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Abstract

Both experiments and simulations show that the polarization state and propagation path of the 

Bloch surface waves sustained on a dielectric multilayer, can be manipulated with the grooves 

inscribed on this multilayer. These grooves can be easily producible, accessible and controllable. 

Various nano-devices for the Bloch surface waves, such as the launcher, beam splitter, reflector, 

polarization rotator, and even the photonic single-pole double-throw switch, were all 

experimentally realized with the properly designed grooves, which are consistent with the 

numerical simulations. The proposed devices will be basic elements for the two-dimensional 

photonic system, and will find numerous applications, including integrated photonics, molecular 

sensing, imaging and micro-manipulation.

I. Introduction

Bloch surface waves (BSWs) are surface electromagnetic modes which are excited at the 

interface between a truncated periodic dielectric multilayer and the surrounding medium [1–

3]. Similar to surface plasmon polaritons (SPPs) on a metal film [4–6], BSWs also have the 

intrinsic properties of enabling optical near-field confinement and enhancement, being 

sensitive to the environment, and having larger wave-vectors than light of the same 

frequency in a vacuum [7–13]. Moreover, the location of the field enhancement in dielectric 

multilayers can be controlled due to the resonant excitation of the surface waves [14]. 

Therefore, BSWs have been considered as the dielectric analogue of SPPs but with lower 

losses because of the lower absorption of dielectrics compared with metals. In the past 

decades, with the wide development of plasmonics and nanofabrication, controlled micro or 

nano structuration of metal surface has been proposed to work as various optical SPP 

elements, such as SPP-waveguides, mirrors, lenses, beam-splitters and others [15–21]. The 
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mechanism is based on the high sensitivity of SPPs to the surface features which provides a 

method to control the two-dimensional propagation of SPPs [22–23]. Based on the same 

principles, BSWs are also very sensitive to the surface features on the top layer of the 

dielectric multilayer, thus many BSW devices based on two-dimensional platform have been 

experimental and numerically demonstrated. These two-dimensional surface wave devices 

are a key asset in the miniaturization of compact optical systems such as integrated photonic 

circuits and lab-on-a-chip devices. BSW platforms are mainly oriented to label-free sensing 

applications [24] where they can get competitive with respect to SPP ones, with also the 

possibility of simultaneous fluorescence operation mode [25]. Moreover, BSWs induced 

optical forces have been also demonstrated [26] and proposed for novel optical tweezers 

schemes. Patterning a suitable multilayer with dielectric stripes can guide the propagation of 

BSWs, which is to function as a BSW waveguide [27–32]. Polymer prism, gratings or other 

refractive structures fabricated on this multilayer can induce the reflection and diffraction of 

the BSWs [33, 34]. A two-dimensional lens of various shapes can focus the BSWs within 

subwavelength scale or to create a non-diffracting BSW [35–38], which are analogous to 

Bessel beams. A two-dimensional disk has been demonstrated as the resonator for BSWs 

[39]. Furthermore, it has been demonstrated that BSWs can strongly-couple to excitons, e.g., 

of a thin organic layer in order to achieve BSW polariton waves [40, 41]. These devices 

hence exhibit long-range propagating surface streams of hybrid photons and excitons quasi-

particles, inheriting a strong nonlinearity from the latter component. For most of these 

reports, the BSWs are of transverse electric (TE) polarization. One of the distinct differences 

between SPPs and BSWs is that SPPs can only be populated in the form of transverse 

magnetic (TM)-polarized waves, however BSWs can be of both transverse magnetic (TM) or 

TE polarizations [42,43]. More polarization choices can provide more opportunities in the 

development of the two dimensional devices for applications in integrated photonics, sensing 

or imaging. In this letter, a dielectric multilayer sustaining both TM and TE polarized BSWs 

were fabricated. Both experiments and simulations demonstrate that various BSW devices, 

such as mirrors, beam splitters, polarization rotators, and even the single-pole double-throw 

switch, can be realized just by using the one dimensional (1D) grooves milled on the top 

layer of the proposed dielectric multilayer. In the present report we demonstrate that either 

TM or TE polarized BSW can be obtained using the same surface by selection of the grating 

parameters.

II. Results

A. Launching BSWs with the 1D grooves

The dielectric multilayer structure is made of alternating layers of SiO2 and Si3N4, which 

was fabricated with plasma-enhanced chemical vapour deposition. The thicknesses of each 

layer are detailed in Fig. 1(a). Except for the top SiO2 layer (about 350 nm thickness), the 

other 8 layers of SiO2 are of about 100 nm thickness. The thickness of Si3N4 (9 layers) is 

about 80 nm. By using these structural parameters, both TM and TE polarized BSWs can be 

sustained on this multilayer. The change of the effective refractive indices of the TE-BSW 

and TM-BSW versus the top SiO2 layer thickness h is shown in Fig. 1(b). As the thickness h 
is changed from 300 to 480 nm, the dielectric multialyer can sustain the propagation for the 

TE0-BSW and TM1-BSW. The photonic bandgap of the dielectric multilayer and the 
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dispersion curves for the TE0-BSW and TM1-BSW modes at the thickness h = 350 nm are 

shown in Fig. 1(c), respectively. From the dispersion curves, the group velocity (vg = ∂ω/∂β, 

β is in-plane wavevector of BSW) for the TE0-BSW and TM1-BSW at the wavelength 635 

nm can be estimated as 1.783×108 m/s and 1.794×108 m/s, respectively. The yellow zones 

denote the photonic stop band of this dielectric multilayer. It is noted that the dispersion 

curve of TM1-BSW is closer to the band edge than that of TE0-BSW, which contributes to 

the deeper penetration depth for the TM1-BSW into the dielectric multilayer [1]. Then, for 

the dielectric multilayer with finite thickness, TM1-BSW will have larger leakage loss than 

that of the TE0-BSW. The propagation distance for the TE0-BSW and TM1-BSW as a 

function of the number of Si3N4 layers is shown in Fig. 1(d). With the increasing number of 

layers, the leakage loss of BSW is decreased and the propagation distance of BSW is also 

increased. As the number of Si3N4 layers is larger than 6, the leakage loss of the TE0-BSW 

is mostly inhibited and the propagation distance of TE0-BSW is not changed with increasing 

number of layers. To distinguish the transmission path of the TE-BSW from TM-BSW and 

reduce the leakage loss of TM-BSW, we used 9 pairs of SiO2-Si3N4 layers, other than our 

previously used 7 pairs [44, 45]. In this way, the leakage loss of the TM1-BSW is not 

completely inhibited, which can be observed from the glass substrate.

With the structural parameters used in the experiment, the electric field distributions for 

TE0-BSW and TM1-BSW are plotted in Fig. 2. The electric field of the TM-BSW is mainly 

confined inside the top dielectric layer and that of the TE-BSW is mainly on the surface of 

the multilayer. The effective refractive index for the TE-BSW (nTE-BSW) is 1.30, and that for 

the TM-BSW (nTM-BSW) is 1.03. To launch the BSW, subwavelength gratings with period 

equal to the effective wavelength of BSW are fabricated with a focused ion beam (FIB) on 

the top SiO2 layer. For the TE-BSW, the period of the launching grating (L-G) is 490 nm (= 

635 nm/ 1.30), and the width and depth of the grooves are 240 nm and 150 nm, respectively, 

as shown in Fig. 3(a). For the TM-BSW, the period of the launching grating is 620 nm (= 

635 nm/ 1.03), and the width and depth of the grooves are 300 nm and 200 nm, respectively 

(Fig. 3(c)). The optical field intensity distribution of the generated BSWs is then measured 

with a home-built leakage radiation microscope (Fig. 3(e)) [46–49]. A Gaussian beam with 

waist radius of 2.7 μm at a wavelength of 635 nm is focused onto the two launching gratings 

at an incident angle of 0° to excite BSWs. A polarizer and a half wave-plate are used to tune 

the incident polarization without changing the intensity of incident beam. For the TE-BSW, 

the polarization of the incident beam is along the orientation of the grating lines (Fig. 3(a)), 

and for the TM-BSW, the polarization direction is perpendicular to the grating lines (Fig. 

3(c)). According to the angular spectrum decomposition of the incident Gaussian beam, the 

rigorous coupled-wave analysis (RCWA) is used to simulate the diffraction of incident 

Gaussian beam impinging on the launching grating [50]. From the simulation, the injection 

efficiency of Gaussian beam into the TE-BSW is about 6.18% with the geometrical 

parameters used in the experiment, and the injection efficiency into the TM-BSW is about 

3.3%.

In our experiments, two monitoring grooves (M-G) were inscribed to image the TE-BSW 

which are on two sides of the launching grating (L-G) (Fig. 3(a)). The depth and width of 

the grooves of the M-G are consistent with the L-G. When the TE-BSW propagates to the 

monitoring grooves, its signal will be scattered by the grooves and collected by the LRM, 
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then we can judge the propagating direction of the TE-BSWs (Fig. 3(b)), which is a 

commonly used method to determine the propagation path of SPPs [15]. The roughness on 

the surface of the dielectric multilayer will scatter the TE-BSW, which provides another 

route to image the propagation path, but the scattering signal is random and weak. Different 

from the TE-BSW, the leakage radiation signals from the TM-BSW is strong, so its 

propagation path can be clearly imaged with the LRM as shown in Fig. 3(d). From Figs. 3(b) 

and 3(d), we can find that the launched BSWs are propagating perpendicular to the gratings 

for both TM-BSW and TE-BSW. For SPP at an Ag/Air interface, the propagation length at a 

wavelength of 632.8nm is 6.4 μm [51]. For the TM-BSW in Fig. 3(d), the cross-sectional 

plot (Fig. 3(f)) along the blue solid line indicates that the experimental propagation length of 

the TM-BSW is 14.9 μm. However, the TE-BSW cannot be imaged by the LRM, and the 

propagation length of the experiment can’t be obtained. The calculated propagation lengths 

of TE-BSW and TM-BSW are about 23 μm and 40 μm as shown in Fig. 1(d), which are 

derived by the imaginary part of the effective refractive index of TE-BSW and TM-BSW. 

Thus, the propagation length of BSWs is much longer than that of the SPP, and the 

propagation length of TE-BSW is smilar to that of LRSPP at the same wavelength.

B. Reflector and beam splitter for BSWs made of 1D grooves

In addition to launching of TM-BSW and TE-BSW with the gratings, the propagation of 

BSWs can be controlled with appropriately designed grooves. As shown in Figs. 4(a) and 

4(b), one groove with width, depth and length at 400 nm, 230 nm and 50 μm, was inscribed 

on the top SiO2 layer. We named this groove as the transforming groove (T-G). The cross-

angle between the launching grating for TE-BSW and this groove is 60°, so the launched 

TE-BSW will strike onto this groove with the incident in-plane angle at 60°. At the position 

of this groove, a notable bright spot appears meaning that the TE-BSW has propagated to 

this groove (T-G). Above and below this groove (T-G), there are two grooves arrays named 

as M-G (Fig. 4(a)), which monitor the propagation of the TE-BSW. The LRM image (Fig. 

4(b)) shows that there are bright spots on the top M-G, and there is no signal on the bottom 

M-G. This result reveals that the TE-BSW was totally reflected by the transform groove, 

meaning that this single groove can work as a reflector for the TE-BSW.

As shown in Figs. 4(c) and 4(d), the inscribed grooves (also named as transforming grooves 

(T-G)) also can work as the beam splitter for the TE-BSW. Here, there are two grooves 

(labelled with T-G) with width and depth at 400 nm and 230 nm, respectively. The distance 

between the two grooves is 505 nm. The length of these two grooves is 30 μm. The incident 

in-plane angle of the launched TE-BSW to this T-G is set as 45°. The LRM image (Fig. 

4(d)) shows that there are bright spots on both the top and bottom M-G (labelled with the 

ovals), which means that the TE-BSW was separated into two beams.

Similarly as the case of TE-BSW, the grooves (labelled with T-G) can also be used to divide 

the propagation path of the TM-BSW as presented in Fig. 4(f). In this case, two grooves are 

also used (Fig. 4(e)). The width and depth of each groove are 400 nm and 150 nm, 

respectively. The distance between two grooves is designed as 450 nm and the length of the 

grooves is 50 μm. The period of the launching grating (L-G) for the TM-BSW is the same as 
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that used in Fig. 3(d). It is clearly shown that the TM-BSW has been reflected and 

transmitted simultaneously with the T-G (Fig. 4(f)).

C. Polarization rotator for BSWs made of 1D grooves

When we pay more attention on Fig. 4(d), a notable TM-BSW appears that can be attributed 

to the reflection of the TE-BSW by the grooves (T-G). This phenomenon indicates that the 

grooves can work as a polarization rotator to tune the TE-BSW into the TM-BSW [43]. To 

clearly show this polarization rotation of the BSWs, more experiments were carried out as 

shown in Fig. 5. On Fig. 5(a), the launching grating with period at 490 nm (L-G) is used for 

the excitation of TE-BSW, and the transforming grooves (T-G) are made of two grooves. 

The width and the depth of each groove are chosen to be 400 nm and 230 nm respectively. 

The distance between the two grooves is 410 nm. There are also two monitoring grooves 

(M-G) arrays above and below these transforming grooves to monitor the propagation of the 

launched TE-BSW. On Fig. 5(b), the propagation path of the launched TE-BSW between the 

launching grooves (L-G) and the transforming grooves (T-G) is invisible due to its very 

weak leakage radiation. But we can judge that the TE-BSW was excited and propagating to 

the T-G, because we can see a bright spot on the position of the T-G. From the M-G below 

the T-G, we have not seen any scattering signals, meaning that there is no TE-BSW 

transmitted through this T-G. On the other hand, at the areas between the T-G and the top M-

G, we can see a distinct propagating beam. As shown in Fig. 3, the leaky radiation signals of 

TM-BSW is strong and thus its propagation path can be clearly imaged with the LRM. This 

distinct beam can be attributed to the excitation of TM-BSW. Fig. 5(b) also shows that the 

incident angle (θTE-BSW = 46°) of the TE-BSW is different from the reflection angle 

(θTM-BSW = 65°) of the TM-BSW. This anomalous reflection is due to the different effective 

refractive indices of the TE-BSW and TM-BSW. When the polarization of the BSW is 

transformed from TE to TM, its effective index will be changed, and then, the in-plane 

reflection angle will be different from the incident in-plane angle. Different from a bulk 

birefringence in 3D, which is the optical property that exsits in the optical anisotropic 

materials, abnormal reflection or refraction in this paper depends on the presence of TE-

BSW and TM-BSW modes at the interface of M-G, and the whole sample is the isotropic 

material. For the dielectric multilayer photonic band gap structure used here, the effective 

index of the TM-BSW (nTM-BSW) is 1.03, and that of the TE-BSW (nTE-BSW) is 1.30. The 

relations between the in-plane incidence and reflection angle satisfy the general Snell law 

nTE-BSW×sin (θTE-BSW) = nTM-BSW×sin (θTM-BSW) [43].

Additionally, the TM-BSW also can be transformed to the TE-BSW as shown in Figs. 5(c) 

and 5(d). Here, the launching grating with period at 620 nm is used to excite the TM-BSW. 

The transforming grooves (T-G) are made of 4 grooves with width and depth at 400 nm and 

230 nm, respectively. The distance between adjacent grooves is 730 nm. A monitoring 

grooves (M-G) was fabricated on the top of the T-G, whose period, width and depth are the 

same as those used for launching TE-BSW. The optical image on Fig. 5(d) clearly 

demonstrate that the TM-BSW was excited and then encountered the T-G with the incident 

in-plane angle at about 63°, which was then transformed to the TE-BSW. The reflection 

angle of the TE-BSW is about 44°. The in-plane incidence angle and reflection angle also 

satisfy the general Snell law.
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D. Photonic single-pole double-throw switch realized by BSWs

Lastly, we demonstrate that the grooves can work as a photonic single-pole double-throw 

switch and a polarization sensitive splitter. Different from other BSW devices in the paper, 

the launching grating (L-G)(Fig. 6(a)) contains two parts: the left or top part is used for the 

excitation of TM-BSW, and the right or below part is for TE-BSW. The launched BSW will 

strike to the transforming grooves (T-G) with the incident in-palne angle at 55° that is 

determined by the cross-angle between the L-G and the T-G. The width and depth of each 

groove for the T-G are 400 nm and 170 nm, respectively. The distance between adjacent 

grooves is 420 nm. By using these structural parameters for this T-G, the launched TE-BSW 

will be totally reflected without mode transformation by this T-G, and the TM-BSW will 

totally transmit through the T-G. As a result, the propagations of the TE-BSW and TM-BSW 

will be separated and the in-plane reflection angle and transmission angle are consistent with 

the incident in-plane angle which also satisfies the generalized Snell law. Two monitoring 

grooves (M-G) were fabricated above and below the T-G, respectively, which is used to 

monitor the propagation of the TE-BSW. The parameters of the M-G are the same as those 

of the launching grating for TE-BSW.

By tuning the polarization direction of the linearly polarized incident free space beam that is 

focused onto the launching grating (L-G), the intensity of the BSWs above or below the T-G, 

can be tuned. For example, when the polarized direction of the incident free space beam is 

along the orientation of the L-G (Fig. 6(b)), only the TE-BSW is excited. Obviously BSW 

signal which is mostly reflected by the T-G can be viewed by the M-G above the T-G while 

there is only a very weak transmitted BSW through this T-G. By slightly tuning the 

polarization direction of the incident beam (Fig. 6(c)), the TM-BSW is then excited, which 

transmits through the T-G. In this case, the TE-BSW is simultaneously launched, which is 

reflected by the T-G and then appears on the top side of the T-G. Now, both the top side and 

below side of the T-G has the BSW signals. This phenomenon (Fig. 6(c)) also reveals that 

that this T-G works as a polarization sensitive beam splitter for the BSW.

When the polarization direction is vertical to the orientation of the L-G (Fig. 6(d)), we can 

find that the intensity of the BSW on the top side of the T-G is highly supressed and 

disappeared. On the contrary, the intensity of the BSW at the bottom of the T-G becomes 

strong. By comparing Figs. 6(b) and 6(d), we can find that these phenomena demonstrate the 

same function as that of a single-pole double-throw switch (SPDT) which has one 

electrically separate switch and a double-throw that has a contact can be connected to either 

of two contacts of the wires. It is a simple break-before-make changeover switch and is 

widely used in electronics. The photonic SPDT also has one incident in-plane beam and the 

grooves can separate the beam into two parts, either the top side or the bottom side, 

comparable to a SPDT switch. It also can be used as a basic element for integrated photonic 

circuit.

As reported in Ref. 51, the incident polarization has been used to direct the SPP beam either 

to the left or to the right side of the launcher. In the case of directional SPPs, the surface 

wave to the left and to the right of the launcher is of the same polarization (TM polarization) 

and cannot be changed. In our work, the BSWs directed to the top and to the bottom side of 

the T-G are on the same side of the launching grating (L-G), and their propagation direction 
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is not opposite. Also, the polarizations of the two BSWs are different from each other and 

can be exchanged if the structural parameters are properly designed. The BSW based 

devices reported here can be seen as a valid alternative and complementary platform for two-

dimensional optics with various design versatility, with respect to SPP based devices.

III. Discussions and numerical simulations

The mechanism of the manipulation on the BSWs’ propagation can be described as 

following. The effective refractive indices of both TM-BSW and TE-BSW are sensitive to 

the thickness of the top SiO2 layer. When a groove was inscribed on the top SiO2 layer, the 

effective index of the BSW inside and outside of the groove will be different from each other 

[43]. Then, when the BSWs strike onto the groove, reflection and refraction between two 

mediums (with different refractive index) will happen. By properly designing the parameters 

of the groove, the propagation of the BSWs can be precisely controlled. Furtherly, the 

reflection or transmission from different grooves can interfere constructively or destructively 

with each other as a standard grating, which also contribute to the propagations’ 

manipulation.

The mechanism of the manipulation on the polarization state is also due to the reflection and 

refraction of the BSWs from the grooves. Known to all, in free space optics, when a light 

beam undergoes reflection or refraction, its polarization will be changed. For example, we 

always use the effect of Brewster’s angle to generate linearly polarization light through 

refraction [52]. In the two dimensional-optics, this principle is the same. When the BSW of 

one polarization strikes onto the grooves, its reflection or refractions also can undergo the 

polarization changes. By properly designed grooves, the BSWs can be transformed between 

the TM-BSW and TE-BSW.

Based on these initial understandings of the above mechanism, numerical simulations by 

using the aperiodic rigorous coupled-wave analysis (ARCWA) in the conical diffraction [50, 

53] have been carried out to optimize the grooves’ parameters, such as the depth, width of 

each grooves, the distance between adjacent grooves and so on, for the aim of realizing all 

the above devices. The ARCWA method analyzes a periodic structure whose adjacent 

periods are optically isolated. The isolation is achieved by using a perfectly matched layer 

(PML) along the Z axis. In the ARCWA, the effective refractive indices of the guided modes 

in the dielectric multilayer and the corresponding field distributions can be obtained by 

solving an eigen-equation [53]. The fields of the l-th mode can be expressed as

ψ l x, y, z = ∑
m

ψ m, le
jγmz

e jβy Ale
jαlx + Ble

− jαlx (1)

where ψ m, l denote the Fourier expansion coefficients of the electric or magnetic field for the 

l-th mode. Al and Bl denote the incidence and reflection coefficients of the l-th mode. The 

wavevector components of the l-th guided mode are given by:
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β = k0ne f f , BSWsinθinc

αl = k0
2ne f f , l

2 − β2

γm = m2π
L

(2)

where neff,l is the effective refractive index for the l-th guided mode. θinc is the incidence 

angle of the BSW. m is the Fourier expansion order used in the ARCWA. L is the periodicity 

of calculation domain. Then, according to the continuity boundary condition for transverse 

field, the fields inside and outside of grooves are correlated. Finally, the diffraction 

properties of BSW propagating across the grooves will be obtained by solving the 

coefficients Al and Bl. In our simulation, a periodicity L =10 μm and total 261 Fourier 

expansion orders are chosen to ensure the convergence of the results.

In the simulations, if the incident wave is TE-BSW, Rss and Tss denote the in-plane 

reflectivity and transmissitivity of TE-BSW, Rsp and Tsp denote the reflection and 

transmission efficiency of TM-BSW which are excited by the incident TE-BSW. Similarly, 

if the incident wave is TM-BSW, Rpp and Tpp denote the in-plane reflectivity and 

transmissitivity of TM-BSW, Rps and Tps denote the reflection and transmission efficiency 

of TE-BSW excited by the TM-BSW. Due to that the length of transforming and monitoring 

grooves in the structure are much larger than the wavelength of light, the diffraction effect of 

light along the direction parallel to the grooves is not considered. Then, the grooves can be 

considered with the one-dimensional (1D) structure in the simulations. In simulation, the 

refractive indices of SiO2, Si3N4, and glass are 1.48 + i0.001, 2.65 + i0.005, and 1.515, 

respectively. To simulate the near field distributions for the functional devices of BSW, the 

incident BSW is also modelled as a Gaussian shape. The Gaussian BSW beam is simulated 

using the angular spectrum decomposition, which can be solved in the ARCWA.

Besides the incidence angle, the depth and width of the groove can also affect the mode 

conversion efficiency and the scattering loss of BSW [43]. As the TE-BSW propagates 

across the groove, the scattering loss of TE-BSW is defined as

Sloss = 1 − Rss − Tss − Rsp − Tsp (3)

As the width of the groove is first fixed at 400 nm, the mode conversion efficiency Rsp and 

the scattering loss Sloss of TE-BSW versus the depth of groove and incidence angle are 

shown in Figs. 7(a) and 7(b), respectively. As the depth of the groove is smaller than 150 

nm, the mode conversion efficiency and the scattering loss of the TE-BSW are very small. 

With the increasing of the depth of the groove, the Rsp is increased, but the Sloss of the TE-

BSW is also increased. To balance the efficiency of mode conversion and the scattering loss 

of TE-BSW, the depth of the groove is chosen to be 230 nm. In addition, the relationship of 

mode conversion efficiency Rsp and the scattering loss Sloss of the TE-BSW between the 

width of groove and incidence angle are shown in Figs. 7(c) and 7(d), respectively. As the 
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width of the groove is larger than 200 nm, the mode conversion of the TE-BSW becomes 

insensitive to the changes of groove width. Moreover, the scattering loss of the TE-BSW will 

increase as the width of groove is larger than 400 nm. Therefore, the depth and width of the 

groove are chosen as 230 nm and 400 nm in the experiment to balance the mode conversion 

efficiency and the scattering loss of the BSW. Moreover, the reflection, transmission and the 

mode conversion of BSW propagating across multiple grooves can be analysized by using 

the generalized Fresnel formula [43].

In the following simulations, the structural parameters of all the grooves and dielectric 

multilayer are the same as those used in the above experiments, respectively. In Fig. 8, the 

calculated reflectivity and transmissivity of the BSWs by the grooves of corresponding 

structural parameters are shown. As the incidence angle of TE-BSW is larger than 60° 

(denoted by vertical dashed line in Fig. 8(a)), the reflectivity of TE-BSW approaches to one. 

It means that the single groove can be used as a mirror for TE-BSW (Fig. 8(b)). As the 

incidence angle of TE-BSW is equal to 45° (denoted by vertical dashed line in Fig. 8(c)), the 

reflectivity of TE-BSW is equal to that of the transmissivity, i.e., Rss = Tss. Then, the 

grooves can work as a 50:50 beam splitter for TE-BSW (Fig. 8(d)). As the incidence angle 

of TM-BSW is fixed at 64° (denoted by vertical dashed line in Fig. 8(e)), the reflectivity of 

TM-BSW is equal to that of the transmissivity, i.e., Rpp = Tpp. Then, the grooves (T-G) can 

work as a 50:50 beam splitter for the TM-BSW (Fig. 8(f)).

The simulated mode transformations between TM-BSW and TE-BSW (or polarization 

transformation of BSWs) are presented in Fig. 9. On the reflection part of Fig. 9(b), the TM-

BSW appears meaning that the TE-BSW is transformed to TM-BSW due to reflection by the 

T-G. Similarly, on the reflection part of Fig. 9(d), the TE-BSW appears meaning that the 

TM-BSW is transformed to TE-BSW due to reflection by the T-G.

The polarization sensitive beam splitter for BSWs made of grooves is also simulated as 

shown in Fig. 10. Here, the T-G on Figs. 10(b) and 10(d) are of the same structural 

parameters (width, depth, gap between grooves) as those used in experiment (Fig. 6). The 

incident angle for TE-BSW and TM-BSW is also the same (55°). The TE-BSW will be 

reflected (Fig. 10(b)) and the TM-BSW will be transmitted (Fig. 10(d)), which are consistent 

with the experimental results shown in Fig. 6. So these phenomena verify that the 

transforming grooves (T-G) can work as the polarization sensitive beam splitter for BSW, 

and then can be used for the development of photonic single-pole double-throw switch.

IV. Summary

In summary, both experimental results and numerical simulations show that the propagation 

and polarization of BSWs can be controlled with properly designed grooves fabricated on a 

dielectric multilayer photonic band gap structure. Thus, these grooves can work as the 

launcher and monitoring elements, as well as functional elements such as reflector and 

polarization sensitive beam splitters for two dimensional waves. Different from the SPPs 

which can be populated only in TM-polarization, the BSWs can be sustained in two 

polarization states (TM-BSW and TE-BSW). These grooves can also works as the 

polarization rotator for TM-BSW and TE-BSW. The conversion between these two BSWs 
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provides a simple method to tune the polarization and electric field distributions of the two-

dimensional waves, which may has potential applications in molecular sensing or imaging, 

and also will provide opportunities in exploring the interactions between two-dimensional 

waves and the hotly investigated two-dimensional materials [54]. The reason is that both 

molecules and two-dimensional materials may be sensitive to the polarization of the 

illumination surface waves. What is more, due to the co-existence of TM-BSW and TE-

BSW, the photonic single-pole double-throw switch has been realized. It should be noted, 

the proposed method on manipulating the propagation and the polarization is also applicable 

to other planar waveguide containing two modes [55]. Thus our work provides a general 

approach on how to realize two-dimension photonic devices for a lab-on-a-chip, optical 

computing, or applications which have not yet been identified.
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Figure 1. Photonic bandgap and BSW modes on a dielectric multilayer.
(a) Schematic illustration of the dielectric multilayer. The dielectric multilayer is made of 18 

alternating dielectric layers of Si3N4 (80-nm-thick) and SiO2 (100-nm-thick). The thickness 

of top SiO2 layer can be varied and denoted as h. (b) the effective refractive indices of TE-

BSW and TM-BSW modes versus the thickness h of top SiO2 layer. (c) The photonic band 

structure of the dielectric multilayer. The dispersion curves for the TE0-BSW and TM1-BSW 

are shown with red solid and dashed lines, respectively. The regions with yellow color 

denote the photonic band gap. (d) The propagation distance of TE0-BSW and TM1-BSW 

modes in the dielectric multilayer as a function of the number of Si3N4 layers. The thickness 

of the top SiO2 layer is fixed at 350 nm.
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Figure 2. Field distributions for BSW modes on a dielectric multilayer.
(a) Normalized electric field amplitude (Ey) distribution for the TE0-BSW. (b) Normalized 

magnetic field amplitude (Hy) distribution for the TM1-BSW. The thickness of top SiO2 

layer is fixed at 350 nm (denoted by vertical dashed line in Fig. 1(b)). The field distributions 

are calculated with the incident wavelength at 635 nm.
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Figure 3. Launching the BSWs with grooves.
(a) SEM image of the grating for launching TE-BSW (L-G, period is 490 nm) and 

monitoring grooves for imaging the propagation of TE-BSW (M-G). (c) SEM image of the 

grating for launching TM-BSW (period is 620 nm). (b) and (d) are corresponding optical 

images to (a) and (c), respectively. A laser beam with wavelength at 635 nm was focused at 

normal incidence onto the L-G in order to launch the surface waves. The double-headed 

white arrows in (b and d) indicate the orientation of the incident polarization. The scale bar 

(10 μm) on (a) is applicable for (a-d). The grooves were inscribed on the top SiO2 layer. (e) 

Optical setup of the LRM. The Gaussian beam was focused onto the L-G, and then launched 

the BSW. The leakage radiation of the BSW is collected by the objective. (f) The blue curve 

line is the cross-sectional plot of (d) along the blue solid line and the red line is the 

corresponding exponential fitting data.
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Figure 4. Reflector and beam splitter for BSWs.
(a) SEM image of the launching grating (L-G), the transforming groove (T-G) and the 

monitoring grooves (M-G), (b) corresponding optical image shows the total reflection of TE-

BSW by the T-G. (c), (e) SEM images of the gratings and grooves working as the beam 

splitters for TE-BSW and TM-BSW, (d) and (f) the corresponding optical images of (c) and 

(e), respectively. The double-headed white arrows in (b, d and f) indicate the orientation of 

the incident polarization. The scale bar (10 μm) on (a) is applicable for (a-b), and the scale 

bar on (c) is applicable for (c-f).
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Figure 5. Polarization rotator for BSWs.
(a), (c) SEM images of the gratings and grooves working as the polarization rotator, (b) and 

(d) the corresponding optical images of (c) and (e), respectively. On (a) and (b), the TE-

BSW was transformed into TM-BSW during the reflection by the grooves (T-G). On (c) and 

(d) the TM-BSW was transformed into the TE-BSW. The double-headed white arrows in (b 

and d) indicate the orientation of the incident polarization. The scale bar (10 μm) on (a) is 

applicable for (a-b), and the scale bar on (c) is applicable for (c-d).
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Figure 6. Photonic single-pole double-throw switch.
(a) SEM image of the gratings (L-G) and grooves (T-G and M-G). The L-G contains two 

parts, the top part is for the launching of TM-BSW and the bottom for TE-BSW. (b-d) the 

optical images with different orientations of the incident polarizations. The incident beam 

covers both the top and bottom parts of the L-G. The double-headed white arrows in (b and 

d) indicate the orientation of the incident polarization. The scale bar (10 μm) on (a) is 

applicable for (a-d).
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Figure 7. The influence of geometrical parameters of groove on the mode conversion of the BSW.
(a) the mode conversion efficiency Rsp, and (b) the scattering loss of TE-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 230 nm, (c) the mode conversion efficiency Rsp, and (d) the 

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

Wang et al. Page 20

Phys Rev Appl. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Reflection and transmission of BSWs by the grooves.
(a) The reflection, transmission and mode conversion efficiencies of TE-BSW propagating 

across a single groove versus the in-plane incidence angle. (b) The electric field intensity 

distribution for the TE-BSW when it strikes to the grooves (T-G) with incidence angle at 

60°. (c) The reflection, transmission and mode conversion efficiencies of TE-BSW 

propagating across two grooves versus the incidence angle. (d) The electric field intensity 

distribution for TE-BSW when it strikes to the grooves (T-G) with incidence angle at 45°. (e) 

The reflection, transmission and mode conversion efficiencies of TM-BSW propagating 

across two grooves versus the incidence angle. (f) The electric field intensity distribution for 

the TM-BSW when it strikes to the grooves (T-G) with incidence angle 64°. The white 

dashed lines parallel to the Y axis in (b), (d) and (f) denote the exterior boundaries of 

monitoring and transforming grooves (M-G and T-G). The mode conversion efficiencies of 

Tsp and Tps (shown in (a), (c) and (e)) are magnified by a factor of 10. The structural 

parameters of all the grooves and dielectric multilayer are the same as those used in the 

experiments (Fig. 4), respectively.
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Figure 9. Modes transformation between TM-BSW and TE-BSW.
(a) The reflection, transmission and mode conversion efficiencies of TE-BSW propagating 

across two grooves versus the incidence angle. (b) The electric field intensity distribution for 

the BSW when the TE-BSW strikes to the transforming grooves (T-G) with incidence angle 

at 46° (denoted by vertical dashed line in (a)). (c) The reflection, transmission and mode 

conversion efficiencies of TM-BSW propagating across four grooves versus the incidence 

angle. (d) The electric field intensity distribution for the BSW when the TM-BSW strikes to 

the transforming grooves (T-G) with incidence angle at 63° (denoted by vertical dashed line 

in (c)). The white dashed lines parallel to the Y axis in (b) and (d) denote the exterior 

boundaries of the T-G and M-G. The mode conversion efficiencies of Tsp and Tps (shown in 

(a) and (c)) are magnified by a factor of 10. The structural parameters of all the grooves and 

dielectric multilayer are the same as those used in the experiments (Fig. 5), respectively.
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Figure 10. Polarization-sensitive beam splitter for BSWs.
(a) the reflection, transmission and mode conversion efficiencies of TE-BSW propagating 

across four grooves versus the incidence angle. (b) The electric field intensity distribution 

for TE-BSW with incidence angle 55° , which shows the total reflection of the TE-BSW by 

the transforming grooves (T-G). (c) The reflection, transmission and mode conversion 

efficiencies of TM-BSW propagating across four grooves versus the incidence angle. (d) 

The electric field intensity distribution for TM-BSW when it strikes at the T-G with 

incidence angle 55°. The white dashed lines parallel to the Y axis in (b) and (d) denote the 

exterior boundaries of monitoring and transforming grooves. The mode conversion 

efficiencies of Tsp and Tps (shown in (a) and (c)) are magnified by a factor of 10. The 

structural parameters of all the grooves and dielectric multilayer are the same as those used 

in the experiments (Fig. 6), respectively.
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