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Abstract：Due to metallic ohmic loss，plasmonic waveguides usually have larger propagation loss. Here，an all-
dielectric antislot waveguide was proposed，which can realize subwavelength mode confinement and theoretically
lossless propagation simultaneously. A normalized mode area of 3. 4×10-2 was achieved in the all-dielectric antis⁃
lot waveguide. Moreover，an efficient coupling scheme between the small-size antislot waveguide and input/out⁃
put fiber was proposed. An overall coupling efficiency of 92. 7% was attained. The misalignment tolerance for 1
dB loss penalty was about 2 μm in both y and z directions.
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具有亚波长模式局域性的全介质反槽波导及其与输入/输出光纤的高效耦合
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摘要：由于金属固有的欧姆损耗，表面等离子体波导通常具有较大的传输损耗。基于此，提出了一种全介质

反槽波导结构，该波导可以同时实现亚波长模式局域性和理论上无损耗的传输，归一化模式面积可以达到

3.4×10-2。另外，为了实现该小尺寸反槽波导与输入/输出光纤的高效耦合，提出了一种高效的耦合方案，耦合

效率可以达到92.7%，在 y和 z方向上1 dB损耗的耦合偏差均约为2 μm。
关 键 词：光子集成电路；纳米光子学；波导
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Introduction
In the highly informational age，it has become an in⁃

evitable trend to reduce the physical size of devices down
to subwavelength scale to satisfy the growing demand for
lower power consumption and higher data bandwidth of
photonic devices［1-2］. Confining light in subwavelength

scale can greatly enhance the light-matter interac⁃tions［3-11］，which can be used to realize ultra-compact low-threshold lasers［6，12-14］，nonlinear enhancement［15-16］，high-efficient solar cells［17-20］，high-speed optical signal pro⁃cessing［21-24］，high-sensitivity sensors［25-27］，and so on. Inrecent years，in the realization of strong optical modeconfinement， surface plasmon polaritons （SPPs）［28-30］
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have gotten extensive attention. Photonic devices basedon SPPs can break through the diffraction limit of lightand allow for photonic integration with subwavelengthmode confinement. However， stronger mode confine⁃ment of plasmonic waveguides is always accompanied byhigher propagation loss. The trade-off between mode con⁃finement and propagation loss is a typical challenge inplasmonic waveguides. The slot waveguide proposed byM. Lipson’s group can guide and confine light in nano⁃meter-size low-refractive-index material［31-32］. However，the confinement is limited only in the direction perpen⁃dicular to the slot. In this article，an all-dielectric antis⁃lot waveguide was proposed in order to realize subwave⁃length mode confinement in the plane perpendicular tothe direction of wave propagation. Because of excludingmetal materials，all-dielectric waveguide has a naturaladvantage over its plasmonic counterparts in terms ofpropagation loss. Actually，subwavelength mode confine⁃ment and lossless propagation in theory can be achievedsynchronously in the proposed antislot waveguide，con⁃quering the trade-off between the two physical quanti⁃ties. We also proposed an efficient scheme to improvethe coupling efficiency between the small-size antislotwaveguide and the input/output fiber.
1 Theoretical analysis

According to the first boundary condition of electro⁃magnetic field，the continuity of the normal component ofelectric displacement vector，D1n = D2n at the interface oftwo different materials，i. e.，ε0n21E1n = ε0n22E2n，where
n1 and n2 are the refractive index of the two different mate⁃rials，respectively，and n1 < n2，subscript n is used tosignify the normal component of electric field. Hence，the electric field near the interface at the low-index mate⁃rial side is enhanced by（n2/n1）2 factors compared to thatat the high-index material side，i. e.，E1n = (n2 /n1 )2E2n.If the electric field is mainly along the normal directionand the low-index material region is small enough，thenthe electric field in the small-size low-index material re⁃gion will be effectively enhanced. For nonmagnetic mate⁃rials，the magnetic field is continuous at the interface ofthe two different materials. According to the formula ofelectromagnetic energy density

W (r) = 12 éëε0n2 || E (r) 2 + μ0 μr ||H (r)
2ù
û ，（1）

the electromagnetic energy density in the small-size low-index material region W1 will also be greater than that inthe high-index material region W2
W1 = 12 [ ε0n21 || E1n

2 + μ0 μr ||H1
2 ]

≈ 12 [ ε0n21 || (n2 /n1 )2E2n 2 + μ0 μr ||H2
2 ]

= 12
é

ë
êê( n22n21 ) ε0n22 | E2n |2 + μ0 μr ||H2

2ù

û
úú ，（2）

W2 = 12 éëε0n22 || E2n
2 + μ0 μr ||H2

2ù
û . （3）

Here，we suppose that the electric field is perpen⁃

dicular to the interface of the two different materials.Similarly，according to the second boundary condition ofelectromagnetic field， the continuity of the tangentialcomponent of electric field，at the interface of two differ⁃ent materials E1t = E2t，where subscript t is used to signifythe tangential component of electric field. If the electricfield is parallel to the interface of the two different materi⁃als，the electromagnetic energy density near the interfaceat the high-index material side W '2 will be larger than thatat the low-index material side W '1
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If the high-index material region is small enough，thenthe electromagnetic energy density in the whole small-size high-index material region will be enhanced effec⁃tively.
2 Results and discussions
2. 1 Properties of the all-dielectric antislot wave⁃
guideThe three-dimensional（3D）structural diagram andthe cross-section of the antislot waveguide are shown inFigs. 1（a-b），respectively. We studied the influence ofstructural parameters on mode confinement by the finiteelement method（FEM）at λ = 1 550 nm，as shown inFig. 2（a）. In the normalized mode area Aeff /A0，A0 =
λ2 /4 is the diffraction-limited mode area and Aeff is modearea given by［7］

Aeff = 1
max {W (r ) } ∬W (r )d2r ，（6）

where W（r）is the electromagnetic energy density givenby Eq. 1. The refractive index of silicon and silica at the

Fig. 1 （a） Three-dimensional structural diagram of the all-
dielectric antislot waveguide，（b） its cross-section，（c）partial
enlarged view of（b）
Note：（a），（b），and（c）are all not drawn to scale
图 1 （a）全介质反槽波导的三维结构示意图，（b）截面图，
（c）图（b）的局部放大图
注：（a）、（b）、和（c）均未按比例绘制
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wavelength of 1 550 nm is 3. 476 and 1. 444，respective⁃ly. A normalized mode area of 3. 4×10-2 is achieved at
W = 150 nm，W1 = 50 nm，and W2 = 20 nm，which is onthe same order of magnitude as that of the plasmonicwaveguides. The normalized electromagnetic energy den⁃sity and electric vector distributions at these parametersare shown in Fig. 2（b）. We can clearly see that electro⁃magnetic energy is tightly confined in the nanoscale antis⁃lot region. The strong mode confinement is attributed tothe electromagnetic orthogonal boundary conditions. Asdiscussed in Sect. 2，because the electric vector［whitearrows in Fig. 2（b）］is perpendicular to the interface ofthe slot and the silicon waveguide and the low-index slotregion［Fig. 1（c）］is nanoscale in size，the electromagnet⁃ic energy density in the whole slot region is enhanced com⁃pared to that in the silicon waveguide region［Fig. 1（c）］according to the first boundary condition of electromag⁃netic field. Similarly，because the electric vector is par⁃allel to the interface of the antislot and the slot and thesize of the high-index antislot region［Fig. 1（c）］is alsonanoscale， the electromagnetic energy density in thewhole antislot region is greater than that in the slot regionaccording to the second boundary condition. As shownby the white arrows in Fig. 2（b），the electric field isalong with the y-direction which indicates the guidedmode of the antislot waveguide is a quasi-TE mode. Thequasi-TE mode is an eigenmode of the antislot waveguideand because the all-dielectric antislot waveguide does notcontain metal，the quasi-TE eigenmode is theoreticallylossless，which is consistent with our calculated resultsby the FEM，the negligible imaginary part of the effectiverefractive index. The theoretically lossless propagation ofthe all-dielectric antislot waveguide is a significant break⁃through compared with its plasmonic counterparts. Sub⁃wavelength mode confinement and theoretically losslesspropagation can be achieved simultaneously in a singleall-dielectric antislot waveguide，overcoming the trade-off between the two physical quantities.
2. 2 Coupling between the antislot waveguide and
input/output fiberA lot of applications can be achieved when light isconfined in deep subwavelength scale，but due to the se⁃rious mode mismatch，the direct coupling between the in⁃put/output fiber and the small-size antislot waveguide isusually inefficient. Here，we proposed an efficient cou⁃pling scheme to improve the coupling efficiency. Thewhole light coupling structure is given by Fig. 3. Thelight from a fiber couples to a silicon waveguide through aconventional inverse taper firstly，then it transmits fromthe silicon waveguide to the antislot waveguide throughan adiabatic linear taper coupler whose size graduallychanges from that of the silicon waveguide to that of theantislot waveguide. The fiber used here is a lensed fiberwith a 2. 9 μm mode-field diameter（MFD）［33］. Theheight，width，and length of the silicon waveguide are220 nm，350 nm，and 2 μm，respectively. The inversetaper has an 80 nm wide tip［33］and is embedded in a poly⁃mer waveguide. The polymer waveguide has a cross sec⁃tion of 3 μm×3 μm which is matched to that of the lensed

fiber. The structural parameters of the antislot waveguideused here are the same as above. The refractive index ofthe polymer is 1. 5 at λ = 1 550 nm and other material pa⁃rameters are the same as above. We firstly optimized theposition of the lensed fiber by calculating the overlap be⁃tween the fiber mode and the fundamental TE mode ofthe polymer waveguide using the finite difference eigen⁃mode（FDE） solver in commercial software LumericalMODE. An optimal 94. 6% （0. 24 dB） overlap isachieved at y = 0 and z = 1. 4 μm，and the misalignmenttolerance for 1 dB loss penalty is about 2 μm in both yand z directions（Fig. 4）. Then，we optimized thelength of the inverse taper and the adiabatic linear taperusing the eigenmode expansion（EME）solver in MODEfor improving the coupling efficiency further. Figures 5
（a-b）show the coupling efficiency from the lensed fiberto the silicon waveguide with the lensed fiber at the opti⁃mal position and from the silicon waveguide to the antis⁃lot waveguide， respectively. The coupling efficiencyfrom the lensed fiber to the silicon waveguide increasesalong with the length of the inverse taper firstly and thentends to be stable. A coupling efficiency of 92. 8% isachieved at a length of 150 μm，which includes the over⁃lap loss of the fiber and the polymer waveguide. The cou⁃pling efficiency from the silicon waveguide to the antislot

Fig. 2 （a） Influence of structural parameters on normalized
mode area of the all-dielectric antislot waveguide，（b）normal‐
ized electromagnetic energy density and electric vector distribu‐
tions at W = 150 nm，W1 = 50 nm，and W2 = 20 nm. The defini‐
tion of W，W1，and W2 is shown in Fig. 1（b）
Note：The height of the waveguide is 220 nm
图 2 （a）全介质反槽波导的结构参数变化对归一化模式面积
的影响，（b）在W = 150 nm、W1 = 50 nm、W2 = 20 nm的参数取值
下，归一化电磁场能量密度和电矢量的分布情况，其中 W、W1、
和W2的定义如图1（b）所示
注：波导的高度为220 nm
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waveguide is very high even when the adiabatic linear ta⁃per is very short. A coupling efficiency of 97. 7% is at⁃tained even without the adiabatic linear taper and it canreach up to 99. 9% when the adiabatic linear taper is 8μm. The adiabatic linear taper is mainly used to reducethe reflection from the silicon waveguide to the antislotwaveguide caused by structural change abruptly，thus re⁃ducing the wave oscillation back and forth and avoidingthe interference of incident wave and reflected wave. Theelectromagnetic energy transfer process from the siliconwaveguide to the antislot waveguide is shown in Fig. 6，where（a） and（b） correspond to the case when thelength of the adiabatic linear taper is 8 μm，（c）and（d）are the case of without the adiabatic linear taper. Clear⁃ly，the electromagnetic energy can be effectively coupledto the nanoscale antislot region of the antislot waveguidein the two cases. However，there are standing waves inthe silicon waveguide in the case of without the adiabaticlinear taper，which agrees well with the above statement.An overall coupling efficiency of 92. 7% from the lensedfiber to the small-size antislot waveguide is achieved with150 μm inverse taper and 8 μm adiabatic linear taper.This corresponds to an overall coupling loss of 0. 33 dB.

The whole electromagnetic energy transfer processfrom the antislot waveguide to the output end is shown inFig. 7（a），where the length of the antislot waveguide，the adiabatic linear taper，the silicon waveguide and theinverse taper is 4 μm，8 μm，2 μm and 10 μm，respec⁃

Fig. 3 （a）The light coupling structure from the lensed fiber to the
antislot waveguide or vice versa，（b）partial enlarged view of（a）
Note：（a）and（b）are both not drawn to scale. The zero in y and
z directions is located at the middle of the coupling structure and
the middle of the top silicon，respectively
图 3 （a）从锥形光纤到反槽波导或从反槽波导到锥形光纤的
耦合结构示意图，（b）图（a）的局部放大图
注：（a）和（b）均未按比例绘制。y和 z方向的坐标零点分别位于
耦合结构的中心和顶层硅的中心

Fig. 4 Influence of the lensed fiber position on coupling effi‐
ciency and loss in（a）z and（b）y directions. The optimal fiber
position in z and y directions is approximately located at 1. 4 μm
and 0，respectively
图 4 锥形光纤在（a）z方向和（b）y方向上的位置变化对耦合
效率和损耗的影响。最优的光纤位置在 z方向和 y方向上分别
位于约1. 4 μm处和0处

Fig. 5 Coupling efficiency（a）from the lensed fiber to the sili‐
con waveguide as a function of the inverse taper length（L1）with
the lensed fiber at the optimal position and（b）from the silicon
waveguide to the antislot waveguide as a function of the adiabatic
linear taper length（L2）
图 5 （a）锥形光纤位于最优位置时，从锥形光纤到硅波导的
耦合效率随倒锥形耦合器长度（L1）的变化关系，（b）从硅波导
到反槽波导的耦合效率随绝热线性锥形耦合器长度（L2）的变
化关系
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tively. To save simulation time，the length of the inverse
taper here is set to 10 μm only to qualitatively exhibit the
electromagnetic energy transfer process. The electromag⁃
netic energy can be effectively coupled from the antislot
waveguide to the output end. To illustrate the role of the
adiabatic linear taper，Fig. 7（b）demonstrates the cou⁃
pling process from the antislot waveguide to the output
end without the adiabatic linear taper. Clearly，there is
macroscopic reflection at the interface of the antislot
waveguide and the silicon waveguide in the case of with⁃
out the adiabatic linear taper，which further indicates the
adiabatic linear taper can be used to reduce the reflection
and avoid the interference of incident wave and reflected
wave，mentioned above.

3 Conclusion
We have demonstrated an all-dielectric antislotwaveguide which can confine light into nanoscale antislotregion. A normalized mode area of 3. 4×10-2 is achievedat the wavelength of 1 550 nm，which is on the same or⁃der of magnitude as that of the plasmonic waveguides.The strong mode confinement results from the electromag⁃netic orthogonal boundary conditions. Because the all-di⁃electric antislot waveguide does not contain metal，itssupported quasi-TE eigenmode can propagate withoutloss in theory，which is a significant breakthrough com⁃pared with its plasmonic counterparts. The proposed all-dielectric antislot waveguide realizes subwavelengthmode confinement and theoretically lossless propagationsimultaneously，conquering the trade-off between the twophysical quantities. On the other hand，a high-efficiencycoupling scheme between the small-size antislot wave⁃guide and the input/output fiber has also been proposed.The overall coupling efficiency of 92. 7% can be obtainedwith 150 μm inverse taper and 8 μm adiabatic linear ta⁃per. The misalignment tolerance for 1 dB loss penalty isabout 2 μm in both y and z directions. The excellentproperties make the antislot waveguide have great appli⁃cation potential in many fields，such as increasing the in⁃tegration density of photonic integrated circuits［34］，im⁃proving the sensitivity of photonic sensing［35］，and en⁃hancing the fluorescence signals in bioimaging［36］.
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