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ABSTRACT 

We design, fabricate and experimentally demonstrate a highly efficient adiabatic mode converter for coupling 

light into a silicon slot waveguide with a slot width as large as 320nm. This strip-to-slot mode converter is optimized 

to provide a measured insertion loss as low as 0.08dB. Our mode converter provides 0.1dB lower loss compared to a 

conventional V-shape mode converter. This mode converter is used to couple light into and out of a 320nm slot 

photonic crystal waveguide, and it is experimentally shown to improve the coupling efficiency up to 3.5dB compared 

to the V-shape mode converter, over the slow-light wavelength region. 
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1. INTRODUCTION

In slot photonic crystal waveguides (PCWs) [1], the strong optical confinement in the slot filled with a low index 

material, such as air or organic polymers [2-4], is combined with the enhanced light-matter interaction provided by a 

slow-light structure [5, 6] for improving the device performance and miniaturizing device size. Specifically, silicon 

slot PCWs infiltrated with electro-optic (EO) active polymers have shown to enable high performance EO modulators 

[7-9], optical interconnects [4, 10], and photonic sensors [11-13]. For example, We have recently demonstrated an 

EO polymer infiltrated silicon slot PCW Mach–Zehnder interferometer (MZI) modulator with a switching voltage of 

0.94V and an interaction length of 300µm, corresponding to a record-high effective in-device EO coefficient (r33) of 

1230pm/V due to the combined effects of large EO polymer r33 and slow-light enhancement [14]. In comparison, in 

Ref [15] a non-slow-light/non-resonant MZI modulator based on EO polymer refilled silicon slot waveguide has an 

large interaction length of 1.5mm, but the measured in-device r33 is only 15pm/V. For these EO polymer based devices, 

the EO polymer needs to be poled under a DC electric field, so that the Pockels effect can be produced from the non-

centrosymmetric alignment of the guest chromophores doped in the host amorphous polymers [16-20]. In this EO 

polymer poling process, the leakage current due to the charge injection through the silicon/polymer interface is known 

to be detrimental to the poling efficiency [21], especially for narrow slot widths (Sw) < 200 nm. Widening the slot has 

been so far the only successful approach to reduce the leakage current and improve the poling efficiency [22, 23]. It 

has been demonstrated that a slot width (Sw) as large as 320nm can significantly suppress the leakage current in the 

poling process and achieve an EO coefficient at the same level as that of the poled thin films of EO polymer, which 

is over two orders of magnitude larger compared to that in the narrow slot (Sw~75nm), while still achieving high 

optical confinement of the fundamental mode in this wide slot [22, 23]. In addition to increasing EO polymer poling 

efficiency for guest-host type EO polymer materials, there are also some other benefits of using large slot width as 

below. It was demonstrated that the poling-induced optical loss is reduced by the reduction of leakage current through 

large slot [24]. And also, different from typical slot widths of 100~120nm in conventional slot waveguides [25], 

widening the slot width to 320nm also reduces the slot capacitance, enabling higher RF bandwidth [26] and lower 

energy consumption [27]. Additionally, the wider slot provides other benefits such as relaxed fabrication requirement 

and easier infiltration of cladding material. 
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1. VI i4ii
 

Fig. 1. (a) Schematic of our mode converter used for coupling light between a strip waveguide and a slot PCW on an SOI substrate. 

The top inset shows a magnified image of the coupling interface between the slot waveguide and the slot PCW. The bottom insets 

show the cross-sectional fundamental TE mode profile of the strip waveguide and the slot waveguide, respectively. (b) Top view 

of the mode converter between the strip waveguide and the slot PCW, consisting of two linearly tapered sections. Length of Sections 

I is fixed at 4µm, and the length of Section II is optimized to achieve highest conversion efficiency. (c) Top view of magnified 

image of the coupling interface between the slot waveguide and the slot PCW. Sw: slot width; Rw: rail width; WG: waveguide; 

SPCW: slot photonic crystal waveguide; L: length of section II of the mode converter. 

 

Despite the high EO polymer performance in wide slot waveguides, efficient coupling between a strip waveguide 

and a slot waveguide is challenging due to the large mode mismatch, as shown in the bottom insets of Fig. 1 (a) 

(fundamental TE mode). One common type of strip-to-slot mode converter is a V-shape mode converter [8, 28, 29]. 

We previously used this V-shape mode converter for coupling light from a strip waveguide into the 320nm slot PCW 

[22, 23]. However, the non-zero width of the fabricated tip due to lithography limitation leads to a discontinuity at the 

center of the mode profile, causing the total insertion loss to be as high as 23dB in which each mode converter attributes 

to a ~1dB insertion loss [22]. To address this problem, in this paper, we explore a new type of adiabatic mode converter 

to couple light from a single mode strip waveguide into a wide slot PCW, as shown in Figs. 1 (a) and (b). The mode 

converter consists of two linearly tapered sections, and the specific profile and dimensions are given in Fig. 1 (b). This 

type of adiabatic mode converter has been used for conventional narrow slot waveguides with Sw<130nm [30-32], and 

insertion losses <0.04dB in a strip-loaded slot waveguide were demonstrated [32]. However, until now, adiabatic 

mode converters for larger slot widths (e.g. Sw~320nm) have not been reported. It is to be noted that the 320nm slot 

waveguide here is leaky waveguide, and it needs to be specially designed to minimize the optical power leakage and 
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get the light into/out of the PCW as soon as possible. For this reason, the slot waveguide section is designed to be as 

short as 1µm as shown in Fig. 1 (b), and the rail width (Rw) is optimized to reduce optical loss. Moreover, contrary to 

conventional design rules, wherein the outer edge of the slot waveguide rails terminate at the center of holes in the 

first adjacent rows of the slot PCW [1, 22, 23, 29, 33-37], as shown in Fig. 1 (c), we find that if the termination is not 

at the center of the hole, very good coupling efficiency can still be achieved. In this work, we design, fabricate and 

characterize a highly efficient silicon strip-to-slot mode converter for coupling light into a 320nm slot waveguide with 

optical loss below 0.08dB. In addition, our adiabatic mode converter and V-shape mode converters are fabricated on 

the same chip, and the measured loss shows that our adiabatic mode converter has a 0.1dB lower loss compared to V-

shape mode converter. Furthermore, we want to emphasize that we not only optimize a strip-to-slot mode converter 

for slot waveguide with Sw=320nm, but also demonstrate the use of this mode converter for efficiently coupling light 

into and out of a 300µm-long EO polymer refilled slot PCW with the same slot width (Figs. 1 (a) and (b)). A clear 

band gap with about 25dB extinction ratio is observed, and an improvement of 3.5dB in coupling efficiency within 

the slow-light wavelength region compared to the V-shape mode converter is demonstrated. This highly efficient light 

coupling into wide slot PCWs, combined with the improved poling efficiency of the electro-optic (EO) polymer in 

wide slot PCWs [22, 23], provides tremendous advantages for several promising applications, including photonic 

integrated circuits, optical interconnects, EO modulation, and electromagnetic field sensing. 

 

2. OPTIMIZATION OF ADIABATIC MODE CONVERTER FOR WIDE SLOT WAVEGUIDE 

 

Fig. 2. Confinement factor within the slot (red curve marked with squares) and neff (green curve marked with circles) plotted as a 

function of rail width (Rw), overlaid with the cross-sectional fundamental TE mode profiles for different Rw. The slot width 

(Sw) is 320nm, and the wavelength is 1550nm. 

 

The waveguides in this work are designed on a silicon-on-insulator (SOI) substrate with top silicon thickness of 

250nm and buried oxide thickness of 3µm. A slot waveguide is designed and used as an input for a designed slot PCW 

with the same Sw, as shown in Figs. 1 (a) and (b). The input and output strip waveguides are connected to the slot 

waveguides using adiabatic strip-to-slot waveguide mode converters. The slot PCW and mode converters are covered 

with an EO polymer cladding with refractive index of 1.63 at 1550nm wavelength. Subwavelength grating couplers 

are used for coupling light between the strip waveguides and single mode fibers [38, 39]. As can be seen from Fig. 1 

(b), a 1µm-long slot waveguide connects the mode converter and the slot PCW. For both the slot waveguide and the 

slot PCW, most electric field is confined inside the slot region. Good optical mode confinement in the slot waveguide 

plays an important role in increasing the coupling efficiency from the slot waveguide to slot PCW; therefore, our work 

starts with the optimization of this slot waveguide section. The Sw is fixed at 320nm [9, 10, 23], and the rail width 

(Rw), as shown in Figs. 1 (a) and (b), of the slot waveguide is optimized for maximum mode confinement. The cross-

sectional fundamental TE mode profile and the effective refractive index (neff) of the slot waveguide at the wavelength 

of 1550nm are simulated using COMSOL Multiphysics. Correspondingly, the confinement factor, defined as the 
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overlap integral of the optical mode profile with the slot, whose mathematical expression can be found in Ref [40, 41], 

is also calculated. Fig. 2 shows the calculated confinement factor and neff plotted as a function of Rw, indicating the 

largest confinement factor of 38% is achieved at Rw=225nm. In comparison, It can be seen that the conventional design 

with slot waveguide rails terminating at the center of holes in the slot PCW interface, for example, at Rw=300nm in 

Fig. 1(c), has a smaller confinement factor of 33%. In addition, compared to a slot waveguide with narrow Sw=100nm, 

in which a maximum confinement factor of ~42% can be achieved [40], the wider slot waveguide has a slightly lower 

confinement factor, but provides other advantages such as better manufacturability, better EO polymer filling, and 

higher EO polymer poling efficiency, which in turn provides a substantially larger EO coefficient after poling [22].  

Utilizing the optimized slot waveguide, we next investigate how the length of the mode converter affects the 

optical loss. The mode converter consists of two linearly tapered sections, as shown in Fig 1 (b). Section I does not 

affect the performance of the mode converter significantly because most optical power is still confined in the 450nm-

wide strip waveguide [32], so this section is fixed to be 4µm in this work. The length of Section II, L, is critical and 

is optimized for achieving low enough optical loss. The Sw along section II is constant and fixed to be 320nm. L is 

tuned from 5µm to 30µm, and the corresponding optical loss is simulated using FIMMWAVE. The results are shown 

as a blue curve in Fig. 3 (c). Next, to verify the simulation, we fabricate mode converter pairs with optimized Sw of 

225nm but with L varying from 5µm to 30µm. Test structures with different numbers of mode converters (2, 4 and 8) 

of varying lengths (L) connected in series are fabricated using e-beam lithography and reactive ion etching (RIE) on 

an SOI substrate. The total length of the strip waveguides is kept constant, so that the extracted mode converter loss 

is not affected by the strip waveguides. Fig. 3 (a) shows some SEM images of cascaded pairs of fabricated adiabatic 

mode converters with L=5µm, 15µm, 20µm, and 30µm, respectively. Then, the fabricated mode converters are 

covered with EO polymer as claddings using spin coating method [42, 43]. In order to test the devices, TE-polarized 

light from a tunable laser at 1550nm is coupled into and out of the device utilizing a grating coupler setup [38, 39]. 

The output optical power is measured using an optical spectrum analyzer (OSA). The measured total insertion loss of 

the waveguides at 1550nm (including coupling loss on gratings, propagation loss on strip waveguides, and transition 

loss on mode converters) for different L as a function of the total number of mode converters is plotted in Fig. 3 (b). 

Each measurement data point in the plot is an averaged value from three groups of identical samples. The measured 

optical loss per mode converter, indicated by the slope of the linear regression lines of the measured data, is extracted 

and plotted in Fig. 3 (c), where error bars indicate variation errors of data in the three groups of measurements. It can 

be seen that the measured mode converter loss decreases as the mode converter length increases. For L>25µm, the 

measured mode converter loss is < 0.1dB. It can also be noticed that the variation in the measured losses becomes 

smaller as the length of the mode converter becomes larger. Therefore, the mode converter length is finally chosen to 

be 30µm, which is the point of diminishing returns in Fig. 3 (c). The measured results match the simulation results 

pretty well, as shown in Fig. 3 (c). These measured losses are reproducible, and the deviations around the mean value 

are mainly caused due to fabrication induced errors.  

Additionally, the optical bandwidth of the mode converter is investigated. The optical loss of a single adiabatic 

mode converter is simulated by FIMMWAVE over a wavelength range from 1520 to 1580, as shown by the blue curve 

in Fig. 3 (d). The transmission spectrum of 4 pairs of adiabatic mode converters (total number of 8) are measured and 

normalized. Then the measured loss per mode converter can be obtained by dividing this total loss by 8, as shown by 

the red curve in Fig. 3 (d). It can be seen that the simulation and testing results agree well with each other, indicating 

that our adiabatic mode converter can provide a wide low-dispersion operation. 
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Fig. 3. (a) SEM images of fabricated test structures consisting of cascaded pairs of mode converters with L=5µm, 15µm, 20µm and 

30µm, respectively. Note: here polymer claddings are not shown for better visualization. (b) Measured insertion loss indicated by 

dots for three fabricated samples as a function of number of mode converters in the measured arm. The loss is measured at 1550nm. 

(c) Simulated (blue curve) and measured (red dots) mode converter loss v.s. mode converter length. The error bars indicate the 

variation range of data in three groups of measurements. (d) Normalized transmission spectrum of one adiabatic mode converter. 

The simulation results are from FIMMWAVE simulation of a single mode converter, and the testing results are from the measured 

normalized transmission spectrum of 8 mode converters divided by 8. 
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3. COMPARISON BETWEEN ADIABATIC MODE CONVERTER AND V-SHAPE MODE 

CONVERTER 

Next, we compare the performance of our optimized adiabatic mode converter with the conventional V-shaped 

mode converter [8, 23, 28, 29]. Both these types of converters have been explored by various groups [8, 23, 28-32]. 

The single-mode strip waveguide at the input has a width of 450nm, and the slot waveguide has Sw of 320nm and Rw 

of 225nm. Figs. 4 (a) and (b) show the simulated fundamental TE mode profiles (cross-sectional view), neff transitions, 

and the propagating mode (top view, normalized real part of Ex calculated by three-dimensional finite-difference time-

domain (FDTD) method in RSoft) along the propagation direction for these two types of mode converters, respectively. 

All the simulations are done at the wavelength of 1550nm. It can be seen that our mode converter results in a smooth 

transformation of mode profiles and an adiabatic transition of neff from a strip mode to a slot mode, as shown in Fig. 

4 (a). In comparison, the V-shape mode converter has been simulated with a non-zero tip width (~80nm-wide) due to 

practical lithography limitations. Due to a discontinuity in the mode field distribution at the non-zero tip, an abrupt 

change of neff occurs, as shown in Fig. 4 (b), resulting in additional optical scattering loss. Note that although an 80nm-

wide tip in Section I of our adiabatic mode converter is also included in the simulation, no significant scattering is 

observed at this non-zero tip based on simulation results. This is because most of the electric field is confined in the 

450nm-wide strip waveguide at the cross section where the non-zero tip appears, as shown in Fig. 4 (a). In addition, 

along our strip-to-slot mode converter, a possible second-order slot mode is suppressed due to the asymmetric slot 

waveguide geometry of the transition region, so the power is more efficiently coupled to the fundamental mode of the 

slot waveguide [44, 45]. 

 

 

Fig. 4. The simulated neff transition along (a) our mode converter and (b) a conventional V-shape mode converter, respectively, 

overlaid with mode profiles transformation (cross-sectional view) and FDTD simulation of mode propagation (top view), at the 

wavelength of 1550nm. For our adiabatic mode converter, Sw=320nm, Rw=225nm, L=30µm. For V-shape mode converter, 

Sw=320nm, Rw=225nm, L=5µm. 

 

For experimental demonstration, a series of our strip-to-slot mode converters (L=30µm, S1: Rw=225nm) together 

with conventional V-shape mode converters (5µm-long, V1: Rw=225nm, V2: Rw=300nm) are fabricated on the same 

chip, and the insertion losses at 1550nm of these mode converters are measured and compared. Additionally, another 
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type of mode converter (S2, Rw=225nm) used in Ref [11], with the same length, is also fabricated on the same chip 

and tested. S2 has a 4µm-long linearly tapered section I and 10µm-long section II similar to S1 but both with a narrow 

slot width of 120nm, and then a 20µm-long section III with slot width linearly tapered from 120nm to 320nm. SEM 

images of mode converters S1, S2, V1, and V2 are shown in Figs 5 (a)-(d), respectively. Note that for S2, as shown 

in Fig. 5 (b), the strip waveguide was converted to a slot waveguide with Sw of 120nm similar to that in Ref [32], and 

then tapered to slot waveguide with Sw of 320nm and Rw of 225nm. Also note that the only difference between V1 

and V2 is that V1 uses an Rw of 225nm (optimized), while V2 uses an Rw of 300nm (un-optimized). Fig. 5 (e) shows 

the measured losses for these mode converters. The optical loss per mode converter can be estimated by the slope of 

the linear regression lines of the measured data. It can be clearly seen that our optimized mode converter (S1) has a 

loss of 0.080dB, which is at least 0.1dB smaller than those of V-shape mode converters (V1: 0.182dB; V2: 0.981dB). 

And also, the measured loss of S2 (0.075dB) is quite close to that of S1 (0.080dB) with the same length. Furthermore, 

from the comparison of the loss of V1 and V2 one can tell that the optimized Rw (225nm) gives smaller loss (0.182dB) 

than that (0.981dB) of the un-optimized Rw (300nm), and an improvement of about 0.8dB is achieved using the 

optimized Rw. 

Note that the length of V-shape mode converter used here is only 5µm which is a length commonly used in some 

works [8, 28, 29], but the loss of the Sw-optimized V-shape mode converter (V2) at 5µm is not significantly different 

for loss at 30µm, since no matter what length of V shape mode converter is used, the sudden discontinuity at the 

practical tip size still causes a high insertion loss. Therefore, increasing the length of the V shape mode converter does 

not provide any additional decrease in the insertion loss, as shown by the green curve in Fig. 6. The slight increase of 

loss is due to the increased mismatch at the sudden transition point (non-zero tip); whereas for the adiabatic converter, 

the longer length provides a greater reduction in the insertion loss. Theoretically, for L > 30 micron, the loss can be 

even lower as can be seen in Fig. 6.  

 

 

Fig. 5. SEM images of (a) our adiabatic mode converter (S1), (b) mode converter (S2) as presented in Ref [11], (c) V-shape mode 

converter with Rw=225nm (V1), and (d) V-shape mode converter with Rw=300nm (V2). The Sw=320nm for all four mode 

converters. L=30µm for S1 and S2, and L=5µm for V1 and V2. Note: here polymer claddings in (a)-(d) are not shown for better 

visualization. (e) Comparison of measured loss of our mode converter and conventional V-shape mode converter at 1550nm. S1: 

loss=0.080dB; S2: loss=0.075dB; V1: loss=0.182 dB; V2: loss=0.981dB. 
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Fig. 6. Simulated loss of mode converter S2 and V2, as a function of mode converter length at the wavelength of 1550nm. 

 

 

4. COUPLING LIGHT INTO WIDE SLOT PCW USING OPTIMIZED ADIABATIC MODE 

CONVERTER 

Furthermore, we investigate the coupling efficiency into slot PCW at the mode converter/slot-PCW interface. For 

convenience, researchers previously aligned the outer edge of the rails of the slot waveguide to the center of holes in 

the first adjacent rows, [1, 22, 23, 29, 33-37] as shown in Fig. 1 (c). For example, in Ref [23] the slot PCW has the 

same structure but an un-optimized Rw of 300nm is used, corresponding to a confinement factor of 33% which can be 

seen from Fig. 2. However, by changing the Rw to 225nm (as in our optimized design) one can achieve the highest 

optical confinement factor of 38% in the slot, as shown in Fig. 2, with similar coupling efficiency to slot PCW. 

Finally, in order to demonstrate that our optimized adiabatic mode converter (final slot rail width, Rw=225nm, 

and Section II length, L=30μm) can enable efficient light coupling between a strip waveguide and a slot PCW, a 

300µm-long EO polymer infiltrated slot PCW with Sw=320nm (the same as the one used in Ref [23]) with our mode 

converter (S1) is fabricated, as shown in Fig. 7 (a), and characterized. As a comparison, the same slot PCW with the 

V-shape mode converter (V1) is also fabricated on the same chip, as shown in Fig. 7 (b). PCW tapers [36] are used to 

connect the fast-light slot waveguide with the slow-light PCW section [group index (ng) of 20.4], so that the group 

index is gradually changed from the interface with the slot waveguide to the interface with the high ng PCW. In order 

to test the devices, TE polarized light from a broadband amplified spontaneous emission (ASE) source is coupled into 

and out of the device utilizing grating coupling setup. The optical transmission spectrum is measured by the OSA and 

then normalized to that of a reference strip waveguide. As shown in Fig. 7 (c), a clear band gap with more than 25dB 

contrast is observed in the normalized transmission spectrum of the slot PCW with our adiabatic mode converter, 

indicating that our optimized mode converter enables efficient coupling into the slow-light slot PCW. In comparison, 

using the V-shape mode converter, the band gap has a ~2dB lower contrast in the normalized transmission spectrum. 

Note that the Fabry-Perot reflections observed in Fig. 7 (c) are due to the PCW structure, instead of the mode converter, 

because it has been demonstrated in Fig. 3 (d) that the mode converter provides a flat spectrum over a wide wavelength 

range. This statement can also be proved from the observation that this Fabry-Perot reflections appears on both the 

spectra using our adiabatic mode converter and using V-shape mode converter and that no additional oscillations are 

introduced comparing the two. The inset of Fig. 7 (c) shows a magnified portion of the transmission spectrum in the 

slow-light wavelength region. The total insertion loss in the slow-light wavelength region is lower using our adiabatic 

mode converter compared to that using the V-shape mode converter, with a maximum loss difference of up to 3.5dB 

at 1560nm.  
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Fig. 7. SEM images of (a) our adiabatic mode converter (S1), (b) mode converter (S2) as presented in Ref [11], (c) V-shape mode 

converter with Rw=225nm (V1), and (d) V-shape mode converter with Rw=300nm (V2). The Sw=320nm for all four mode 

converters. L=30µm for S1 and S2, and L=5µm for V1 and V2. Note: here polymer claddings in (a)-(d) are not shown for better 

visualization. (e) Comparison of measured loss of our mode converter and conventional V-shape mode converter at 1550nm. S1: 

loss=0.080dB; S2: loss=0.075dB; V1: loss=0.182 dB; V2: loss=0.981dB. 

 

  

5. CONCLUSION 

In conclusion, we demonstrate a mode converter that achieves highly efficient coupling from a strip waveguide 

to a 320nm slot waveguide. The rail width (Rw) of the slot waveguide section is optimized to 225nm, yielding an 

optimized mode converter length of 30µm. The measured insertion loss of the optimized mode converter is below 

0.08dB at 1550nm. The optimized Rw of 225nm provides a loss improvement of about 0.8dB, compared to 

conventional designs that require Rw to be 300nm. And also, our adiabatic mode converter is demonstrated to provide 

a wide low-dispersion operation over a wide optical wavelength range. In addition, a comparison between our 

adiabatic mode converter and a conventional V-shape mode converter is presented, and an improvement of 0.1dB in 

loss is demonstrated for the adiabatic mode converter. Finally, in addition to coupling light between a strip waveguide 

and a 320nm-wide slot waveguide, our adiabatic mode converter is also used to couple light into and out of a 320nm-

wide EO-polymer refilled slot PCW. We experimentally demonstrate that our mode converter provides up to 3.5dB 

improvement in coupling efficiency compared to the V-shape mode converter in the slow-light wavelength region of 

the slot PCW. This adiabatic mode converter has the advantages of low loss, easy manufacturability and large 

fabrication tolerance. In our future work, the loss of our mode converter can be further improved by replacing linear 

tapered sections by logarithmic taper profiles [32]. Furthermore, the idea of this work can be generalized and extended 

to the research on other slot waveguides or slot PCW structures refilled with new high-performance EO active 

materials, such as binary-chromophore organic glass (BCOG), consisting of shape-engineered spherical dendritic and 

rod-shaped dipolar chromophores, which has recently been demonstrated with an in-device EO coefficient of 

230pm/V [41]. Highly efficient coupling into wide slot waveguides, combined with the improved poling efficiency of 

the EO active materials in wide slots, provides tremendous advantages for several promising applications, including 

photonic integrated circuits [46-49], optical interconnects [50-52], EO modulation [27, 53-60], and electromagnetic 

field detection [61-64]. 
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