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Silicon is the dominant material in Microelectronics. Building photonic devices out of 

silicon can leverage the mature processing technologies developed in silicon CMOS. 

Silicon is also a very good waveguide material. It is highly transparent at 1550nm, and it 

has very high refractive index of 3.46. High refractive index enables building high index 

contrast waveguides with dimensions close to the diffraction limit. This provides the 

opportunity to build highly integrated photonic integrated circuit that can perform 

multiple functions on the same silicon chip, an optical parallel of the electronic integrated 

circuit. However, silicon does not have some of the necessary properties to build active 

optical devices such as lasers and modulators. For Example, silicon is an indirect band 

gap material that can’t be used to make lasers. The centro-symmetric crystal structure in 

silicon presents no electro-optic effect. By contrast, electro-optic polymer can be 

engineered to show very strong electro-optic effect up to 300pm/V.  In this research we 
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have demonstrated highly compact and efficient devices that utilize the strong optical 

confinement ability in silicon and strong electro-optic effect in polymer. We have 

performed detailed investigations on the optical coupling to a slow light waveguide and 

developed solutions to improve the coupling efficiency to a slow light photonic crystal 

waveguides (PCW). These studies have lead to the demonstration of the most hybrid 

silicon modulator demonstrate to date and a compact chip scale true time delay module 

that can be implemented in future phased array antenna systems. In the future, people 

may be able to realize a photonic integrated circuit for optical communication or sensor 

systems using the devices we developed in our research. 
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Chapter 1 Introduction on photonic crystal 

1.1  Introduction 

Photonic crystals are periodic dielectric structures that can prevent light propagation in 

certain frequency range. This phenomenon is analogous to the energy band gap for 

electron that exists in semiconductors. Because this band gap behavior is for photons 

instead of electrons, it is called a photonic band gap1,2. Photons with an energy that meets 

the criteria of the allowed states can propagate through the photonic band gap structure. 

Conversely, photons with energy that falls in the disallowed states (photonic band gap) 

will be reflected. When defects are introduced into a photonic crystal, they induce strong 

localization of light in the defect area, which can be useful in a number of applications3. 

An example of this line defect waveguide can be formed by etching an array of air holes 

on a silicon nanomembrane on a silicon-on-insulator (SOI) wafer, which is shown in 

Figure 1 - 1. 

The wave-guiding mechanism for a photonic crystal waveguide is different from 

conventional waveguides. For conventional waveguides, the guiding is based on the 

refractive index difference between the core and the cladding materials, in which light is 

confined by total internal reflection. For a slab-type photonic crystal waveguide, a guided 

mode is confined by both index guiding in vertical direction and coherent back scattering 

in horizontal direction. 
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Figure 1 - 1. Two-dimensional photonic crystal waveguide on silicon nanomembrane 

A unique feature in a photonic crystal waveguide is that it supports “slow light” at the 

band edge of the defect induced guided mode4. Slow light in photonic crystal waveguide 

is the combined effect of coherent backscattering and omni-directional reflection from 

the photonic band gap. In a photonic crystal waveguide, light is back scattered at every 

unit cell. When the forward propagating and the back scattering components agree in 

phase and amplitude, they form a standing wave at the boundary of Brillouin zone. This 

can be viewed as light propagates with zero group velocity. If we move away from the 

edge of the Brillouin zone, the forward and back-scattering wave begin to move out of 

phase and form a slowly propagating interference pattern—the “slow light mode”. The 
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left side of Figure 1 - 1 uses three arrows forward and two arrows backwards to represent 

that the wave is slowly traveling in the photonic crystal waveguide as if it is moving three 

steps forward and two steps backward. Lateral confinement of light is created by omni-

directional backscattering from the periodic structure. Unlike conventional index-guided 

waveguides, which have a critical angle, light propagation is reflected by photonic band 

gap in the lateral direction at any angle except for the direction of waveguide. As a result, 

this mode travels slowly along the waveguide.  

1.2  Slow light enhanced light-matter interaction 

In an electro-optic switching device such a Mach-Zehnder modulator5, the phase change 

is proportional to the slow down factor S, which is defined as the ration of the phase 

velocity over the group velocity: 

S =
v!
vg

=
n!
ng

                                   Equation 1 

The phase change in the interaction region is expressed as !k "L . The required phase 

change for Mach-Zehnder interferometer to complete full on/off operation is 

!k "L = !nk0 "L = ! , where !n  is the index change in the nonlinear material caused by 

applied voltage and k0  is the wave vector in vacuum. It appears that slow light effect 

does not enter into this equation. However, the switching device operates with guided 

modes, so the !n  should be the change in effective mode index instead of the change in 

material index. In a slow light photonic crystal waveguide, the index change in material 
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!nmat  gives rise to a change in resonance frequency !! , and the corresponding change 

in resonant frequency is proportional to the index change !! ! " !n n . However, from 

the dispersion relation in the photonic crystal waveguide, a small amount material index 

change !nmat( )  can give rise to large phase change. This effect is illustrated in Krauss, et 

al3. 

Since !k  scales with the slope of the dispersion curve, it also scales with slow down 

factor S. As a result, the condition for switching can be re-written as 

!k "L = ! = !nk0S "L               Equation 2 

, which now includes the slow down factor. As a result, although the index change is 

limited by the electro-optic effect of the material, the phase difference can be 

significantly enhanced by the strong dispersion in the slow light region. 

Throughout this work, we have successfully demonstrated devices and modules based on 

slow light silicon photonics, which will be described in the following chapters. 

1.3  References 

1 Eli Yablonovitch, "Inhibited Spontaneous Emission in Solid-State Physics and 

Electronics," Phys. Rev. Lett. 58 (20), 2059 (1987). 

2 Sajeev John, "Strong localization of photons in certain disordered dielectric 

superlattices," Phys. Rev. Lett. 58 (23), 2486 (1987). 

3 Thomas F. Krauss, "Slow light in photonic crystal waveguides," J. Phys. D: Appl. 
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4 Masaya Notomi, K Yamada, A Shinya, J Takahashi, C Takahashi, and I Yokohama, 

"Extremely Large Group-Velocity Dispersion of Line-Defect Waveguides in Photonic 

Crystal Slabs," Phys. Rev. Lett. 87 (25), 253902 (2001). 

5 Marin Soljačić and John. D. Joannopoulos, "Enhancement of nonlinear effects using 

photonic crystals," Nat Mater 3 (4), 211-219 (2004). 
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Chapter 2 Wideband and Group Velocity Independent 

Coupling into Slow Light Silicon Photonic Crystal Waveguide 

2.1  Introduction 

Slow light in photonic crystal waveguides can significantly enhance light-matter 

interactions1-3 and therefore is a promising approach toward realizing advanced photonic 

devices such as tunable delay lines4, ultra-compact optical switches5, and highly-efficient 

modulators6-11. To fully utilize the benefits of the slow light effect, it is crucial to 

efficiently couple in and out of photonic crystal waveguides from external optical 

devices. However, coupling between a strip waveguide and a slow light photonic crystal 

waveguide is challenging. In a conventional silicon strip waveguide, the group index (ng) 

is around 3.5, whereas ng can be as high as 40012 in a photonic crystal waveguide 

operating in slow light region. This apparent mismatch in group index can cause strong 

reflection at the photonic crystal-strip waveguide interface. Without addressing the group 

velocity mismatch issue, coupling efficiency can become unacceptably low in the slow 

light region, which significantly limits the usefulness of slow light in practical 

applications.  

Numerous efforts have been made to address this issue predominantly using numerical 

simulation with a few experimental demonstrations. Here we review several 

representative cases. 
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It has been shown theoretically that a quarter-wave transformer concept developed in thin 

film optics can be utilized to improve strip-photonic crystal waveguide coupling. By 

designing the photonic crystal waveguide between the strip waveguide and slow light 

photonic crystal waveguide as a quarter wave transformer13, simulations have shown very 

low reflectance around vg=0.01c, where vg is the group velocity of the guided mode in 

photonic crystal waveguide and c is the speed of light in vacuum. However, the narrow 

band nature of the transformer limits its usage in practical applications. Alternatively, 

photonic crystal hetero structure injectors can provide efficient coupling for group indices 

up to 400 with very compact coupling structures14, but no experimental evidence has 

been reported to support the feasibility of this approach. 

It was also shown experimentally that hetero group velocity photonic crystal waveguides 

can improve coupling efficiency with improved bandwidth15. However, the best 

experiment result only show 3dB improvement in slow light region and the coupling 

efficiency at the normal group velocity region even becomes 2dB lower than the control 

group. Contrast in transmission between the defect guided mode and the photonic 

bandgap is also limited to less than 10dB. A more convincing experimental work 

suggests that exact termination of the photonic crystal lattice at the coupling interface can 

significantly improve the coupling efficiency16. The difference in transmission between 

the defect mode and the photonic bandgap also shows a very good contrast of 30dB. 

However, this approach cannot maintain the same high coupling efficiency for slow 

modes near the band-edge16,17.  
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By contrast, several theoretical and experimental studies have shown that an adiabatic 

transition in a pillar-type photonic crystal waveguide can enable efficient coupling into 

photonic crystal waveguides18,19. Recently, theoretical study on photonic crystal 

waveguide formed by etching air holes on silicon, which should be further studied 

experimentally for developing compact and efficient coupling structures. 

In this work, we present the design and experimental demonstration of efficient and 

wavelength-independent coupling into a slow light photonic crystal waveguide using two 

parabolic photonic crystal tapers with gradually changing air hole diameters. Based on 

the design of reducing the group velocity mismatch between the strip waveguide and the 

photonic crystal waveguide, our coupling structure requires only eight periods of 

photonic crystals, a length of 3.24µm, to achieve efficient coupling over the entire 

spectrum of the guided mode.  

2.2  Design of Photonic Crystal Group Velocity Taper 

A schematic of the slow light photonic crystal waveguide (highlighted in blue) with the 

photonic crystal taper (highlighted in green) is shown in Figure 2 - 1 (a), which comprises 

a standard W1 line-defect-induced photonic crystal waveguide with a unified lattice 

constant of a=405nm and two photonic crystal tapers (symmetric) with gradually 

changing air hole size. The control group, which has identical slow light waveguide 

(blue) but without the photonic crystal taper, is shown in Figure 2 - 1 (b). Both 

waveguides have the same number of periods. The silicon slab thickness and the air hole 
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diameters are chosen to be h=230nm and d=180nm, respectively, such that the W1 

photonic crystal waveguide supports single mode operation.  

 

Figure 2 - 1.  Schematic of the device structure which shows input and output strip waveguides (red), 

photonic crystal taper with gradually changing hole sizes (green, not to scale), and the slow light photonic 

crystal waveguide (blue) (b) Control group: same slow light photonic crystal waveguide as in (a) with same 

total periods but without group index taper. (c) Dispersion relation of the defect-guided mode in the slow 

light photonic crystal waveguide, as highlighted in blue in (a) and (b) (d) Group index of each periods of 

the photonic crystal waveguide shown in (a). 
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The dispersion relation (photonic band diagram) and group index (ng) versus wavelength 

relation of the defect-guided mode were calculated using a three-dimensional (3D) plane-

wave expansion (PWE) method as shown in Figure 2 - 1 (c) and (d). The simulated band 

diagram shows a guided mode from 1522nm to 1567nm, which falls inside our 

experiment observation window.  

The choice of air hole diameters (dn, n=1,2,…8) to create the photonic crystal tapers is 

based on an empirical equation dn = 144.15 + 8.19n ! 0.46n2 , which can create a smooth 

group velocity taper. The choice of air hole diameters in the taper region is plotted in 

Figure 2 - 2 (a). To have a better understanding on the effect of group index taper, we 

calculate the group index (ng) of each period of the taper as a function of wavelength 

using a 3D PWE method as shown in Figure 2 - 2 (b). One can see from the group index 

dispersion relation in Figure 2 - 2 (b) that this gradual increment of hole size results in a 

gradual increase of group index for the guided mode. Compared to butt coupling, the 

guided mode sees a smoother transition in group index as it enters the photonic crystal 

waveguide. As a result, the guided mode coupled from the strip waveguide can slow 

down gradually over the eight periods of taper region as it enters the slow light 

waveguide. Coupling out of the slow light photonic crystal waveguide to a strip 

waveguide is simply the reverse process. Under this design, the group velocity mismatch 

between a strip waveguide and a slow light photonic crystal waveguide is significantly 

reduced, which should lead to significant improvement of coupling efficiency. 
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Figure 2 - 2. (a) The hole diameters of d1, d2,…d8. (b) Group index (ng) versus wavelength relation for 

different hole diameters in (a).  

Transmission through the photonic crystal waveguide devices was simulated by 2D 

FDTD and the result is shown in Figure 2 - 3. Although the group index taper is only 

eight periods (3.24µm long) of the photonic crystal waveguide, this coupling structure 

has a dramatic impact on coupling efficiency into a slow light mode. For a photonic 

crystal waveguide without any taper, coupling efficiency starts to drop well before the 

band edge. By contrast, when photonic crystal taper is included in the photonic crystal 

waveguide, coupling efficiency remains nearly the same as its peak value even in the 

slow light region. Additionally, this coupling structure reduces the fluctuation of coupling 

efficiency due to reduced Fabry-Perot reflections. 
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Figure 2 - 3. Simulated transmission spectrum using 2D FDTD analysis, comparing the coupling 

performance of W1 photonic crystal waveguides with (black curve) and without (red curve) group index 

tapers. 
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Figure 2 - 4. Scanning electron micrograph (SEM) of the fabricated photonic crystal waveguide structure. 

(a) Global look of the photonic crystal waveguide device, which includes a strip waveguide, a group index 

taper (green), and a slow light photonic crystal waveguide (blue). (b), (d) Enlarged view of the eight 

periods of group index taper. (c) Enlarged view of the slow light photonic crystal waveguide region. 
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2.3  Fabrication of Photonic Crystal Taper and Slow Light Waveguides 

Photonic crystal waveguide devices were fabricated on a Unibond silicon-on-insulator 

(SOI) wafer with a 230nm top silicon layer and a 3µm buried oxide (BOX) layer. 45nm 

of thermal oxide was thermally grown as an etching mask for pattern transfer. Photonic 

crystal waveguides, photonic crystal tapers, and strip waveguides are patterned in one 

step with a JEOL JBX-6000FS electron-beam lithography system followed by reactive 

ion etching. Photonic crystal waveguide devices were formed in a non-membrane 

configuration with the patterned silicon photonic crystal waveguide core supported by the 

3µm BOX as bottom cladding layer. The hole dimension and the width of photonic 

crystal waveguides can be precisely controlled with errors less than 2nm and sidewall 

roughness ~5nm estimated by scanning electron microscope (SEM) inspection. Photonic 

crystal waveguide devices with and without a group index taper were fabricated on the 

same chip with an identical fabrication process. SEM images of the fabricated structure 

are shown in Figure 2 - 4. 

2.4  Device Testing: Transmission Spectrum Measurement 

To characterize the coupling performance, photonic crystal waveguide devices were 

tested on a Newport six-axis auto-aligning station. Testing setup is shown in Figure 2 - 5. 

Input light from a broadband ASE source (Thorlab ASE-FL7002) covering the 

1520nm~1620nm wavelength range was TE-polarized with a 23dB TE/TM rejection ratio 

and butt-coupled to / from the device with a polarization maintaining single mode tapered 

lensed fiber with a mode field diameter of 3µm. Transmitted light was analyzed with an 
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optical spectrum analyzer (ANDO AQ6317B) with 0.04nm resolution. The transmission 

spectra of photonic crystal waveguides with and without group index tapers were 

normalized to the transmission spectrum without the device as shown in Figure 2 - 6. 

 

Figure 2 - 5. Testing setup for the photonic crystal waveguide devices. 

2.5  Experiment Result and Discussion 

In Figure 2 - 6, the transmission spectra show that the photonic crystal waveguide devices 

support defect-guided modes from 1523nm to 1568nm, which agrees well with both 

PWE and FDTD simulation. Compared with direct coupling from a strip waveguide, the 

W1 photonic crystal waveguide with group index taper shows several distinct 

improvements in the coupling efficiency. First, one can see significantly less Fabry-Perot 
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noise when the group index tapers are added. The transmission fluctuation caused by the 

Fabry-Perot effect is suppressed by 5dB throughout the defect mode. As a result, 

photonic crystal waveguide with group index taper shows a nearly flat transmission. 

Secondly, the transmission is improved by more than 20dB over the entire guided mode 

bandwidth of 45nm. Third, the coupling efficiency remains very close to its peak value 

until 2 nm away from the photonic bandgap cut-off at 1568nm, meaning slow light 

modes near the band edge with very high group index can be coupled into the photonic 

crystal waveguide as low group index mode. Fourth, the group index taper offers even 

better coupling enhancement for the slow light mode near the bandedge. For the photonic 

crystal waveguide with group index taper, the normalized transmission at 1566 nm (2nm 

from the photonic bandgap) only drops 2dB from its peak transmission, whereas it drops 

10dB without the group index taper. Under 20dB of baseline enhancement, this translates 

into 28dB improvement for the band edge slow light mode.  
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Figure 2 - 6. Transmission spectrum comparison for photonic crystal waveguide with group index tapers 

(black curve) and the control group without taper (red curve). 

2.6  Limitation of The Group Index Taper 

The limitation of this coupling approach can also be observed from the band edge cut off 

behavior. One may notice that the slope of the transmission drop between 1566nm and 

1568nm has two distinct regions. The first region from 1566nm to 1567.5nm shows a 

25dB drop in transmission within 2.5nm, indicating this coupling mechanism starts to 

reach its limitation when group velocity slows rapidly as a function of wavelength. The 

second region from 1566.5nm to 1567nm shows a 10dB drop in transmission in just 
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0.5nm, which is likely due to the very high propagation loss associated with extremely 

high group index.  

  

Figure 2 - 7. (a) Schematic of the photonic crystal waveguide device. (b) IR image taken at the wavelength 

of the photonic bandgap. (c) IR image for the control group without group index taper. (d) IR image for the 

photonic crystal waveguide with group index taper. 



19  

2.7  Visualization of Photonic Bandgap Effect and Coupling 

To visualize the effect of the group velocity taper, we observe the light transmission 

behavior with infrared (IR) microscope above the photonic crystal waveguide. The 

waveguide testing setup is identical to the device characterization section, except we 

replace the broadband light source with a tunable laser (Santec ECL-2000) for input 

source. The IR images are shown in Fig. 8. At the wavelength of the photonic bandgap 

(1568nm and longer), the input light from the strip waveguide is completely blocked by 

the photonic bandgap effect and no light is observed at the output of the photonic crystal 

waveguide as shown in Figure 2 - 7 (b). Figure 2 - 7 (c) and (d) show the transmission 

behavior at the slow light wavelength (1565nm) of defect mode for photonic crystal 

devices without and with group index taper. One can see in Figure 2 - 7 (d) that the input 

light from strip waveguide is better transmitted when the group index taper is present, 

whereas it is mostly reflected for the control group without taper as shown in Figure 2 - 7 

(c). 

2.8  Conclusion 

In conclusion, we show the design and experimental results of efficient coupling into a 

photonic crystal waveguide using group index tapers based on matching the group 

velocity between a conventional strip waveguide and a slow light photonic crystal 

waveguide. Experiments show good coupling efficiency can be maintained to the 

photonic crystal band edge regardless of the group velocity of the guided mode by using 

only eight periods of group index taper. The measurement results also shows excellent 
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agreement with plane wave expansion (BandSOLVE) and fininte-difference time domain 

(FDTD) simulation with discrepancy less than 2nm. Compared to a photonic crystal 

waveguide without a group index taper, measurements show a 20dB baseline 

improvement in coupling efficiency, 5dB less fluctuation, and a 28dB enhancement for 

the slow light mode using only 3.24µm long of group index taper. The experimental 

result also shows that less than 10µm of photonic crystal waveguide is needed to create a 

35dB contrast in transmission. Such a photonic crystal waveguide structure could serve 

as the stepping-stone toward building ultra-compact photonic devices for on-chip optical 

interconnects.  
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Chapter 3 Coupling Loss Minimization of Slow Light Slotted 

Photonic Crystal Waveguides Using Mode Matching with 

Continuous Group Index Perturbation 

3.1 Abstract 

We experimentally demonstrate highly efficient coupling into a slow light slotted 

photonic crystal waveguide. With optical mode converters and group index tapers that 

provide good optical mode matching and impedance matching, a nearly flat transmission 

over the entire guided mode spectrum of 68.8nm range with 2.4dB minimum insertion 

loss is demonstrated. Measurements also show up to 20dB baseline enhancement and 

30dB enhancement in the slow light region, indicating that it is possible to design highly 

efficient and compact devices that benefit from the slow light enhancement without 

increasing the coupling loss. 

3.2 Introduction 

Slotted photonic crystal waveguides (Slotted PCWs) offer a unique platform that merges 

the best properties of slot waveguides and photonic crystal waveguides (PCW): strong 

optical confinement in slot waveguides1-4 and slow light enhanced light-matter interaction 

in PCWs5-7. In a W1 PCW, the optical mode profile spreads deeper into the photonic 

lattice with reduced group velocity5,8. This lateral spread reduces optical confinement and 

increases propagation loss for slow light modes, which can weaken some of the benefits 
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derived from the slow light effect. By contrast, in slotted PCW, optical confinement does 

not decrease with increased group index, as a result of the high index contrast in silicon 

platform. In a high index contrast interface, a transverse electric guided mode is required 

to have much higher intensity in the low index region. Consequently, when approaching 

the edge of the photonic band gap, the percentage of energy concentration in the low 

index slot will increase rather than decrease9. The increasing optical confinement with 

slower group velocity is a very advantageous property for compact optical 

communication devices9-19 and on-chip sensors20,21. Despite these benefits, optical 

coupling between a strip waveguide and a slotted PCW is more challenging than 

conventional PCW due to the exotic mode profile and slow group velocity in the slotted 

PCW. Without a properly designed coupling interface, strongly confined guided mode 

profile with minimal overlap and large group index mismatch result in negligible 

coupling22. Efforts to improve the coupling efficiency include using a multi-mode 

interference (MMI) coupler22, changing the termination of the slot23, and resonant 

coupling24. However, MMI coupler only provides efficient coupling with limited 

bandwidth. Changing the slot termination position improves bandwidth23, but with low 

overall transmission. Resonant coupler approach shows better coupling efficiency, but 

could not avoid a strong transmission dip ~ -10dB in the slow light region. By contrast, a 

theoretical study suggests that good coupling is achievable with good mode profile and 

group index matching16. Based on similar concept, we present a simpler design and 

experimentally demonstrate highly efficient coupling into slow light slotted PCW. We 
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also study the effect of mode matching and group index matching experimentally, which 

offers more insights on the strip-slotted PCW coupling process.  

 

Figure 3 - 1. Schematic of the slow light slotted PCW, group index taper, mode converter, and strip 

waveguide (tapered). The insets show the mode profiles of a strip waveguide and a slow light slotted PCW 

at high group index (ng=100). 
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Figure 3 - 2. (a) Photonic band diagram. (b) Group index versus wavelength. The inset shows the 

waveguide width in the group index taper region. 

3.3 Design of The Group Index Taper 

The schematic of the slotted PCW is shown in Figure 3 - 1. The slotted PCW devices are 

formed by etching air holes and slots on a 230nm crystalline silicon nanomembrane 

sandwiched between a 3µm thick silicon dioxide layer (n=1.46) and a 2µm thick polymer 

layer (n=1.63), which serves as the bottom and top cladding layers, respectively. Air 

holes and slots are filled with the same material as the top cladding, which also prevents 

undesirable oxidation of the silicon layer. The lattice constant (a), air hole diameter (d), 

slot width (sw), silicon thickness (h) and line defect waveguide width (T12) for the slow 

light waveguide are chosen to be a=425nm, d=297nm, sw=320nm, h=230nm, and T12=

1.3 3a  so that this waveguide supports a defect-guided mode that falls inside our 
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experiment observation window of 1520~1610nm. The photonic band diagram for the 

slow light waveguide is shown in Figure 3 - 2 (a). The in-plane electric field distributions 

of the guided mode at wave vectors below and above polymer light line are also shown in 

the inset of Figure 3 - 2 (a). The radiation loss above polymer light line is small for the 

length of our devices. Therefore it is possible to have transmission between polymer light 

line (n=1.63) and oxide light line (n=1.46). This phenomenon was also verified 

experimentally as shown in Figure 3 - 4. To minimize the modal mismatch, we use an 

optical mode converter that can convert a strip waveguide mode into a conventional slot 

waveguide mode25, which has a mode profile similar to that of a slotted PCW1,2,22. To 

further improve mode profile matching with a strip waveguide, a wide slot width of 

320nm is intentionally chosen, a maximum width that supports a mode size similar to that 

of a 340nm wide silicon strip waveguide. For a photonic crystal modulator operating in 

the slow light region, the increased slow light mode coupling efficiency and relaxed 

fabrication requirements compensate for the loss in optical confinement, leading to better 

overall performance with a wider slot9,10. The group index mismatch can be adiabatically 

tuned by using a photonic crystal group index taper26,27 that provides a smooth transition 

in group index26 as shown in Figure 3 - 2 (b). The taper is formed by parabolically 

reducing the width of a line defect waveguide from (T12=1.3 3a ) towards the coupling 

interface (T1=1.25 3a ) as shown schematically in Figure 3 - 1. The parabolic photonic 

crystal taper is designed by choosing a line defect waveguide width (T1) that has lower 

group index than the slow light waveguide (T12) over the entire guided mode spectrum 

followed by parabolic fitting to determine the waveguide widths (T2~T11) between them. 
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The taper design uses unified hole size, which is much easier to realize than the taper in16. 

It is worth nothing that these design principles based on mode profile matching and 

parabolic group index taper should work for narrower slots as well. However, narrower 

slots are more sensitive to sidewall roughness due to higher field intensity 

3.4 Fabrication of Four Test Structures 

Slotted PCW devices were fabricated on a silicon-on-insulator wafer with 230nm top 

silicon layer and 3µm buried oxide. Details on the fabrication and characterization 

methods were described elsewhere9,10,27. Four different designs were fabricated to 

experimentally study the effect of mode matching and group index matching in a strip 

waveguide-slotted PCW coupling. Scanning electron microscopy (SEM) pictures of the 

fabricated devices are shown in Figure 3 - 4.  

 

Figure 3 - 3. Scanning electron microscope (SEM) pictures of the fabricated slotted PCW devices. 
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3.5 Transmission Spectra Measurements 

    Figure 3 - 4 shows the comparison of transmission spectra measured from the four 

different devices (D1-D4) in Figure 3 - 3 and experimental ng value calculated from the 

fringes in D4 using the method described in28. These results highlight the importance of 

mode matching and impedance matching for achieving wide bandwidth, low loss, and 

group velocity independent coupling. Several distinct differences are observed in the 

transmission spectra. First, the transmission spectrum of D1 shows the best coupling 

efficiency, featuring minimum insertion loss of 2.4dB around 1546.5nm in reference to a 

strip waveguide of equal length on the same chip. Second, low frequency fringes due to 

Fabry-Perot reflections at the strip-Slotted PCW interface are suppressed. This results in 

a nearly flat and high transmission throughout the entire defect-guided mode spectrum. 

Third, comparing D1 to D4 demonstrates a 7 dB loss in coupling efficiency if group 

index matching is not achieved.  Fourth, the comparison between D1 and D3 shows the 

loss in transmission can be as high as 13dB if both mode matching and group index 

matching are not attempted. Fifth, the transmission cut-off wavelengths of slotted PCW 

devices without mode converters (D2 and D3) happen at 1538.8nm and 1538.4nm, as 

opposed to 1537.3nm and 1537.4nm for devices that have mode converters (D1 and D4). 

It is known that cut-off wavelength is a unique property of the guiding region, which is 

identical for D1~D4. This result illustrates that the coupling loss for slow light can be 

very high for non-optimized structures. To make sure that this difference in cut off 

wavelengths is not a result of fabrication error, careful SEM inspection was performed on 

three sets of samples to confirm that all devices are identical in the slow light waveguide 
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region. The same measurement was also repeated multiple times on each set of samples. 

All measurements show identical trends with minor variations. Finally, D2 shows the 

lowest coupling efficiency despite having the group index taper design. This is mainly 

due to the gradually decreasing waveguide width in the photonic crystal taper region. 

Without a mode converter to achieve mode matching, the narrower width of slotted PCW 

at the taper region can deteriorate the modal mismatch and cause low coupling efficiency 

when compared with the scenario shown in D3.  

 

Figure 3 - 4. Transmission spectra of D1, D2, D3, and D4. SWG represents strip waveguide 
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Figure 3 - 5. Enhancement spectrum defined as the transmission difference between device D1 and other 

devices. 

In order to accurately depict the enhancement of coupling efficiency in the slow light 

region, we also show the difference in transmission between the best case of D1 and 

others (D2, D3, and D4) together with group index. From Figure 3 - 5, one can see that 

the baseline in D1 is more than 17dB (E1,2 curve), 10dB (E1,3 curve), and 7dB (E1,4 

curve) higher than D2, D3, and D4. The transmission enhancement in the high group 

index region around 1537nm~1541nm is even more significant. Curves E1,2 and E1,3 

show strong enhancements of 30dB and 27dB within a 3nm and a 2nm spectrum next to 

the photonic bandgap. These results highlight the coupling efficiency enhancement in the 

most important region for the operation of slow light devices. 
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3.6 Conclusion 

In conclusion, the experimental demonstration of efficient coupling into a slow light 

slotted photonic crystal waveguide is reported. Measurement results show up to 20dB 

enhancement in overall coupling efficiency and up to 30dB enhancement in the high 

group index region near the band edge. Suppression of low frequency fringes confirms 

that Fabry-Perot reflection at a strip-slotted PCW interface is minimized. A flat-top 

transmission spectrum and a 2.4dB insertion loss for a 34µm long slotted PCW represents 

the possibility to design devices that benefit from slow light enhancement without the 

classically high coupling loss associated with group index or modal mismatch. 
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Chapter 4 Ultra-Efficient EO Polymer Infiltrated Slotted 

Photonic Crystal Waveguide Modulator 

4.1  Introduction 

Silicon has long been the optimal material for microelectronics. Building photonic 

devices in silicon carries the advantage of being compatible to complementary metal-

oxide-semiconductor (CMOS) fabrication technology, which can lead to monolithic 

integration of microelectronic and photonic devices on a single silicon chip. However, 

due to its centro-symmetric crystal structure, silicon shows no Pockels Effect. Electrically 

driven optical modulation in silicon photonic devices typically relies on free carrier 

injection1 or depletion2 where the achievable modulation bandwidth is limited by time 

constants related to removing or injecting free carriers to the modulation arm. 

By contrast, electro-optic (EO) polymers offer very high Pockels coefficient 

(r33>300pm/V)3 with extremely fast response speed in the terahertz range4. Ultra-high 

bandwidth5 and sub-volt half-wave driving voltage (Vπ)6,7 have been demonstrated in EO 

polymer modulators. However, the size of these devices is limited by conventional 

waveguide structures with millimeter to center meter interaction length. Compared to 

conventional waveguides, silicon photonic crystal waveguide offers slow light-enhanced 

light-matter interaction8-13, which can shrink the interaction length down to 80µm14 and a 

reduced index change of 4.2 !10"3  to achieve switching in a silicon-based structure15. 

Photonic devices based on silicon / EO polymer hybrid material system combine strong 
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optical confinement abilities of silicon with superior EO modulation efficiency of 

polymers16-20. Compared with conventional EO polymer photonic devices, this hybrid 

approach requires no cladding polymer layers, which should lead to higher poling 

efficiency and lower driving voltage with fabrication simplicity16,18. Slot waveguide 

infiltrated with EO polymers in Mach-Zehnder modulators (MZM) have reported half 

wave voltage of 0.25V, and Vπ·L of 5V·mm18. A more advanced design using silicon 

photonic crystal slot waveguide can exploit slow light effect from the defect mode close 

to the photonic band edge21, thus even lower Vπ·L can be expected. Compared with 

photonic crystal devices without slot14,15, integrating EO polymer in slot photonic crystal 

waveguide utilizes faster modulation mechanism19, which offers better potential for high 

speed operation5. In this letter, we present the design and experimental demonstration of 

a MZM based on EO polymer infiltrated silicon photonic crystal slot waveguide with 

slow light enhanced EO modulation.    

4.2  Design of Slotted Photonic Crystal Waveguide 

Figure 4 - 1 shows the schematic of the photonic crystal slot waveguide. Input and output 

waveguides are conventional silicon strip waveguide, which connect to photonic crystal 

slot waveguide with optical mode converter22 for better mode-matching. The photonic 

crystal waveguide is a W1 waveguide formed by replacing a row of air holes by a narrow 

slot of width w=75nm, which provides good optical confinement and modulation 

efficiency without compromising the feasibility of EO polymer infiltration. The 

modulation region with slot nanostructures, is formed in a hexagonal lattice photonic 
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crystal slab with lattice constant a=385nm and hole diameter d=217nm, which has a total 

length of 308µm. Silicon photonic crystal regions including air holes and slot are fully 

infiltrated by EO polymer with strong EO coefficient (AJ-CKL1/APC)23. Refractive 

index of infiltrated polymer is 1.63 at 1.55µm. Dispersion diagram of the guided mode is 

shown in Figure 4 - 2 (a), which is calculated by 3D plane wave expansion (PWE) 

method. The group refractive index ng of the guided mode as a function of wavelength is 

shown in Fig. 2(b), which shows that ng can exceed 100 when the wavelength is tuned 

close to the band edge of 1569nm. The optical intensity profile ( ) of the guided mode 

at ng=100 is shown in inset of Figure 4 - 2 (b). Figure 4 - 2 (b) also shows in-slot optical 

power weight (Γ) in the total guided mode power. It should be noted that integration of 

75nm slot waveguide into photonic crystal waveguide causes light with low group 

velocity within the defect mode spectrum remain concentrated in the slot, which will 

otherwise penetrate to second or third row of holes without the presence of slot24. With 

lightly doped silicon functioning as electrode, huge electric field can be induced with 

small driving voltage. This design enables ultra-efficient electro-optic interaction within 

EO polymer infiltrated slot. To effectively couple light into slow light region, a photonic 

crystal taper from W1.08 to W1.0 is designed to minimize the group index mismatch 

between strip waveguide and slow light photonic crystal waveguide25, as shown in Figure 

4 - 1. 

2E
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Figure 4 - 1. Schematic of the input strip waveguide, optical mode converter, photonic crystal taper, and 

modulation region. 

 

Figure 4 - 2. (a) Enlarged portion of the dispersion diagram for the guided mode. (b) Group index (ng) and 

normalized in-slot optical power of the guided mode as a function of the optical wavelength. Optical mode 

profile at ng=100 is shown in inset. 
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4.3  Fabrication of Slotted Photonic Crystal Waveguide Modulator 

The hybrid nano-photonic modulator is fabricated on a silicon-on-insulator (SOI) wafer 

with 230nm lightly doped top silicon and 3µm buried oxide (BOX). Details of fabrication 

are described in previous chapter. Figure 4 - 3 (a) shows the fabricated MZI structure 

with gold electrodes. Figure 4 - 3 (b) shows scanning electronic microscopy (SEM) 

image of the silicon photonic crystal slot waveguide. The EO polymer was processed 

using standard methods26 and poled with high electric field of 200V/µm. Figure 4 - 3 (c) 

shows cross sectional view of the 75nm slot infiltrated with EO polymer. Compared to 

other devices with slot width over 120nm18,27, our narrower slot will provide higher 

modulation efficiency at same driving voltage.  

 

Figure 4 - 3. (a) Optical microscope picture of the fabricated MZM structure. (b) Scanning electron 

microscopy (SEM) picture showing the enlarged view of the dotted square area in (a). (c) Cross-sectional 

SEM picture take across the dotted line in (b) after covering the entire structure in (a) with AJ-CKL1/APC. 

Complete infiltration of EO polymer into the 217nm air holes and 75nm slot is confirmed. 
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4.4  Transmission Spectrum Testing & Modulation Testing 

To characterize the modulator performance, transverse electric (TE) light from a 

broadband source was butt coupled into the modulator with a polarization maintaining 

tapered lensed fiber. Transmitted light was collected by a single mode lensed fiber and 

analyzed with an optical spectrum analyzer.  We observe a 5nm deviation in the photonic 

band edge at 1569nm compared to plane wave expansion simulation results, which is 

attributed to fabrication errors. A laser source was tuned to 1564.5nm, corresponding to 

the slow light region, where maximum modulation response is achieved. The modulator 

was set at 3-dB point and driven by a 50KHz triangular wave. Modulated optical signal 

was converted to electrical signal through a gain-switchable photo detector.  

 

Figure 4 - 4. Low frequency modulation transfer-function measurement at 1564.5nm wavelength: Upper, 

applied voltage; lower, optical output signal.  The half-wave voltage Vπ is determined by finding the 

difference between the applied voltage at which the optical output is at a maximum and the voltage at 

which the optical output is at the next minimum 
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Figure 4 - 4 shows that the EO polymer nano-photonic modulator has a Vπ  of 1.8V. The 

effective EO coefficient is defined as  

! 33 =
"w

n3V#$L
=

1565nm % 75nm
1.633 %1.8V % 0.37 % 308µm

= 132pm /V
        

Equation 3 

 
, where Γ is the fraction of the total power in the slot. The value of Γ =0.37 is given by 

simulation results in Figure 4 - 4 (b). The device also achieves very high modulation 

efficiency: V! " L = 1.8V # 308µm = 0.56V "mm           Equation 4 

This result is nearly one order of magnitude lower than that reported by Caltech group18. 

high E-O modulation (orange); Photonic band gap and beyond with minimized modulation (gray). 

4.5  Slow Light Enhanced Modulation 

To confirm the dramatic EO modulation enhancement out of slow light effect, all testing 

conditions were fixed and wavelength tuned from 1535nm to 1575nm. The wavelength 

dependence of normalized modulated signal under 1V of driving voltage is plotted in 

Figure 4 - 5, together with normalized optical transmission spectrum of the EO polymer 

nano-photonic modulator. The defect-guided mode of photonic crystal slot waveguide 

occurs from 1538nm to 1567nm. Although optical transmission reaches maximum at 

~1550nm, the normalized modulated signal is only about -45dB. As we tune to longer 

wavelength (Transitional region in Figure 4 - 5), intensity of the modulated signal 

increases dramatically due to slow light enhancement. The maximum modulated signal 

around 1565nm is 23dB higher than in transitional region, where the photo-detector starts 
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to measure sensible modulation response. Above 1566nm, modulated signal decreases 

sharply due to transmission cut-off by photonic bandgap. The modulated signal shows 

strong wavelength dependence and peak enhancement of 23dB near the band edge of 

defect mode, which confirms the signature of the slow light effect. 

 

Figure 4 - 5. Normalized optical transmission (black) and normalized modulated signal (blue) as a function 

of optical wavelength. Four distinct regions are shown in this figure: Normal group velocity region with 

high optical transmission and low modulated signal (blue); Transitional region with gradually decreased 

optical transmission and rapidly increased modulated signal (light orange); Slow light region with relatively 

low optical transmission but extremely 
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4.6  Conclusion 

In summary, we achieved 23dB modulation enhancement of EO polymer nano-photonic 

modulator from slow light effect. The low Vπ·L of 0.56V·mm represents the best figure 

of merit achieved for EO polymer modulator. Such compact and highly efficient nano-

photonic modulator is an ideal candidate for on-chip optical interconnects. It should be 

noted that efficiency from poled EO polymer materials in silicon nano-slot is still lower 

compared to the best results obtained from poling of thin films. Solving issues related to 

high electric field poling of EO polymer in silicon could lead to ultra-compact devices 

with extremely low power operation for applications in dense wavelength-division 

multiplexing (DWDM), phased array antennas (PAA), and photonic analog-to-digital 

converters. 
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Chapter 5 Effective in-Device r33 of 735 pm/V on Electro-Optic 

Polymer Infiltrated Silicon Photonic Crystal Slot Waveguides 

5.1  Introduction 

We design and fabricate a 320nm slot for E-O polymer infiltrated silicon photonic crystal 

waveguide. Due to the large slot width, the poling efficiency of the infiltrated E-O 

polymer (AJCKL1/APC) is significantly improved. When coupled with slow light effect 

from the silicon photonic crystal waveguide, a record-high effective in-device r33 of 

735pm/V is demonstrated, which is ten times higher than the E-O coefficient achieved in 

thin film material. Because of this ultra high E-O efficiency, the VπL of the device is only 

0.44Vmm, which is the best result of all E-O polymer modulators. 

Electro-Optic (E-O) polymer modulators have demonstrated exceptional performances 

for ultra-high bandwidth1 and sub-volt half-wave driving voltage (Vπ)2-5. However, the 

improvement of E-O polymer photonic devices is limited by conventional waveguide 

structures with micrometer feature size. The flourish of silicon nano-photonics, especially 

silicon slot waveguide6 and photonic crystal waveguides7-10, provides a platform for E-O 

polymer integration into nano-meter scale waveguide, for instance, E-O polymer 

infiltrated slot waveguides2,11-14. Nevertheless, the in-slot E-O efficiency is relatively low 

comparing with the r33 value provided by the E-O polymer. In most cases, the in-slot r33 

can only achieve 10~30% of the thin film value. The mechanism that hinders the E-O 

poling efficiency in narrow slot waveguide is not fully understood yet. Recent research 
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has shown that large leakage current during the poling process can degrades the poling 

efficiency15. Using TiO2 modified electrodes15 or new E-O polymer materials (such as 

15% wt AJLZ53/PMMA) with lower conductivity will significantly reduce the leakage 

current, and it can increase the thin film poling efficiency by more than 40%. Recently, 

we demonstrated an E-O polymer infiltrated silicon photonic crystal slot waveguide 

modulator using Mach-Zehnder interferometer (MZI) structure. The device showed the 

lowest VπL of 0.56Vmm and an effective in-device r33 of 132pm/V in the 75nm slot 

waveguide11. These improvements are attributed to the advanced design using silicon 

photonic crystal waveguide, which exploits the slow light effect from the defect mode 

close to the photonic band edge16. Although a high effective E-O coefficient is achieved 

under strong slow light enhancement11, a relatively low modulation response at normal 

light region without slow light enhancement indicates poor E-O poling efficiency. 

Additionally, the fabrication procedures of 75nm E-O polymer infiltrated slot waveguide 

can be challenging both in e-beam lithography and reactive ion etching. It requires 

tremendous efforts to ensure precise control over the designed features and seamless 

infiltration into the sub-100nm slot. 
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Figure 5 - 1. Schematic of the photonic crystal waveguide with 320nm slot and the simulated optical mode 

profile of the guided mode at the photonic band edge 

5.2  Design and Optimization of Wide Slot Photonic Crystal Waveguide 

Modulator 

In this paper, we present the physical insight into the increased poling efficiency achieved 

by wide photonic crystal slot waveguide, and experimentally verify the concept by using 

an MZI structure.  The design principle is based on the fact that wider slot waveguide 

will significantly suppress the leakage current, and thus can increase the poling 

efficiency. Plus, wider slot will greatly relieve the stringent requirements on device 

fabrication. The basic photonic crystal slot waveguide structure is schematically shown in 

Figure 5 - 1. The hexagonal lattice photonic crystal slab waveguide with thickness of 

t=230nm has a lattice constant of a=425nm and hole diameter of d=297nm. To 
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accommodate the wide slot of w=320nm, a W1.3 waveguide (the air hole spacing outside 

of the slot is W=1.3 3  a  )  is chosen. The total length of the photonic crystal slot 

waveguide is 340µm. The silicon photonic crystal regions including air holes and the slot 

are fully covered by polymer materials consisting of a guest host system of 25% weight 

chromophore AJCKL1 into amorphous polycarbonate (APC). The refractive index of the 

infiltrated polymer is n=1.63 at 1.55µm wavelength. The optical intensity profiles (|Ex|2) 

of the guided mode at the band edge (wave vector of π/a) are simulated by three-

dimensional planar wave expansion (3-D PWE) method and are also shown in Figure 5 - 

1. The optical power concentrated in the 320nm slot is around 30% of the total optical 

power, which is very similar to the case of 75nm slot waveguide. Because the guided 

mode penetrates into air holes in slow light regime17, air hole diameter strongly controls 

the dispersion curve of conventional silicon photonic crystal waveguides. For photonic 

crystal slot waveguide, however, slot width w plays a much more important role, because 

the optical power is tightly concentrated in the slot, especially in slow light region. In this 

paper, we investigate the effect of slot width for silicon photonic crystal waveguide. 

Figure 5 - 2 shows the simulated band diagrams of photonic crystal slot waveguides with 

different slot widths in conjunction with 2-D cross sectional views of the optical intensity 

profiles of the guided modes at the photonic band edges.  Although wider slot is good for 

suppressing the leakage current, the slot cannot be arbitrarily wide. In Figure 5 - 2 (b), the 

slot mode profile becomes spindlier as the slot width increases, which means that the slot 

mode inclines to be decoupled into two separate waveguide modes. Additionally, large 

slot width is detrimental to E-O modulation since the electrodes separation is increased. 
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Therefore, we believe 300~350nm slot width with 30% in-slot power is the optimized 

design for E-O polymer infiltrated silicon photonic crystal modulator. 

 

Figure 5 - 2. Photonic band diagrams and optical mode profiles of the photonic crystal slot waveguides 

with slot width from 50nm to 425nm 

5.3  Fabrication and Poling 

The fabrication procedures of the nano-photonic modulator are described in previous 

chapter. Figure 5 - 3 shows the scanning electronic microscopy (SEM) image of the 
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silicon photonic crystal slot waveguide. After infiltrating AJCKL1/APC, the sample is 

heated to the glass transition temperature (Tg=145°C) of the guest/host polymer while 

86V/µm poling field is applied. The poling voltage is kept constant during the whole 

poling process. At the glass transition temperature, the chromophore molecules are free to 

move; therefore, it can be non-centro-symmetrically aligned with the poling field. Upon 

reaching the glass transition temperature, the sample is then cooled down to the room 

temperature, and the poling voltage is switched off, and thereby it freezes the aligned 

molecules of the chromophore. The leakage current as well as the heater temperature 

during the poling process is monitored in situ as shown in Figure 5 - 5 for the 75nm and 

320nm photonic crystal slot waveguide. The peak current for the 75nm slot is 4.5×10-8A, 

while it is only 6.2×10-10A for the 320nm slot.  If we assume the leakage current only 

goes through the slot waveguide, and with a cross sectional area of 340µm×0.23µm, the 

current density of the E-O poling process is 575A/m2 and 7.9A/m2 for the 75nm and the 

320nm slot, respectively. Comparing with the typical 1~10A/m2 leakage current of thin 

film AJCKL1/APC15, the 320nm slot device shows comparable leakage current density. 

Therefore, poling efficiency similar to thin film is expected. This significant change of 

leakage currents as a function of the slot width deserves further investigation, in which 

the device dimension and the silicon/polymer interface are two of the key parameters in 

affecting the materials’ conduction mechanism under the poling condition. 
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Figure 5 - 3. SEM picture of the 320nm wide silicon photonic crystal slot waveguide with input strip 

waveguide, optical mode converter and photonic impedance taper  (b) Leakage current during the poling 

process for the 75nm and the 320nm photonic crystal slot waveguide infiltrated with AJCKL1/APC 

 

Figure 5 - 4. Low frequency modulation measurements showing a low Vπ of 1.3V for the E-O polymer 

nano-photonic modulator with 340µm modulation arm 
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Figure 5 - 5. Leakage current during the poling process for the 75nm and the 320nm photonic crystal slot 

waveguide infiltrated with AJCKL1/APC 

5.4  Optical Testing, Results, and Discussion 

In the measurement, the output of the laser source is tuned to 1539nm wavelength, where 

maximum modulation response is achieved. The E-O polymer nano-photonic modulator 

was driven by a 100 KHz triangular wave with a peak-to-peak voltage Vpp of 1.7V. The 

total optical insertion loss (lensed fiber in, lensed fiber out) is 23dB, including 8dB/facet 

fiber-waveguide coupling loss. The waveform from a digital oscilloscope in Figure 5 - 4 

shows that over modulation occurs at 1.3V, which is the Vπ of the E-O polymer nano-

photonic modulator. The effective in-device E-O coefficient is calculated as 
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In this equation, Γ is the ratio of the optical power that has interactions with the electric 

field. The value of Γ =0.35 is chosen after the consideration that the top cladding E-O 

polymer layer can also contribute to E-O modulation. The r33 value of the poled 

AJCKL1/APC films with 25wt% of chromophore loading is 90pm/V at 1.3µm, which is 

measured by Teng-Man reflection technique. This value corresponds to 70-75 pm/V at 

1.55µm based on the two-level model approximation18. Comparing with the thin film r33 

value, our effective in-device E-O efficiency is enhanced by almost ten times. Usually the 

in-device r33 of E-O polymer modulators is lower than that of the thin film material. This 

extraordinarily high r33 value proves the combined enhancement of slow light effect and 

an increased poling efficiency.  

The nano-photonic modulator also achieves very high modulation efficiency with 

V! !L =1.3V " 340µm = 0.44V !mm                 Equation 6 

This VπL shows 22% improvement over the 0.56Vmm VπL as compared to the result 

achieve in 75nm slot photonic crystal waveguide, which is the best VπL that has ever been 

reported.  
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Figure 5 - 6. Group indices and optical transmission curves of the E-O polymer infiltrated silicon photonic 

crystal slot waveguide (a) 320nm slot and (b) 75nm slot 
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5.5  Comparison on Wide Slot and Narrow Slot: Poling Efficiency and 

Slow Light Enhancement 

To effectively evaluate the poling efficiency of the E-O polymer inside the photonic 

crystal slot waveguide, we calculate the group indices of the 320nm and 75nm photonic 

crystal slot waveguide in Figure 5 - 6 (a) and (b). The experimentally measured optical 

transmission curves of these two devices are shown as well.  At the working wavelengths 

of these two devices, the group indices are 36 and 35 in Figure 5 - 6 (a) and (b). The slow 

down factor S of the devices are given as19: 

φ

φ

n
n

v
v

S g

g

==               Equation 7 

While nφ is the effective phase index of the waveguide. Considering the field distribution 

of 30% optical power in E-O polymer and 70% in silicon, nφ is approximately 2.9 

(3.46 ! 70%+1.63! 30% = 2.911) . This gives the S of 320nm and 75nm photonic crystal 

slot waveguide around 12.4 and 12.1, respectively.  Given the slow light enhanced 

effective r33 of 735pm/V and 132pm/V for the two devices, we can conclude that the 

material r33 from E-O poling is 59pm/V for 320nm slot, and 11pm/V for 75nm. The E-O 

poling efficiency is improved by five times due to the increased slot width. 
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5.6  Summary 

In summary, we have achieved 735pm/V effective in-device r33 and 0.44Vmm VπL , all 

of which are the best results that have ever been reported. These improvements are 

attributed to the increased poling efficiency of the E-O polymer inside the 320nm 

photonic crystal slot waveguide. The material r33 is calculated to be 59pm/V by excluding 

the slow light enhancement factor. As a comparison, the 75nm slot only achieves 11pm/V 

material r33. This improvement is also confirmed by the reduced leakage current from 

575A/m2 to 7.9A/m2 during the poling process.  By further optimizing the silicon/organic 

interface and poling process with more efficient E-O polymer, we expect more significant 

improvement in device performance of the E-O polymer infiltrated silicon photonic 

crystal slot waveguide.  It can ultimately lead to an ideal platform of ultra-compact and 

low driven voltage nano-photonic modulators for the emerging technology of on-chip 

optical interconnects.  
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Chapter 6 Silicon Nanomembrane Based Photonic Crystal 

Waveguide Array for Wavelength-Tunable True-Time-Delay 

Lines  

6.1  Abstract 

We demonstrate a four-channel on-chip true-time-delay module based on a photonic 

crystal waveguide array. Using the photonic crystal taper to minimize the coupling loss, 

the delay lines with 1~3mm long photonic crystal waveguides can operate up to a group 

index ng~23 without significant loss. The large group velocity dispersion enables 

continuous and wavelength-tunable time delays. Measurements show a highly linear 

phase-frequency relation, highest time delay up to 216.7ps, and large tuning ranges of 

58ps, 116ps, and 194ps for 1~3mm delay lines. The chip-scale TTD module occupies 

only 0.18mm2 area and can provide ±44.34° steering for an X-band phased-array-antenna 

(PAA). 

6.2  Introduction  

Photonic crystal waveguides (PCWs) offer strong optical confinement and slow light 

enhanced interactions, which enable realization of many miniaturized and highly efficient 

devices such as hybrid silicon modulators1-9, electro-optic modulators based on carrier 

effect10-18, thermo-optic modulators19-21, optical switches22, on-chip environmental 

sensors for underground water pollution detection23, gas sensors for green house gas 
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detection24, and bio-sensors25. It is possible to engineer the band structure of the PCWs in 

order to achieve high dispersion and high group index simultaneously26. Such high 

dispersion and slow-light PCWs will greatly benefit the development of lightweight and 

compact systems.  Specifically, for applications requiring strict control on payload, such 

as phased array antenna (PAA) systems27 in air-borne platforms, such miniaturized 

systems can enhance functionality while maintaining a minimum form factor. It is well 

known that photonic true-time-delay (TTD) systems enable broadband operation of PAA 

due to their inherent characteristic of providing a linear response of phase-frequency 

relationship across the entire operating bandwidth of the radio-frequency (RF) signal28. 

Furthermore, utilization of PCW TTDs can offer significant reduction in device footprint 

when operating in the high group index region. A TTD module based on PCW devices 

shall provide large bandwidth, small footprint, and tunable time delay. 

In this paper, we explore the utilization of a slow-light PCW for application in an X-Band 

TTD module. In this application, where large delay time is highly desired, long PCWs 

with lengths in mm range are often required. However, the large insertion loss of PCWs 

can be a prohibitive factor for building such long-length TTD devices. While the 

propagation loss can be minimized with better etch processes and post-etching oxidation 

treatment29, minimizing coupling loss requires a special design to achieve a better mode 

matching at the strip waveguide-PCW interface30,31. Previous demonstrations have 

achieved 80ps time delay with a 4mm long PCW when operated at group index 

ng=12.532. In the work reported herein, we use a photonic crystal waveguide taper31 to 

minimize coupling loss, which allows the delay lines to operate at a much higher group 
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index ng~23 that delivers much higher delay time with shorter physical length. Using the 

four-channel PCW array integrated with a 1x4 multimode interference (MMI) coupler, 

we experimentally demonstrate the first chip-scale integrated TTD module with three 

continuously tunable true time delays covering the ranges of (6.72,64.96), (10.56,126.31), 

and (22.54,216.66) ps.  

 

Figure 6 - 1. (a) Microscope picture of the TTD beamformer based on a 1*4 MMI and PCWs. (b) SEM 

picture of the enlarged view of the 1*4 MMI power splitter. (c) Enlarged view of the S-bends that increase 

the waveguide separations. (d) and (e) SEM pictures of the PCW region containing photonic crystal taper 

and slow light PCW region.  
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Figure 6 - 2. (a) Simulation of the field profile of a 1*4 MMI (b) MMI output at 1550nm imaged by top 

view IR camera. 

6.3  Design of A Chip Scale True-Time-Delay Module 

The micrograph of the PCW TTD module is shown in Figure 6 - 1 (a). The optical input 

power is uniformly divided into four channels using a 1x4 multimode interference (MMI) 

beam splitter, which has a width and length of 16µm and 117.7µm, respectively. The 

input and output access waveguides widths are 2.5µm on a 230 nm silicon 

nanomembrane on a silicon-on-insulator (SOI) wafer, which has been optimized for high 

MMI performance33. The FIMMPROP Eigenmode decomposition based simulation result 

of TE polarized light propagation inside the MMI at λ=1.55µm is shown in Figure 6 - 2 

(a). Each channel consists of carefully chosen lengths of silicon strip waveguides and 

PCWs31, such that at any given wavelength within the bandwidth of interest, a constant 

time delay difference is setup between adjacent channels. Channel-1 contains a 5mm-
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long silicon strip waveguide and no PCW, and is chosen as a reference line. Channels-2, 

3, and 4 contain 4mm, 3mm, and 2mm silicon strip waveguides and 1mm, 2mm, and 

3mm-long PCWs, respectively, with identical PCW parameters. When the operating 

wavelength λ is tuned, this configuration creates proportional relative time delay 0, ! , 

2! , and 3!  in channels-1~4, respectively. Note that since a different iτ  time delay 

difference is achieved for different tuning wavelength λi, the time delay profiles can 

provide appropriate phase distribution at the output for operation in a PAA. Scanning 

electron micrographs of the 1x4 MMI and the waveguide splitting section for four 

channels are shown in Figure 6 - 1 (b) and (c), respectively. The enlarged view of the 

slow light PCWs and the PCW taper regions are shown in Figure 6 - 1 (d) and (e), 

respectively. 

In our design, the lattice constant (a), hole diameter (d), and slab thickness (h) of the W1 

PCWs are chosen as 405nm, 190nm, and 230nm, respectively so that the PCWs support a 

guided mode covering 1533~1573nm. Detailed design parameters are covered in our 

previous work31. To minimize the coupling loss into the slow light PCW, we utilize two 

photonic crystal tapers at the strip-PCW interfaces31. These structures significantly 

improve the matching of the two different waveguide modes and reduce coupling loss. 

Such a design enables operation in the high-group index region near the band-edge, 

which gives much larger delay time and faster tuning based on wavelength tuning. 
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6.4  Fabrication 

The on-chip TTD module is fabricated on a Unibond SOI wafer with a 250 nm top silicon 

layer and a 3µm buried oxide (BOX) layer. First, a 45 nm of thermal oxide is thermally 

grown as an etching mask for pattern transfer. Then, MMI power splitter, PCWs, 

photonic crystal tapers, and strip waveguides are patterned in one step with a JEOL JBX-

6000FS electron-beam lithography system followed by reactive ion etching.  

6.5  Measurements on Transmission Spectra and Phase-Frequency 

Relations 

The TTD module is tested on a Newport 8-axis precision automated alignment station, 

which has a 10nm horizontal alignment accuracy and 5nm vertical alignment accuracy. In 

order to measure the output characteristics of the fabricated device, light from a 

broadband laser source is TE polarized and coupled to the TTD module through a 

polarization maintaining lensed fiber. The output signal from the TTD module is 

collected using single mode lensed fibers. The output power uniformity of the 1x4 MMI 

splitter is characterized first. The infrared (IR) image of the 1x4 MMI output at 1550nm 

taken using a top down IR camera is shown in Figure 6 - 2 (b). According to the 

measurement data, the power fluctuation of the 1*4 MMI is within 8%, which is 

reasonable given the fabrication tolerance.  
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Figure 6 - 3. Transmission spectra of the channels containing 1~3mm PCWs. 

Transmission spectra of the channels containing PCWs were also characterized to 

identify the transmission bands of the PCWs experimentally. Note that the measurement 

data were taken from integrated devices, i.e. the transmission through MMI and PCWs. 

Transmission spectra for channel-2~4 are shown in Figure 6 - 3, which clearly show 

overlapping transmission bands from 1533nm to 1573nm. Each set of data is composed 

of 1200 data points to ensure good accuracy, and the results for each of the channels from 

2~4 were normalized to the transmission of the strip waveguide channel. The coupling 

loss of PCWs is significantly reduced due to the implementation of PCW tapers. The 

highest transmission point is -2.68dB for channel-2, which contains 1mm long PCW. The 

increasingly large fluctuation in the transmission spectra for longer PCWs channels are 
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mainly due to the propagation loss from the fabrication related imperfections in the 

PCWs. 

 

Figure 6 - 4. (a) A schematic of the measurement setup of a PCW-based TTD module. Measurement results 

of phase vs. frequency relation for (b) channel-2, (c) channel-3, and (d) channel-4. Measurement results 

were normalized to the strip waveguide (channel-1). The horizontal line (black) in (b), (c), and (d) 

represents the normalized phase shift of channel-1. 

The schematic of the measurement setup is shown in Figure 6 - 4 (a). In order to measure 

the time delay from the TTD lines, a X-band (8-12GHz) RF signal from an HP8510C 

vector network analyzer (VNA) is modulated onto an optical carrier from a tunable 
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continuous wave laser by a LiNbO3 modulator. The output of the modulator is coupled to 

the on-chip TTD module using the same method used to characterize the transmission 

spectra of TTD channels. A photodetector (PD) covering the X-band frequency range is 

used to convert the modulated optical signal to an electrical signal, which is then 

amplified using an X-band RF amplifier and fed back to the network analyzer. The phase 

vs frequency relationship of all the channels is measured on the network analyzer. Due to 

the strong fluctuation in transmission spectra below 1545nm and above 1572nm, time 

delay measurements were only performed between 1545nm and 1572nm to avoid strong 

optical loss. The measurement results are shown in Figure 6 - 4 (b)~(d). The phase-

frequency results are normalized to the strip waveguide channel (channel-1) using VNA 

to show the relative phase change. Highly linear phase-frequency relation is seen in all 

the channels, which clearly shows the signature of true time delay. This characteristic is 

critical to have a wide band phased array antenna without beam squint effect covering the 

whole X-band (8 to 12.5 GHz)34. The time delay (! ) in the PCWs is derived from a 

linear regression fit following the relation! = !" !" , where !"  represents the changes 

of phase in the measurement frequency range !! . Accordingly, the maximum time 

delays obtained are 64.96ps, 126.31ps, and 216.66ps for channels-2, 3, and 4, 

respectively. The wavelength-tunable time delay results are summarized in Figure 6 - 5. 

When external tunable delay lines are used to offset the time delay difference between 

adjacent delay lines, this TTD module can provide a steering angle from -44.34 degree to 

44.34 degree if wavelength is tuned from a central wavelength λ0=1558.5nm for an X-

Band PAA with inter-element spacing of 1.25cm. Further system demonstration 
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containing a real X-band phased array antenna is under investigation and further results 

will be presented in the near future. 

 

Figure 6 - 5. Wavelength-Tunable Time Delay for all four channels 

6.6  Conclusion 

In conclusion, we experimentally demonstrate a chip-scale four-channel TTD module 

based on slow light photonic crystal waveguides. The implementation of photonic crystal 

waveguide tapers enables device operation in the high group index region near the band 
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edge, thus allowing access to much larger time delays. The integrated TTD module offers 

continuous wavelength tunable time delays up to 216.7ps for a PCW with a length of 

3mm. Further optimization of the interfaces between MMI and PCWs can lead to lower 

optical loss, and better signal quality. The utilization of even longer PCW channels can 

cover time delays up to 1ns, which can accommodate more delay line channels and give 

better directivity. Such a compact device can be implemented in a broadband PAA 

system in order to achieve large steering angles within the whole X-band. 
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Chapter 7  High dynamic range electric field sensor for 

electromagnetic pulse detection  

7.1 Abstract 

We design a high dynamic range electric field sensor based on domain inverted electro-

optic (E-O) polymer Y-fed directional coupler for electromagnetic wave detection. This 

electrode-less, all optical, wideband electrical field sensor is fabricated using standard 

processing for E-O polymer photonic devices. Experimental results demonstrate effective 

detection of electric field from 16.7V/m to 750KV/m at a frequency of 1GHz, and 

spurious free measurement range of 70dB. 

7.2 Introduction: Electromagnetic Wave Sensors 

There has been rapidly increasing interest in electric field (E-field) sensors during last 

decades 1-4. Electro-magnetic (EM) wave measurement has played a crucial role in 

various scientific and technical areas, including process control, E-field monitoring in 

medical apparatuses, ballistic control, electromagnetic compatibility measurements, 

microwave-integrated circuit testing, and detection of directional energy weapon attack. 

Conventional EM wave measurement systems use active metallic probes, which can 

disturb the EM waves to be measured and make the sensor very sensitive to 

electromagnetic noises. Photonic E-field sensors exhibit significant advantages with 

respect to the electronic ones due to their smaller size, lighter weight, higher sensitivity, 
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and extremely broad bandwidth. Because of these exclusive merits, photonic E-field 

sensors based on integrated optical devices and optical fibers have emerged in the last ten 

years 2,3,5,6. These photonic E-field sensors using Mach-Zehnder (MZ) interferometer or 

ring resonator, however, are facing a significant challenge in its spurious free dynamic 

range (SFDR) for high fidelity measurement of the EM waves. For example, the inherent 

nonlinear distortion resulted from the sinusoidal transfer curve make the linearity of a 

conventional MZ interferometer only to be about 70% 7, which is too small for the EM 

wave measurement with large dynamic range. A more important feature is that MZ 

interferometer designs are bias sensitive. The sinusoidal transfer function between the 

optical output power versus the drive voltage requires the bias point setting at the half 

power point, where maximum linear dynamic range can be provided. The optimum bias 

point could drift slowly due to charging effects 8, ambient changes such as the variation 

of temperature, optical power, and wavelength shifts 9. 

7.3 Design of Polymer Y-Fed Directional Coupler Waveguides 

In this paper, we present the design and experimental results of a photonic E-field sensor 

based on domain inverted E-O polymer Y-fed directional coupler for electromagnetic 

wave detection. The Y-fed directional coupler was originally proposed as a linear E-O 

modulator for RF photonic communication system to achieve a large SFDR 10. In the 

following years, more in-depth theoretical investigation was published on how the 

linearity of a Y-fed directional coupler can be improved by optimizing the lengths and 

number of the domain inverted sections 11, and experimental results with significantly 
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suppressed inter-modulation distortion signals and enhanced SFDR were successfully 

demonstrated 12,13. We follow the same token of the design principle as our previous 

work on E-O polymer linear modulator in this paper, but with the removal of the bottom 

and top electrode to sense the electric field in the free space.    

 

Figure 7 - 1. (a) Schematic of the photonic electric field sensor based on domain inverted E-O polymer Y-

fed directional coupler (b) Cross sectional view of the directional coupler waveguide with equivalent 

domain inversion 

The schematic of the photonic E-field sensor is shown in Figure 7 - 1 (a). One input 

waveguide branches into a pair of symmetric waveguides that are optically coupled with 

each other. Because of the symmetry, equal optical power with the same phase is 

launched into the coupled waveguides and, hence, the operating point is automatically set 

at the 3 dB point without any bias voltage. Phase modulation (Δβ) reversal can be 

realized by poling the E-O polymer waveguide using a lumped electrode that alternately 

zigzags from one waveguide to the opposite waveguide in the two domains, with cross 

sectional view shown in Figure 7 - 1 (b). This configuration creates an equivalent Δβ 
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reversal without domain-inverted poling of the E-O polymer waveguide. After removing 

the poling electrode, the uniform electric field from free space (far field pattern with 

wavelength much longer than the E-field sensor dimension) will induce equal phase 

modulation with reversed polarity. The key design parameters such as the E-O polymer 

waveguide dimension and the length of the inverted domains exactly follow those in 12,13. 

7.4 Fabrication of Electric Field Sensors 

The photonic E-field sensors are fabricated on silicon wafer carrier. The bottom cladding 

polymer (UV-15LV) is spin coated and cured to obtain a 3.5µm film. Ridge waveguide 

structures are formed by etching 0.42µm × 5µm trench using reactive ion etching (RIE), 

and then followed by spin-coating a 1.8µm-thick EO polymer layer (excluding the ridge 

depth). The E-O polymer core layer is made by doping AJ-CKL1 chromophore into 

amorphous polycarbonate (APC) with 25% weight percentage and then dissolved in 

cyclopentanone. The solution phase E-O polymer can be spun-on to any substrate and has 

demonstrated excellent capability to fill narrow trenches 14,15, which offers great 

processing simplicity. In the next step, another polymer layer (UFC-170A) is coated on 

top of the E-O polymer layer and cured to serve as the top cladding. Electrodes for poling 

are patterned by photolithography, metal deposition, image reversal and lift off. During 

the poling process, the sample is heated up to the glass transition temperature (Tg) of E-O 

polymer (Tg=135°C) under a strong DC poling electric field (100V/µm) between the 

poling electrode and the bottom silicon substrate to align the dipole moment of the E-O 

polymer molecules. Upon reaching the glass transition temperature, the heater is switched 
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off and the sample is naturally cooled down to room temperature under the same DC 

electric field. This process freezes the aligned E-O polymer molecules, which preserves 

electro-optic response of the E-O polymer film without the presence of poling electric 

field. After poling, the poling electrode is removed by metal etchant. Finally, the 

photonic E-field sensor devices are diced and polished to for characterization. 

7.5 Measurements of The Electric Field Sensor 

The fabricated photonic E-field sensors are tested under a microstrip transmission line 

that can generate electric field at RF frequency in a direction that is perpendicular to the 

directional coupler waveguides. The characteristic impedance of the microstrip line is 

experimentally measured to be 55.6-j5.4 without the insertion of the EM wave sensor and 

55-j4.9 with the insertion of the EM wave sensor at 1GHz. The testing setup is shown in 

Figure 7 - 2. The input optical signal coming from a tunable laser source with TM 

polarization is butt-coupled to the directional waveguide using a polarization maintaining 

single mode fiber. The output optical signal is collected using a single mode fiber at one 

branch of the directional waveguide. The measured insertion loss is around 21dB, which 

corresponds to 6dB propagation loss and 7.5dB/facet coupling loss, respectively. When 

the RF electrical signal is guided on the microstrip line, it generates electrical field that 

oscillates in the vertical direction that can modulate the refractive index of the E-O 

polymer. Similar to an electro-optic modulator for optical communication application, 

this modulation in refractive index induces the modulation of the output optical signal, 

which can be detected with a high-speed avalanche photodiode and analyzed with a 
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microwave spectrum analyzer. It is worth noting that the insertion of the EM wave sensor 

can slightly enhance the electric field by ~9%. The uniformity of the electric field under 

the microstrip line is almost unaffected. Also, due to the difference of the dielectric 

constant between polymer (εr~3.2) and air (εr=1), the electric field in the polymer layers 

is ~31% of that in the air. 

In our experiment, we use 1GHz RF wave as the simulant electric field. The photonic E-

field sensors are expected to sense EM waves with much higher frequency in free space 

(limited by the silicon substrate absorption); however, the microstrip line that we use in 

our testing setup has significant limited bandwidth due to the skin effect and dielectric 

absorption. The response from the photonic E-field sensor is shown in Figure 7 - 3 with 

20dBm RF input power. The photonic E-field sensor shows optical response at the same 

frequency with 35dB signal to noise ratio (SNR). 
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Figure 7 - 2. Testing setup for the photonic E-field sensor with the microstrip line that generate vertical 

electric field, polarization maintaining single mode fiber for input coupling, and single mode fiber for 

output coupling. The microstrip line is connected to a RF source with an SMA cable on one end and 

terminated with a 50ohm terminator on the other end to avoid reflection 

To test the sensitivity of the photonic E-field sensor, the input RF power is gradually 

decreased until the sensing signal from the sensor is buried under the noise level. The 

signal intensity of the photonic E-field sensor is plotted against the input electric field 

intensity as shown in Figure 7 - 4. The electric field E inside the microstrip line can be 

calculated from the input RF power (Pin) 16: 

E
!"
= 2 !Pin !Z0 , where Z0 is the characteristic impedance of the microstrip line.   
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The measurement shows that the minimum detectable electric field is found to be 

16.7V/m. In our experiment, we measured the electric field up to 550V/m. This is NOT 

the upper sensing limit of sensor, but simply due to the fact that our RF power source has 

a maximum output of 20dBm. The variation of the measured curve in Figure 7 - 4 is 

attributed to the instability of optical coupling and laser power fluctuation. 

 

Figure 7 - 3. The response of the photonic E-field sensor with 20dBm RF input power at 1GHz. 

In order to determine the maximum electric field the device can sense, we measured 

another photonic E-field on the same chip without removing the poling electrode on top. 

By this means, we can apply the driving voltage across a very narrow gap (~8µm) to 

generate a much stronger electric field. The photonic E-field sensor shows over 

modulation at 6V, which corresponding to an electric field intensity of 750KV/m. Taking 
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consideration of the sensible electric field E from 16.7V/m to 750KV/m, and the 

Poynting vector of the EM wave is given by S = 1
2
!0!rcE

2 , this corresponds to a power 

range from 1.04W/m2 to 2.09×109W/m2, which is as large as 93dB dynamic range. To 

measure the noise free dynamic range of the photonic E-field sensor, we use two tone RF 

signals (100KHz and 105KHz) to drive the sensor with top electrode. It shows the 

maximum noise free dynamic range of 70dB, which is shown in Figure 7 - 5. This result 

would be of high significance for high fidelity measurement of the EM waves. 

 

Figure 7 - 4. Response from the photonic E-field sensor as a function of the electric field. 
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7.6 Conclusion 

In conclusion, we have successfully demonstrated electric field sensor based on domain 

inverted electro-optic (E-O) polymer Y-fed directional coupler for electromagnetic wave 

detection. The sensor can detect electric field from 16.7V/m to 750KV/m, corresponding 

to EM waves with large dynamic range of power from 1.04W/m2 to 2.09×109W/m2 . 

The fabricated photonic E-field sensor also achieves a noise free dynamic range of 70dB. 

Further optimization of E-field sensor through fine tuning the fabrication processes, 

improving the poling efficiency, and reducing the optical waveguide loss should allow 

better performance in sensitivity. 

 

Figure 7 - 5. The photonic E-field sensor shows a noise free dynamic range of 70dB. 
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Chapter 8 On-chip spot size converter for fiber to chip 

coupling 

8.1   Introduction 

In many photonic devices, interface problems are normally the most difficult ones to 

address. A good example of this issue is the strip waveguide-photonic crystal waveguide 

interface. Without a properly designed interface, large mode profile mismatch and group 

index mismatch will cause strong back reflection and scattering, resulting in a very high 

coupling loss. In order for a silicon photonic integrated circuit to be implemented in any 

commercial optical communication or sensor systems, it is necessary to have good 

coupling efficiency to a fiber. However, there exists a strong optical mode profile 

mismatch between a silicon waveguide and an optical fiber. Because of the high index 

contrast in a silicon waveguide, the cross section for such a waveguide is only 230nm by 

500nm. By contrast, a single mode optical fiber has a diameter around 9 microns. As a 

result, this geometrical mismatch causes strong optical mode mismatch, which are shown 

in Figure 8 - 1. At a fiber-silicon waveguide interface, the small mode overlap between 

the guided modes makes the optical coupling from an optical fiber to a silicon waveguide 

very inefficient.  

To address this issue, many approaches was proposed and implemented. These include 

grating couplers1-4 and on-ship spot size converters based on inverted tapers5-10. It has 

been reported that 31% coupling efficiency is achieved using grating coupler1. Adding a 
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gold bottom mirror to the SOI substrate has improved the coupling efficiency to 69%3. 

Non-uniform grating fabricated using the lag effect in a etch process also shows 64% 

efficiency4. To increase the tolerance of etch process control, a photonic crystal grating 

using fully etched grating was also demonstrated with 42% peak coupling efficiency. 

 

Figure 8 - 1. Optical mode profiles for a single mode fiber and a single mode silicon waveguide with 

230nm 

Although optical coupling are much more efficient with grating couplers, good coupling 

efficiency is polarization and wavelength dependent. By contrast, an on-chip spot size 

converter does not suffer from these restrictions. A schematic of an on-chip spot size 

converter is shown in Figure 8 - 2. Such structure utilizes an inversely tapered silicon 

waveguide and a low index waveguide on top of silicon waveguide to significantly 
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reduce the confinement and increase the mode size6,7,9,10 when the width of the silicon 

waveguide is reduced. This results in a loosely confined mode with a mode size that 

matches that of a optical fiber. In our study, we choose SU-8 photoresist to form the low 

index waveguide due to several reasons. First, SU-8 can be pattern easily with 

photolithography or electron-beam lithography. Second, SU-8 is highly transparent near 

1550nm. Third, SU-8 is mechanically and chemically stable under room temperature 

after it is cross-linked. Finally, the refractive index (n) of SU-8 is 1.575 at 1550nm, 

which can form a waveguide with air cladding (n=1). It can also serves as cladding 

material for silicon waveguide (n=3.47). These characteristics make SU-8 a very good 

material for a proof of concept experiment. 

 

Figure 8 - 2. Schematic of the on-chip spot size converter made of a silicon nanotaper (n=3.47) and a 

polymer waveguide (n=1.575) 
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8.2  Design of on-chip spot size converter 

A mode conversion process in the spot size converter is illustrated in Figure 8 - 3. At the 

end of a silicon nanotaper with 50nm silicon width, the TE guided mode is mostly 

confined in SU-8 waveguide region as shown in Figure 8 - 3 (a). The dimension of the 

SU-8 waveguide is chosen to be 3µm by 3µm to mode match with a lensed fiber. At the 

fiber interface, input light from a fiber will excite a waveguide mode in the SU-8 

waveguide with small optical loss. Moving away from the fiber interface, the width of the 

silicon nanotaper increases gradually from 50nm to 500nm within 500µm distance. As 

the width of the silicon nanotaper increases, the guided mode will gradually couple to the 

high index silicon at the bottom of the SU-8 waveguide. When the width of the silicon 

taper reaches 500nm, light becomes mostly confined in the silicon waveguide. As a 

result, the SU-8 structure no longer works as a waveguide; instead, it becomes a cladding 

layer for the single mode silicon waveguide. This phenomenon is shown in a series of 

pictures from Figure 8 - 3 (a) to (f).  
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Figure 8 - 3. Transverse electric (TE) optical mode profiles for silicon nanotapers at 1550nm wavelength 

with (a) 50nm to (f) 500nm width. The height of the silicon nanotaper is determined by the thickness of the 

silicon slab (230nm). 

8.3  Fabrication of the on-chip spot size converter 

The fabrication of the silicon nanotaper shares identical processing steps with slotted 

photonic crystal waveguide modulators as described in Chapter 5. The SU-8 polymer 

waveguide can be made with a standard photolithography using EVG620 mask aligner in 

microelectronic research center cleanroom.  

The first step is to spin SU-8 2005 on SOI chip with 8000rpm for one minute, followed 

by a soft bake at 95 degree C on a hotplate for 2minutes. This creates a SU-8 film with 
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~4.7µm thickness. The second step is to UV expose the SU-8 film for 6.5 seconds on the 

EVG620 mask aligner, followed by a post exposure bake on a hotplate at 95 degree C for 

three minutes. The exposed SU-8 will start to cross-link after 30~40 sec of baking and the 

pattern will show up accordingly. After the chip is cooled down to room temperature, it 

should be developed for one minute in SU-8 developer followed by one-minute IPA 

rinse. Finally, the chip is hard baked at 160 degree C for 10 minutes for the SU-8 resist to 

cross-link. After the SU-8 is cross-linked, it becomes a permanent structure that works as 

an optical waveguide. 

8.4  Measurement and discussion 

Measurements were first performed on SU-8 waveguides fabricated on SOI chip with top 

silicon layer removed. The testing procedure and equipment are identical to Chapter 3. 

The same SU-8 waveguide before and after baking are both tested for comparison. 

Measurement results and the microscope pictures are shown in Figure 8 - 4. 



102  

 

Figure 8 - 4. Measurement result of the transmission spectra for the same SU-8 waveguide before and after 

baking. The insets show the top view of SU-8 waveguides before and after baking. The insets on the right 

shows the screen shots of the power meter that display the total power collected at the output fiber. 

The measurement results show that it is possible to achieve a broadband coupling with 

moderate insertion loss. The lowest insertion loss is around 5dB at 1590nm. The 

fluctuations in the transmission spectrum are mainly due to Fabry-Perot effect at a fiber 

and chip facet interface. Note that the SU-8 waveguide geometry is not yet optimized, 

and it is 7.5µm wide and 4.3µm high. This non-optimized geometry causes optical mode 

mismatch at the SU-8 and fiber interface and increases insertion loss. With further 

process optimization, it is expected to get lower insertion loss performance. 
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Figure 8 - 5. Transmission spectrum of a silicon strip waveguide from one of the four channels of a 1x4 

MMI. Spot size converters are included in both input and output. 

The testing result of using spot size converters on all four channels of the TTD module is 

shown in Figure 8 - 5, and the microscope picture of the output is shown in the bottom 

panel. The result shows a minimum insertion loss around 5dB, which includes the 
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coupling loss between fiber and SU-8 waveguide and propagation loss in 8mm long 

silicon waveguide. Compare to the best result in the literature, which has 1dB/facet 

coupling loss, our result shows higher insertion loss. This is mainly due to the 

misalignment of SU-8 waveguide on top of silicon nanotaper and the bending of silicon 

nanotaper tip that make the mode conversion process in the silicon nanotaper region less 

efficient. The bending of silicon nanotaper tip issue is caused by the bending of e-beam 

resist pattern during development process, and it is transferred to the silicon layer during 

subsequent etching processes. The silicon nanotaper tip has 100nm tip width and the 

resist thickness is around 300nm. During development process, the tip structure with high 

aspect ratio formed on e-beam resist tends to collapse. Therefore, it is often necessary to 

reduce the pattern aspect ratio at the tip region of silicon nanotaper. This problem can be 

solved by using diluted ZEP520A, which can give 131nm-thick resist layer and 

significantly reduce the aspect ratio at the silicon nanotaper tip. With further process 

optimization to eliminate the bending of silicon nanotaper, we expect further reduction of 

insertion loss using the spot size converter we designed. 

8.5  Conclusion 

In conclusion, we have shown the design and experimental results as a proof of concept 

for a low loss and broadband on-chip spot size converter that can significantly reduce the 

insertion loss between a optical fiber and a silicon photonic chip. This structure will 

create a better interface between a fiber and a silicon photonic chip, and help drive the 
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implementation of silicon photonics technology in areas such as optical communications 

and sensors. 
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Chapter 9 Suggested Future Work 

9.1   Ultra-compact electro-optic modulator based on active control of 

photonic band edge 

In the previous chapters, we have demonstrated group velocity independent coupling to 

both photonic crystal waveguide and photonic crystal slot waveguide. Utilizing these 

highly efficient coupling approaches, we demonstrate record-low V! !L  figure of merit 

for EO polymer modulator. Our modulators devices with ~300µm interaction length 

shows significant reduction of device footprints as compared to conventional waveguide 

devices that have centimeter scale interaction length. However, for on-chip optical 

interconnect, further reduction of device footprint is necessary. 

For future work, instead of using interferometer-based modulator, which operates based 

on phase change in the individual arm, we propose using a modulation mechanism based 

on active control of photonic band gap1. This modulation scheme is illustrated in Figure 9 

- 1. Since a mode represents a resonance condition of a waveguide, the resonance moves 

when refractive index of the waveguide material is perturbed. In photonic crystal 

waveguides, when the material index is modified, it induces a shift in the defect-guided 

mode. For photonic crystal waveguides with very sharp band edge cut-off, while 

operating at the edge of guided mode, this shift in guided mode drives the device into 

photonic band gap region under the same operation wavelength. This effect is simulated 

by FDTD as shown in Figure 9 - 2 (b). Since this mechanism operates based on shifting 
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at the edge of defect-guided mode instead of phase change, it does not require a long 

active region to switch on/off the incident light. During the coupling study, we have 

demonstrated that it only requires 10µm long of photonic crystal waveguide to achieve 

35dB of on/off operation. When an index changing mechanism is introduced in such a 

photonic crystal waveguide, it is possible to demonstrate ultra-compact electro-optic 

modulator. In addition, it is worth to note that the index change mechanism is very 

generic. Same modulation effect can be achieved through various index-changing 

mechanism such as free carrier effect2,3, thermo-heating4, or applying voltage on EO 

polymer5,6. Therefore, one can design modulators based on the speed requirement of 

different applications.  

Lastly for high speed electro-optic modulator, EO polymer with electro-optic response up 

to THz range7 is the best candidate. Our plan is to use the EO polymer-infiltrated silicon 

photonic crystal waveguide for this demonstration. Examples of the fabricated devices 

are shown in Figure 9 - 2 and Figure 9 - 3. 
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Figure 9 - 1 (a) Schematic of the photonic band modulation device with 10µm by 5µm footprint (Media 5). 

(b) Simulated transmission spectrum by 2-D FDTD method. 
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Figure 9 - 2. Scanning electron micrograph of electro-optic band-shift modulator using EO polymer as an 

active material 

 

Figure 9 - 3. Zoom-in view of the electro-optic bandshift modulator 
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