can be enhanced or inhibited at the certain incidence 

angle relative to the coefficient spr , which is attributed to the interference effect 

between the multiple beams. Similarly, the polarization transformation coefficient 

012
psr  for the TM1-BSW propagating across two grooves versus the incidence angle is 

shown in Fig. 6(b). Compared to the transformation coefficient psr  for a single 

groove, the coefficient 012
psr  can also be enhanced or inhibited at the certain 

incidence angle due to the interference effect from the reflected beams. The 

interference effects are sensitive to the phase factors of the reflected beam, which 

are well related to the wavenumber sγ , pγ  and the separation distance Ld noted in 

Eq. (6) and Eq. (7). Then, this is a practical way to control the polarization 

transformation of BSW by adjusting the separation distance Ld between the grooves.   

 

B. Anomalous reflection of BSW 

As the TE0-BSW propagates across the two grooves, Figures 7(a) and 7(b) 

demonstrates the polarization transformation intensity Rsp and the reflection 

intensity Rss as a function of the incidence angle and the separation distance Ld, 

respectively. With the increasing of the separation distance Ld, the Rsp and Rss exhibit 

the periodic changes arising from the constructive and destructive interference of 

reflected BSW beams. Furthermore, the changes of Rsp and Rss demonstrate the 
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different periodicity due to the different interference effect noted in Eq. (6) and Eq. 

(7). It is feasible to achieve the completely polarization transformation in the 

reflected beam by adjusting the distance Ld, such as the point P1 labeled in Figs. 7(a) 

and 7(b). The point P1 means that the incidence angle of TE0-BSW is 50.6o, and the 

separation distance Ld is 410 nm. The Rsp can achieve the maximum value, and the 

value of Rss can become the minimum at this condition denoted by point P1. The 

electric field distribution of structure is calculated by mode-matching method at this 

condition, as shown in Fig. 7(c). The electric fields are extracted at the location z= 10 

nm (X-Y plane). The incident TE0-BSW beam is modeled as the Gaussian shape with 

half width 10λ. λ= 633 nm is the incident wavelength. An interesting phenomenon is 

observed in the Fig. 7(c). The reflection angle of beam relative to the normal 

direction of the grooves is larger than the incident angle due to the excitation of 

TM1-BSW. The reflection angle of beam can be predicted from the Eq. (1), and is 

equal to 70.4o. This anomalous reflection is attributed to the polarization 

transformation of BSW, which is different from that arising from a metasurface or 

metagratings [29-32]. Then, the grooves can be used as the mode converter or 

polarization rotator for BSWs.  

In addition, the generation of TM1-BSW can also be inhibited by changing the 

distance Ld. For example, as the distance Ld is increased to 680 nm, the value of Rsp 

can becomes minimal due to the destructive interference of beams, but the value of 

Rss is increased corresponding to the point P2 labeled in Figs. 7(a) and 7(b). At this 

condition, the total electric field distribution is calculated and shown in Fig. 7(d). In 

this case, the structure demonstrates the normal reflection. The reflection angle of 

beam is equal to the incident angle. The polarization of reflection beam is the same 

as that of incident beam. Therefore, the separation distance Ld between the grooves 

is an efficient parameter to control the polarization transformation of BSW.  

 

C. The effect of the multiple grooves 

Moreover, it is noted that most of the energy of TE0-BSW can also transmit 

across the grooves as shown in Fig. 7(c). This part of energy can be further 
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transformed to that of TM1-BSW by increasing the reflection of TE0-BSW, which can 

be achieved by increasing the number of the grooves. Figure 8(a) demonstrates the 

polarization transformation intensity Rsp versus the incidence angle with different 

number of grooves. The separation distance Ld between grooves is fixed at 400 nm. It 

is noted that the peak value of polarization transformation intensity Rsp around 50.6o 

is enhanced with the increasing of the number of grooves. As the distance Ld is 

increased to 680 nm, the constructive interference condition of polarization 

transformation Rsp is changed to 45.8o. With the increasing of the number of grooves, 

the peak value of polarization transformation intensity Rsp around 45.8o is also 

enhanced, which is shown in Fig. 8(b). To evaluate the maximum value of Rsp 

achieved by the multiple grooves, the peak values of Rsp at the different distance Ld 

versus the number of grooves are shown in Fig. 8(c). It is noted the values of Rsp can 

approach the stable values as the number of grooves Ng is larger than 10. The 

maximum polarization transformation efficiency of TE0-BSW to TM1-BSW achieved by 

the multiple grooves can approach 43%.   

 

V. CONCLUSION 

In conclusion, the polarization transformation between the TE and TM polarized 

BSW was achieved for the first time, which is through the multiple reflections from 

the grooves inscribed on a dielectric multilayer. By tuning the depth of groove and 

the separation distance between grooves, the polarization transformation efficiency 

can be reached as high as 43% attributed from the constructive interference of 

reflected beams. This value is much larger than the case of surface waves to 

free-space waves [33], where the transformation efficiency is only 0.4 %. And also, to 

the best of our knowledge, we have not noticed the reports on the polarization 

transformation of any surface waves. Due to this polarization transformation 

between the two polarized BSWs, an anomalous reflection phenomenon appears 

that the reflection angle of beam is different from the incidence angle. This 

phenomenon is different from the anomalous reflection induced by the widely 
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investigated metasurfaces and provides a new means to manipulate the polarization 

and reflection of the electromagnetic waves [29-32]. Furthermore, the polarization 

transformation of BSW can be adjusted by changing the separation distance between 

grooves. This provides a feasible way to strengthen or inhibit the polarization 

transformation of BSW in the on-chip optical circuit system. The proposed method 

for polarization transformation not only can be used in the dielectric multilayer for 

BSWs, it is also applicable for the planar waveguide that containing two waveguide 

modes of different polarization states [34]. Our work will have potential applications 

in various areas, such as lab-on-a-chip devices, bio-sensing or imaging along with 

others. We have already reported that the different penetration depths above the 

surface can be used for selective sensing from the surface and bulk volume regions of 

the samples [34]. 
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APPENDIX: FDFD SIMULATIONS OF THE PROPOSED DIELECTRIC 

MULTILAYER 

The structure has the translation invariance along the Y axis. As the BSW is 

obliquely incident on the groove with incidence angle iθ , the field components of 

the BSW can be written as: 
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                     sin( , , ) ( , ) ii yx y z x z e β θψ ϕ=                  (A1)                  

where β  is transverse wavenumber of BSW. By normalizing the magnetic field 

0 0i μ ε=
r r
%H H , the Maxwell equations can be written as: 

                          0

0

rk

k

μ

ε

⎧∇× =⎪
⎨
⎪∇× =⎩

rr
%

r r
%

E H

H E
                       (A2)                   

It is reasonable to assume the relative permeability μr = 1 for the normal dielectric. 

According to the form of field components in Eq. (A1), the Maxwell equations can be 

expressed as: 
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By substituting the Eq. (A3) into Eq. (A4), a coupled equation can be obtained: 

                  
0

0
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⎡ ∂ ∂ ∂ ∂ ⎤⎛ ⎞ ⎛ ⎞= − + +⎜ ⎟ ⎜ ⎟⎢ ⎥∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠⎣ ⎦
⎡ ∂ ∂ ∂ ∂ ⎤⎛ ⎞ ⎛ ⎞= = −⎜ ⎟ ⎜ ⎟⎢ ⎥∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠⎣ ⎦

⎡ ∂ ∂ ∂ ∂ ⎤⎛ ⎞ ⎛ ⎞= − + +⎜ ⎟ ⎜ ⎟⎢ ⎥∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠⎣ ⎦

             (A6) 
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where ( )2 2 2 2
0 0 sink kκ ε β θ= − , k0 is the wavenumber of light in the vacuum, ε  is 

the dielectric function distribution of structure in the X-Z plane. The Eqs. (A5) and (A6) 

can be solved by using the finite difference frequency domain method (FDFD). In 

FDFD, the Eqs. (A5) and (A6) are discretized using Yee’s mesh, which can be further 

written in a matrix format.   

                       
0

0
y y

y y

H E

H E

⎧ + =⎪
⎨

+ =⎪⎩

% % %

% % %

pp ps

sp ss

M M

M M
                           (A7) 

                  

2
0

0

0

2
0

sin

sin

i

i

k

i
k

i
k

k

β θ

β θ

⎡ ⎤= − + +⎣ ⎦

⎡ ⎤= −⎣ ⎦

⎡ ⎤= −⎣ ⎦

⎡ ⎤= − + +⎣ ⎦

%

%

%

%

E H E H
pp z z x x

E E E E
ps z x x z

H H H H
sp z x x z

H E H E
ss z z x x

M D D D D I

M D D D D

M D D D D

M D D D D

κ κ

κ κ

κ κ

κε αε ε

                  (A8) 

Here, the terms E
xD , E

zD , H
xD  and H

zD  are band matrices determined by the 

first-order spatial derivatives of the electric fields and magnetic fields, respectively. In 

Eq. (A7) and Eq. (A8), the %
ppM  and %

ssM  are the generated matrix for TM-BSW and 

TE-BSW, respectively. The %
psM  and %

spM  are the polarization transformation 

matrix between TE-BSW and TM-BSW, which are well related to the incidence angle 

of BSW and the distribution of the dielectric function. As the BSW is normally 

incident on the groove, the TE-BSW and TM-BSW will be decoupled. In addition, the 

Eq. (A7) also demonstrates the different electromagnetic behaviors between BSW 

and homogeneous plane wave. The homogeneous plane wave is generally 

considered to be invariant along the Z direction (that is the direction of wavefront), 

i.e. 0⋅ =E
zD  and 0⋅ =H

zD . Then, the Eq. (A7) is also decoupled. Therefore, the TE 

and TM polarized plane waves can not be coupled as the plane wave is obliquely 
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incident on the laterally continuous structure. 

To simulate the propagation of BSW, the BSW can be introduced into Eq. (A7) by 

the total-field/scattering-field (TFSF) technique. The perfectly matched layers (PML) 

absorbing boundary conditions are utilized around the structure to avoid the 

reflection of electromagnetic wave at the boundary. Then, the electromagnetic 

responses of structure can be obtained by solving the Eq. (A7). The reflection and 

polarization transformation coefficients of BSW can be found by projecting the 

simulated fields extracted on the received plane onto the BSW mode profile. 

According to the orthogonal relation of eigenmode, the total field can be projected 

onto any eigenmode. 

                  , , , ,,   z total k z k z total k z k
k k

E A e H B h= =∑ ∑ %%                  (A9)                 

where the ,z ke  and ,z kh%  are field components along the Z axis for the k-th 

eigenmode. Then, as the incident BSW is TE polarization, the coefficients rss ad rsp 

can be obtained as: 

              
, , , ,

, , , ,

,    y bsw z total y bsw z totalss sp

y bsw z bsw y bsw z bsw

e H dz h E dz
r r

e h dz h e dz
= =∫ ∫
∫ ∫

%%

% %
               (A10)                  

Similarly, as the incident BSW is TM polarization, the coefficients rpp and rps can also 

be found by using the similar way: 

             
, , , ,

, , , ,

,    y bsw z total y bsw z totalpp ps

y bsw z bsw y bsw z bsw

h E dz e H dz
r r

h e dz e h dz
= =∫ ∫
∫ ∫

% %

% %
               (A11) 
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FIGURE CAPTIONS: 

FIG. 1. (a) Schematic illustration of the dielectric multilayer. The dielectric multilayer 

is consisted of 18 alternating dielectric layers of Si3N4 (80-nm-thick) and SiO2 
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(126-nm-thick). The thickness of top SiO2 layer can be varied and denoted as h. 

A groove with rectangle cross section is inscribed on the top SiO2 layer. The 

width and depth of groove are denoted as wg and hg, respectively. (b) the 

effective refractive indices of TE-BSW and TM-BSW modes versus the thickness 

h of top SiO2 layer.  

 

FIG. 2. The projected band structure of the dielectric multilayer for (a) TE polarization, 

(b) TM polarization. The yellow zone denotes the stop band. The blue solid lines 

denote the dispersion curves for BSW with the thickness h =320 nm. (c) The 

electric field distribution for TE0-BSW. (d) The magnetic field distribution for 

TM1-BSW. The field distributions are calculated at the wavelength 633 nm. 

 

FIG. 3. (a) The reflection (Rss), transmission (Tss) and polarization transformation (Rsp 

and Tsp) intensities of TE0-BSW versus the angle of incidence. (b) The reflection 

(Rpp), transmission (Tpp) and polarization transformation (Rps and Tps) intensities 

of TM1-BSW versus the angle of incidence. The signs with triangle and circle 

denote the results obtained from FDFD method. In simulation, the top layer’s 

thickness h = 320 nm, the width wg and depth hg of the groove are 400 nm and 

150 nm, respectively. The intensities of Rsp, Tsp, Rps and Tps are magnified by a 

factor of 10. The incident wavelength of the light in vacuum is 633 nm. 

 

FIG. 4. The influences of geometrical parameters of groove on the polarization 

transformation of BSW. (a) the polarization transformation intensity Rsp, and (b) 

the scattering loss of TE0-BSW as a function of incidence angle and the depth of 

groove. The width of groove is fixed at 400 nm. As the depth of groove is fixed at 

150 nm, (c) the polarization transformation intensity Rsp, and (d) the scattering 

loss of TE0-BSW as a function of incidence angle and the width of groove. 

 

FIG. 5. Reflection, transmission and polarization transformation intensities versus the 
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incidence angle for (a) the incident wave is TE0-BSW, (b) the incident wave is 

TM1-BSW. The signs with triangle and circle denote the results obtained from 

FDFD method. Here, two grooves with separation distance Ld are inscribed in 

the top SiO2 layer. The wavelength is 633 nm. The thickness of top layer is 320 

nm. The width wg and the depth hg of groove are 400 nm and 150 nm, 

respectively. The separation distance Ld between the grooves is 400 nm. 

 

FIG. 6. The amplitude of polarization transformation coefficients as a function of the 

incidence angle (a) 012
spr  for the polarization transformation of TE0-BSW to 

TM1-BSW, (b) 012
psr  for the polarization transformation of TM1-BSW to TE0-BSW. 

The solid lines denote the results obtained from Eq. (4), and the triangles 

denote the results obtained from the mode-matching method. The black dotted 

line denotes the polarization transformation coefficient of BSW for a single 

groove. The insets in the figure describe the simplified model of multiple 

reflection of BSW between the two grooves. 

 

FIG. 7. (a) Polarization transformation intensity Rsp and (b) the reflection intensity Rss 

of TE0-BSW versus the incidence angle and the separation distance Ld between 

grooves. The incidence angle of TE0-BSW is fixed at 50.6o. The electric field 

intensity distributions for different separation distance (c) Ld = 410 nm, (d) Ld = 

680 nm. The wavelength of the incident light in vacuum is 633 nm. 

 

FIG. 8. Polarization transformation intensity Rsp as a function of incidence angle with 

different numbers of grooves. The separation distance Ld between grooves is (a) 

400 nm, (b) 680 nm. (c) The maximum transformation intensity Rsp versus the 

number of grooves Ng at the different separation distance Ld. 

 

FIGURES: 
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FIG.1. Chen et al. (2017) 
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FIG. 2. Chen et al. (2017) 
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FIG. 3. Chen et al. (2017) 
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FIG. 4. Chen et al. (2017) 
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FIG. 5. Chen et al. (2017) 
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FIG. 6. Chen et al. (2017) 
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FIG. 7. Chen et al. (2017) 
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FIG. 8. Chen et al. (2017) 


