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ABSTRACT  

A one-dimensional (1D) photonic crystal (PC) slot waveguide was proposed and experimentally demonstrated for 
integrated silicon-organic hybrid modulators. The 1D PC slot waveguide consists of a conventional silicon slot 
waveguide with periodic rectangular teeth on its two rails. This structure takes advantage of large mode overlap in a 
conventional slot waveguide and the slow light enhancement from the PC structure. Its simple geometry makes it 
resistant to fabrication imperfections and helps reduce the propagation loss. The observed effective EO coefficient in an 
actual Mach-Zehnder interferometer modulator is as high as 490 pm/V owing to slow light effect.  

Keywords: photonic crystal waveguides, slow light, electro-optic modulators, silicon-organic hybrid devices, slot 
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1. INTRODUCTION  
The network interconnects, including conventional data networks and inter/intra chip data links, has seen a gradual 
transition from electrical to optical technology1. Optical interconnect is trending to short distances rapidly with its unique 
advantages of ultra-high bandwidth and chip-scale integration capability on silicon substrate. Among the optical 
components for on-chip optical interconnect, electro-optic (EO) modulator is one of the most important. Most silicon 
integrated EO modulators rely on the plasma dispersion effect, in which the change of free carrier concentration induces 
the change of refractive index in silicon waveguide2,3. The bandwidths and modulation efficiencies of these modulators 
are therefore limited by the free carrier dynamics. On the other hand, polymer EO materials possess intriguing second-
order nonlinear optical property, such as high nonlinear coefficient and ultrafast response time, and can be applied easily 
through spin-casting4–6. The silicon-organic hybrid platform combines advantages of both silicon photonic and polymer 
materials, thus is a promising candidate for high-performance EO modulation applications7–9.  

Silicon-organic hybrid EO modulators based on various phase shifter designs have been reported in recent years. These 
structures include slot waveguide10–13, two-dimensional (2D) slot photonic crystal (PC) waveguide14–16 and one-
dimensional (1D) PC waveguide 17. High modulation efficiency has been achieved in slot waveguides because of the 
strong confinement of optical mode in low index slot region infiltrated with EO materials, which leads to large mode 
volume overlap with EO polymer. Slow light waveguides, like 2D slot PC waveguides, have also been proposed, which 
utilize the slow light effect and greatly enhance effective r33. In 2D slot PC waveguide, however, the optical loss in slow 
light region and its robustness to fabrication variations is a concern, especially in a dispersion-engineered PC slot 
waveguide considering its complicated structure and delicate arrangement of the PC holes. Reports have shown that the 
propagation loss in a 2D PC slot is very sensitive to slot width variations18. In [17], a novel 1D PC structure is 
introduced. With proper use of the air band in the PC, the structure achieves high mode overlap (σ = 0.67) and slow light 
enhancement simultaneously, although the poling efficiency of the EO polymer between the pillars is relatively low 
because voltage drop in this area is reduced by the silicon pillars.  

In reality, the mode overlap with EO material, effective r33 (proportional to slow light enhancement), and propagation 
loss are among the most important factors for a silicon-organic hybrid EO modulator, yet there is a lack of 
comprehensive consideration on all these factors. Here we propose a new slow light slot waveguide with 1D PC 
structure which takes all these factors into consideration. We further define a comprehensive figure-of-merit to compare 
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it with previous reported modulator phase shifter designs. The proposed 1D PC structure takes advantage of the strong 
mode confinement in the low-index region of a conventional slot waveguide together with the slow light enhancement 
from the 1D PC. Its simple geometry makes it robust to fabrication imperfections and helps reduce the propagation loss, 
while still maintaining the benefit of large mode overlap and slow light enhancement. Using it as a phase shifter and 
converting the phase shift to amplitude modulation through a Mach-Zehnder interferometer (MZI) structure, we 
demonstrate an integrated silicon-organic hybrid EO modulator. The observed effective EO coefficient is as high as 490 
pm/V around 1550 nm. The measured half wave voltage and length product is 0.91 V·cm and can be further improved. 
The proposed structure offers a competitive novel phase shifter design, which is compact, simple, highly efficient and 
with low optical loss, for on-chip silicon-organic hybrid EO modulators.  

2. DEVICE DESIGN AND FABRICATION 
The structure of the 1D PC slot waveguide is shown in Fig. 1. It is formed by a conventional slot waveguide with 
periodic rectangular teeth on its rails. The structural parameters of the 1D PC slot are chosen to support single mode 
propagation while achieving high group index (slow light) around the optical wavelength of 1550 nm. The period (P) of 
the rectangular teeth is 415 nm. The width (a) and length (b) of the teeth are 124.5 nm (0.3P) and 300 nm, respectively. 
The slot has a width (Sw) of 150 nm and a rail width (Rw) of 100 nm. The 1D PC slot waveguide sits on top of a silicon 
dioxide layer and is covered with EO polymer (SEO 125 Soluxra, LLC., n=1.63). Fig. 2(a) shows the simulated photonic 
band diagram of the quasi-transverse-electric (TE) modes of the 1D PC slot waveguide using 3D plane wave expansion 
method. The nearly flat region of the lowest band is chosen as the operating range. It supports propagation mode in the 
PC slot waveguide and has a high group index (ng>40) close to the band edge. The electric field intensity distribution of 
the mode at the band edge is shown in Fig. 2(b) and (c). Optical power is strongly confined in the slot and the ratio of the 
optical power in the EO polymer region is calculated to be σ = 0.35.  

 
Figure 1. Schematic of the proposed 1D PC slot waveguide filled with EO polymer as a phase shifter for EO modulators.  

 
Figure 2. Schematic of the proposed 1D PC slot waveguide filled with EO polymer as a phase shifter for EO modulators.  
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The 1D PC slot waveguide is accessed through conventional slot waveguides. To compensate the mode mismatch and 
improve coupling efficiency at the interface of the conventional slot waveguide and the 1D PC slot waveguide, a coupler 
is designed. Instead of using adiabatically tapered long coupler 19, a very short intermediate low-group-index coupler 
(step taper) is used 20. The schematic of the step taper is shown in Fig. 3(a). The optimized step taper consists of 5 
periods of PC slot waveguide with shorter teeth (bT   = 200nm) and slightly larger period (PT  = 425nm). The width of the 
teeth remains unchanged (aT = 0.3PT, 127.5nm). The parameters of the step taper (period PT, tooth length bT and width 
aT, number of periods N) were optimized by transmission spectrum simulation using 3D finite difference time domain 
(FDTD) method. Fig. 3(b) compares the simulated transmission before and after implementing the optimized step taper. 
It can be seen from the figure that the large fluctuations resulting from the group index mismatch has been significantly 
reduced by the short step taper (total length ~2 μm) and the additional loss caused by the taper is negligible. Fig. 3(c) 
shows the measured transmission spectrum of a 200 μm long 1D PC slot waveguide filled with EO polymer. A clear 
band edge can be observed near 1550 nm.  

 
Figure 3. (a) Schematic of the step taper; (b) Simulated transmission spectrum comparing 1D PC slot waveguide with (red 
curve) and without step taper (black curve); (c) Measured transmission spectrum of 1D PC slot waveguide with optimized 
step taper.  

To characterize the 1D PC slot waveguide as the phase shifter for modulators, an MZI structure was designed with one 
arm loaded with a 200 μm long 1D PC slot waveguide, as illustrated in Fig. 4(a). The proposed 1D PC slot waveguide, 
along with all connecting strip waveguides, 1 by 2 multi-mode interferometer (MMI), and subwavelength grating 
couplers, were patterned by e-beam lithography on a silicon-on-insulator (SOI) chip with 250 nm thick top silicon layer. 
The pattern was then transferred onto the silicon layer through a single reactive ion etching (RIE) step. Gold electrodes 
were formed by photolithography, e-beam evaporation, and lift-off process. The gap size between the two electrodes is 4 
μm. Fig. 4(b) show the scanning electron microscope (SEM) images of the fabricated silicon PC slot waveguide, strip-to-
slot mode converter and grating coupler and also the microscopic image of the MMI up to the above steps. Finally, EO 
polymer was coated on the PC slot waveguide and cured overnight under vacuum at 80 oC. It ensures that the polymer 
infiltrates the PC slot structures thoroughly. Before modulation measurement, the EO polymer goes through a poling 
process at its glass transition temperature of 150 oC with an external electric field of 100 V/μm applied through the gold 
electrodes. The poling process aligns the chromophores in the same direction in the host polymer and activate its EO 
effect.  
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Figure 4. (a) Schematic of a MZI modulator based on 1D PC slot waveguide; (b) scanning electron microscope (SEM) images of the 
1D PC slot waveguide and step taper.  

3. RESULTS AND DISCUSSION 
Transmission spectra of the fabricated device were obtained from a testing platform using a broadband amplified 
spontaneous emission (ASE) source (1510nm-1630nm) and an optical spectrum analyzer. Light from the ASE source 
was guided through a polarizer to subwavelength grating couplers and excites the fundamental quasi-TE mode of the on-
chip strip waveguides. Transmission spectrum of the unbalanced MZI without applying any voltage on the electrodes 
was first measured and shown in Fig. 5(a). The oscillations in the spectra are due to the group velocity difference 
between the two arms of the MZI. The oscillation period decreases rapidly at the band edge of the 1D PC slot 
waveguide, approximately 1567nm. The group index therefore can be estimated from the oscillation patterns using the 
equation: ( ) ( ) ( )min max min max/ 2 ( )pcw ref

g gn n Lλ λ λ λ λ λ= + − , where pcw
gn  is the group index of the 1D PC slot waveguide, 

ref
gn  is the group index of the reference strip waveguide ( 4.2ref

gn = ), minλ  and maxλ  are the wavelength at adjacent 
valley and peak of the oscillations, L = 200 μm is the length of the phase shifter. The estimated group indices are drawn 
in the same plot. Group index over 25 is observed. The slow light region has a width of about 1.5nm (marked with color) 
with an average group index around 20 and can be improved by dispersion engineering15. The total loss of the MZI 
structure is ~10dB, which includes propagation loss of the 200 μm 1D PC slot waveguide (~3dB), coupling loss on the 
step taper (~3dB), mode converter (~2dB), and MMI (~2dB). The propagation loss in the 1D PC slot is estimated at 
about 15dB/mm. This loss is higher than conventional slot waveguide filled with EO polymer (4dB/mm)10 due to 
scattering at the periodic structure but is smaller than the 2D PC slot waveguide under similar fabrication conditions. The 
much simpler structure of 1D periodic teeth along the slot waveguide reduces the scattering loss, which is a major source 
of loss in real devices, and make the device more robust against fabrication imperfections. 

To characterize the device performance, electric field was applied on the phase shifter through the electrodes. Fig. 5(b) 
shows the transmission spectra under different electric fields generated by DC voltage. The spectra show red shifts with 
increasing electric field from 0 to 10 V/μm. The phase shift induced by the applied electric field can be estimated from 
the equation 2 / FSRϕ π λΔ = Δ , where FSR is the free spectral range of the oscillations in the MZI spectrum. The half-
wave voltage, which is the applied voltage when ϕ πΔ = , is estimated according to the relationship between applied 
voltage and wavelength shift obtained from the spectra. Based on these equations, EO modulation efficiency (V Lπ ) of 
0.91 V·cm is calculated near the wavelength of 1562 nm. The effective EO coefficient of the EO polymer, 33effr , can 

then be estimated by 14: 3
33effr W n V Lπλ σ= , where n = 1.63 is the refractive index of the EO polymer, σ is the ratio of 

optical mode power in the EO polymer, W is the gap size between the electrodes. The estimated 33effr  near 1562 nm is 
490 pm/V. This high r33 value is a result of the enhancement effect of slow group velocity of the waveguide mode. Fig. 
5(c) shows the group index and effective EO coefficient as a function of wavelength in the same diagram. The increasing 
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33effr with increasing group index confirms that the effective EO coefficients and thus modulation efficiencies are 
enhanced by the slow light effect in our proposed PC slot waveguide.  

 
Figure 5. (a) Measured transmission spectrum of the MZI structure and derived group index as a function of wavelength; (b) 
Measured transmission spectra of the MZI modulator with different DC electric field applied on the electrodes; (c) Group index (from 
both simulation and experiment) and effective r33 as a function of wavelength. 

In order to study the potential of phase shifter designs comprehensively, we define a figure-of-merit 3g dBf n Lσ= ⋅ ⋅ , 
where σ is the ratio of optical mode in the EO polymer region, ng is group index in the waveguide, L3dB is the length of 
phase shifter in mm with 3dB propagation loss. This figure-of-merit reflects a phase shifter’s ability to efficiently confine 
and modulate the propagation mode in the waveguide. In our proposed 1D PC slot structure, 

0.35 20 0.2 ~1.4f = × × considering the 15dB/mm propagation loss. In conventional slot waveguide based EO 
modulators, like the ones in [10,11,13], ~ 0.4 2 0.75 ~ 0.6f × × considering typical propagation loss of 4dB/mm when 
filled with EO polymer10. In a 2D PC slot waveguide 14,16, σ and ng are similar to our proposed 1D PC waveguide, but the 
L3dB is smaller due to the larger scattering loss from the 2D PC structure. It can be seen that in 1D PC slot waveguide, the 
slow light effect provides more benefits than the extra propagation loss it induces, while the overlap factor is as high as 
that in conventional slot waveguides. Therefore, the proposed 1D PC slot waveguide has the potential to enable better 
efficiency in EO modulators comparing to those based on conventional slot waveguides or 2D PC slot waveguides.  

The above measurement results demonstrate the slow light enhancement in the proposed structure. However, this 
modulator is not optimized for low voltage, high extinction ratio and high speed operation. To further reduce the half-
wave voltage, it is feasible to use strip-loaded structure12 or add narrow contacting arms to the PC teeth and connect the 
bulk silicon under the electrodes11. A push-pull configuration will help both lower the operating voltage and improve the 
extinction ratio. Considering high speed operation, the silicon slabs between the electrodes and the slot filled with EO 
polymer is similar to a RC circuit, where the 3dB frequency bandwidth can be estimated by 1/ 2 RCπ . Through finite 
element simulation, the 3-dB bandwidth is about 61 GHz (R=6.9kΩ, C=0.38fF). To make the most out of the ultra-fast 
response time of EO polymer material, the silicon slab can be properly doped to further reduce the equivalent resistance 
and improve the bandwidth10,15. With these additional considerations, the silicon-organic hybrid modulator has the 
potential of high speed operation of tens of Gbit/s or even higher7,10,21. 

4. SUMMARY 
In summary, we have designed a slow light slot waveguide that has a 1D PC structure and demonstrated its enhancement 
effect in an MZI EO modulator. Its simple geometry makes it more robust to fabrication imperfections and helps reduce 
the propagation loss, but still maintain the benefit of a slow light waveguide. The effective EO coefficient raises to 490 
pm/V due to slow light enhancement. The observed half wave voltage and length product is less than 1 V·cm and can be 
further improved with further electrical design. This proposed structure provides a new platform for applications that 
require maximum light-matter interaction within a short length, especially for silicon-organic hybrid EO modulators in 
on-chip optical interconnect. 
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