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Tunable Resonant Structures for Photonic Integrated Circuits 

 

 

by 

 

Joanna Nina Ptasinski 

 

Doctor of Philosophy in Electrical Engineering (Photonics) 
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Professor Yeshaiahu Fainman, Chair 

 

 

Photonics is an evolving field allowing for optical devices to be made cost 

effectively using standard semiconductor fabrication techniques, which in turn enables 

integration with microelectronic chips.  Chip scale photonics will play an increasing 

role in the future of communications as the demand for bandwidth and reduced power 

consumption per bit continues to grow.  Tunable optical circuit components are one of 

the essential technologies in the development of photonic analogues for classical 

electronic devices, where tunable photonic resonant structures allow for altering of 

their electromagnetic spectrum and find applications in optical switching, filtering, 

buffering, lasers and biosensors.   
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The scope of this work is focused on tunable resonant structures for photonic 

integrated circuits.  Specifically, this work demonstrates active tuning of silicon 

photonic resonant structures using the properties of dye doped nematic liquid crystals, 

temperature stabilization of silicon photonics using the passive properties of liquid 

crystals, and the effects of low density plasma enhanced chemical vapor deposition 

(PECVD) claddings on ring resonator device performance. 
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1. INTRODUCTION 

1.1. Chip scale photonics 

 Photonics is an evolving field allowing for optical devices to be made cost 

effectively using standard semiconductor fabrication techniques, which in turn enables 

integration with microelectronic chips.  The rise in Internet and data transmission and 

the need for higher speed, broader bands, and lower cost are driving silicon photonic 

technologies.  These offer transfer rates of 25 gigabits per second between computer 

chips in servers, large data centers, and supercomputers, in addition to dramatic cost 

savings in the areas of materials, components, and energy consumption.  A photonic 

integrated circuit houses lasers, detectors, multiplexers / demultiplexers, optical 

amplifiers, modulators and attenuators on a single chip.  Similarly to electronic chips, 

a multitude of optical components are integrated into a single device.  Tunable optical 

circuit components are one of the essential technologies in the development of 

photonic analogues for classical electronic devices, since using one tunable device 

replaces many single wavelength devices and therefore minimizes the space occupied 

on-chip [1,2].  Process techniques for photonic circuits are compatible with 

complementary metal-oxide-semiconductor (CMOS) fabrication, where the most 

common fabrication platform is a silicon on insulator (SOI) wafer with a large index 

difference between the silicon and the buried oxide layer.  The buried oxide layer 

(BOX) aids in preventing the evanescent field of the optical mode from penetrating the 

silicon substrate below.  The SOI platform is also frequently used in the fabrication of 

microelectronics because of its advantages in minimizing parasitic capacitance and 

leakage current as a result of isolation from bulk silicon.   



2 
 

 
 

 In addition to communications, photonic chips are increasingly used for 

sensing purposes.  Chip scale photonic sensing systems are finding a plethora of 

medical and environmental applications, offering low cost, rapid, and portable 

diagnostics systems.  These diagnostic sensing systems monitor everything from water 

quality and pollutants to  antibodies, bacteria, viruses or drugs.  These sensor arrays 

may be designed to furnish multiple detection means in a low cost, multi-diagnostic 

integrated circuit (IC) chip which will be critical to the emerging field of personal 

medicine. 

1.2. Tunable resonant structures 

 Tunable photonic resonant structures allow for altering of their electromagnetic 

spectrum and find applications in optical switching, filtering, buffering, lasers and 

biosensors.  Photonic resonances are essentially optical modes which require strong 

photon confinement that can be achieved through high index contrast using either 

dielectric materials or metals (plasmonics).  Examples of dielectric resonators include 

rings, racetracks, disks, waveguide grating resonators and contra directional grating 

coupler ring resonators.  Plasmonic resonators rely on a beam of light incident upon a 

metal-dielectric interface to evoke a collective oscillation of electrons.  Surface 

plasmons can be optically excited if the phase matching condition is fulfilled, where 

the projection along the x-axis of the incident light wavevector matches the 

propagation constant of the surface plasmons.  Methods of optical excitation include 

prism coupling (Otto or Kretschmann configuration), grating, and waveguide 

coupling.  Surface plasmons are evanescent (longitudinal) waves confined in the 

perpendicular direction to the plane of incidence. 
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1.3. Dissertation organization 

Chapter 2 discusses a differential measurement design for surface plasmon 

polariton (SPR) sensors.  The design relies on two nearly collinear optical beams and 

aids in increasing the dynamic range and signal-to-noise ratio. The author 

demonstrates a differential measurement device that is based on wavelength 

interrogation, employs a single incident polarization state, and is combined with a 2-D 

nanohole array for operation at near-normal incidence, an approach which offers a 

decrease in measurement time. 

Chapter 3 is focused on the theoretical and experimental analysis of active, 

absorption induced optical tuning of silicon photonic devices using silicon strip 

waveguides combined with nematic liquid crystal (NLC) claddings.  Tuning of the 

silicon structures is performed under low power photo irradiation, which offers a very 

simple way to control the spectral response of ring resonator devices.  

Chapter 4 explores negative thermo-optic properties of liquid crystal claddings 

for passive temperature stabilization of silicon photonic integrated circuits. Photonic 

circuits are playing an increasing role in communications and computing, but they 

suffer from temperature dependent performance variation. Most existing techniques 

aimed at compensation of thermal effects rely on power hungry Joule heating. Chapter 

4 shows that integrating a liquid crystal cladding helps to minimize the effects of a 

temperature dependent drift. The advantage of liquid crystals lies in their high 

negative thermo-optic coefficients and low absorption at infrared wavelengths. 

Chapter 5 describes the experimental demonstration and analysis of adverse 

device performance of silicon waveguides clad in silicon dioxide (SiO2) deposited via 
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plasma enhanced chemical vapor deposition (PECVD).  The PECVD SiO2 is of lower 

density in the vicinity of silicon strip waveguides and shows a refractive index of n = 

1.253 and an estimated density of ρSiO2 = 1.27g/cm
3
.  The etch rate of this low density 

(LD) SiO2 is twice that anticipated, and the LD SiO2 causes a silicon ring resonator to 

sustain a 7.3nm  resonance blue shift from the predicted center wavelength due to the 

LD SiO2 cladding in the neighborhood of silicon waveguides. 

Chapter 6 lists future research directions aimed at exploring the blue phase 

liquid crystal mixtures using Near Field Scanning Optical Microscopy (NSOM) 

imaging, as well as thermal stabilization using the active tuning of liquid crystals.  

 Chapter 7 provides a conclusion listing several future application areas of chip 

scale tunable resonant structures and their cost/benefit advantages . 
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2. DIFFERENTIAL DETECTION FOR NANOPLASMONIC RESONANCE 

SENSORS 

2.1. Introduction 

The development of disease-related biomarker panels required by the new field 

of personal medicine will necessitate fast and efficient methods for obtaining 

multiparameter protein profiles [3].  Commonly used fluorescent labeling processes 

are easy to implement, but they disrupt the accurate measurement of kinetic constants 

and can lead to antibody cross-reactivity problems [4].  An alternative, label-free 

biodetection method utilizes the phenomenon of surface plasmon polariton (SPP) 

resonance.  SPP based devices integrate microfluidic channels with metal-dielectric 

layer chips, and measure transmittance or reflectance of light, hereafter referred to as 

Device Transfer Function (DTF), at the metal-fluid interface [5].  The DTF exhibits a 

sharp resonant feature when the probe wavelength and the angle of incidence satisfy 

the condition for SPP excitation.  The location of the resonance depends on the 

refractive index of the fluid, and therefore provides information on its biochemical 

composition.  The SPP based techniques are broadly classified into wavelength, 

angular, and intensity interrogation families [6-8].  In wavelength (or angular) 

interrogation, multiple measurements of the DTF are made at different wavelengths 

(respectively, angles of incidence), such that the location of the resonance may be 

identified by a curve fit (Figure 1 (a), shift in point A to A’).  The intensity 

interrogation method relies on a single measurement at a fixed angle and wavelength 

(Figure 1 (a), shift in points B to B’ or C to C’).  Intensity interrogation devices are 

thus simpler than wavelength and angular interrogation devices, but typically less 
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accurate, because changes of the magnitude and width of the DTF cannot be 

distinguished from a change in its location [9]. 

 

 

Figure 1.  (a) Typical SPR schemes determine the location of the resonance by 

monitoring a shift in point A to A’ or they monitor the shift in intensity at a single 

wavelength/angle value B to B’ or C to C’.   (b) In differential detection the DTFs are 

constructed at different angles of incidence α1 and α2, such that they overlap at their 

FWHM.   When the refractive index changes both DTFs shift in the same direction.   

(c)  A difference of the two DTFs overlapped at their FWHM allows for an extension 

of the dynamic range.  
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This chapter describes a differential intensity interrogation method where two 

measurements of the DTF are made simultaneously at nearly equal incident angles and 

their difference is constructed [Figure 1 (b) and Figure 1 (c)].  The zero-crossing of the 

difference signal can be tracked with a tunable light source in a closed-loop system, 

similarly to the way in which beam position is tracked using quadrant detectors, 

resulting in a robust measurement.  Closed-loop tracking of the zero crossing is 

performed continuously and does not require an end-to-end wavelength sweep for 

each measurement.  The device utilizes a metal film perforated with a 2-D array of 

nanoholes, as in Tetz et al. [10].  With this technique, SPP resonance can be achieved 

at normal or near-normal incidence, permitting measurement over a large area not 

limited by the focal depth of the imaging optics.   

 The rest of this chapter first provides a short review of the theory and concepts 

associated with plasmonic detection and differential measurement.  Fabrication 

methods used for the nanohole arrays and the fluidic chambers are then discussed in 

full detail.  Lastly, the optical setup, the measurement method and the measurement 

results are presented.   

2.2. Principles of the differential detection method 

 In a typical plasmonic nanosensor design, the shape of a DTF curve most 

closely resembles that of a singly peaked normalized Lorentzian function, which can 

be described by [10]: 
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where λ is the wavelength, λ0 points to the location where the maximum of the DTF 
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occurs, and w is the parameter specifying the Full Width at Half Maximum (FWHM).  

The centerpoint λ0 and the FWHM w of each DTF excited through a nanohole array 

depend on the permittivity of the metal, the refractive index of the dielectric material, 

the period of the grating array, and the angle of incidence [11].   

The width of the SPP DTF curve (the FWHM of the Lorentzian) is directly 

related to the fill factor of the nanohole array, since a large size hole diameter 

increases surface wave scattering and broadens the resonance linewidth [10].   

Rigorous Coupled Wave Analysis (RCWA) simulation results for a  one dimensional 

(1-D) gold nanohole array show a 72% decrease in the FWHM of DTF when the gold 

fill factor is increased from 0.5Λ to 0.9Λ.  It should be noted that while small diameter 

holes give rise to a narrow FWHM, they are difficult to fabricate and they also do not 

permit for much light to pass through the array in the transmission regime, resulting in 

a lower intensity signal.  For this experiment, a 60% gold fill factor was chosen.   The 

trade off being between signal transmission and sharpness of the DTF.   Generally, a 

low metal fill factor will result in high signal transmission, while a high metal fill 

factor will give a sharp DTF.   However, other fill factors can also be used, depending 

on the desired gain and linear range of the feedback signal and the noise floor of the 

detection system.  For example, an 85% fill yields (according to RCWA simulations) 

2.35 times narrower DTFs in Figure 1 (b) than a 60% fill, and hence 2.35 times steeper 

differential slope in  Figure 1 (c), but it would also reduce transmitted intensity by a 

factor of 2.5. 

As noted, wavelength and angular interrogation methods require multiple 

measurements of the DTF, which increases measurement time.   The differential 
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approach involves just two measurements, one for each of the two DTFs T1, T2, 

corresponding to distinct angles of incidence, and the construction of their difference 

T1 - T2.  Unlike the individual DTFs, the difference signal crosses zero [Figure 1 (c)] 

and this location of zero crossing depends only on the locations of the DTFs and not 

on their magnitude and width.  The difference signal also has a greater linear range 

than the individual DTFs.  Both these features are advantageous in a measurement 

system that tracks the zero crossing with a closed-loop controller.   

When the two Lorentzians T1, T2 are centered respectively at wavelengths λ1, 

λ2, the slope  1 2
/T T    , which is a measure of the linear region of the difference 

between two DTFs, is expressed as            
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This slope is plotted in Figure 2 for various separations between the center of T1 and 

T2.   In a closed-loop control system, a steep slope improves measurement sensitivity, 

while a wider linear region is desirable to make the controller more robust.  Figure 2 

illustrates the tradeoff between these two parameters, and  λ1 – λ2 = FWHM was 

chosen as a reasonable compromise.   

Differential detectors have long been utilized in confocal microscopy [12], 

[13], range finding [14], etc.   An advantage of differential measurement is the unique 

property of self-referencing for optical source fluctuation, since any fluctuation of the 

intensity will impact the adjacent DTFs equally and thus cancel itself.  This concept 
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has been widely adapted by the telecommunication industry, where differential signals 

are used to carry the bits that eliminate the cause of “ground” noise.   

 

 
Figure 2.  Derivative of the DTF differential, TD=T(λ1) –T(λ2), when the DTF curves 

are overlapped at the 0.5 transmittivity value (smooth curve), 0.75 value (dashed line), 

and the 0.34 point (dotted line). 

 

2.3. Fabrication using holographic lithography 

 Samples were fabricated using holographic lithography, where two interfering 

UV laser beams were incident upon negative MicroChem SU8 photoresist placed on 

top of a 1.2mm thick SiO2 substrate.  In order to achieve a hole pattern, each sample 

was exposed and then rotated 90° for an additional exposure step [15].  Prior to the 

exposure, the SiO2 substrate was cleaned in a Pirahna bath (1:1:5 of H2O:H2O2:H2SO4) 

solution for 30 minutes and the surface was dehydrated by baking on a hot plate at 
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200°C for 5 minutes.  A 2µm layer of SU8-5 was spin deposited at 3000rpm.  The 

samples were exposed with a Coherent Innova 300 Argon-Ion laser centered at 364nm 

with a 150mJ dosage per exposure, followed by a convection oven soft bake for 1 

minute.  The SU8 development time was 3 minutes and was followed by an IPA rinse.  

A 5nm thick Titanium adhesion layer, followed by a 100nm gold layer were sputtered 

onto the samples using the Denton Discovery 18 Sputter System.  Fluidic chambers 

made of Polydimethylsiloxane (PDMS) were affixed on top of each sample’s grating 

array using oxygen plasma [15].  It should be noted that PDMS does not readily bond 

to Au, hence a region of bare SiO2 was left on each sample surrounding the 4cm
2
 gold 

grating array in order to facilitate the PDMS adhesion.  The main portion of the fluidic 

chamber was 13mm by 2mm in size, allowing for both beams to be easily directed 

onto the grating portion of the sample.     

2.4. Experimental setup 

 The experimental setup [Figure 3] consisted of a tunable New Focus laser in a 

range of 1520nm-1570nm connected to a polarization scrambler in order to randomize 

the polarization state of input light and minimize polarization dependent loss 

associated with the components of the experimental setup.  In order to perform the 

differential measurement, collimated light beams incident at different angles must 

meet at the same spot on the sample.  This is accomplished by using two polarization 

independent beam splitters positioned in a Mach-Zehnder configuration, where two 

beams separated by the first splitter are multiplexed at the same spot onto the second 

splitter; then both beams from the second splitter are imaged with a 4-F telecentric 

imaging system on to the sample surface where the relative angle between the two 
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beams can be fine adjusted by rotation of the second beam splitter.  Equivalent beam 

path lengths ensured that spots from the two beams were equal sized.   Light emerging 

from the sample is then spatially Fourier transformed by a lens into two parallel 

beams, where each beam is received by a photodetector.   In lieu of a pair of detectors, 

an Indigo Merlin CCD camera was used to record light from the two beams and thus 

obtain the DTFs corresponding to the two angles of incidence at the sample and the 

differential signal was then calculated by the computer.   A pair of polarizers was 

placed with one element in front and one element behind the sample, where their 

polarization state was set to a cross position to suppress directly transmitted light 

(nonresonant transmission) and isolate the observation of SPP resonance [10].   The 

sample along with the microfluidic delivery system was mounted on a rotational stage.  

Prior to measurement, the laser wavelength was set to 1545nm and the sample was 

rotated to obtain equal power in the two detectors.  In this way, λ=1545nm was 

positioned midway between the maxima of the two DTFs at the zero-crossing of the 

differential signal, Figure 1 (c).   Detector output was then monitored while fluids of 

varying refractive indices were introduced into the fluidic channel.  Before a 

measurement was performed, methanol was introduced into the PDMS chamber in 

order to clean the sample.  H2O was used to flush the methanol and various 

concentrations of an ethylene glycol solution, ranging from 1.9% to 9.1%, were 

introduced into the chamber.  The measurement process was automated via a Labview 

program with a GPIB interface to the New Focus tunable laser and video grabbing 

card to the CCD.   
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Figure 3.  The differential setup used to measure SPR response to different 

concentration ethylene glycol solutions. 

 

2.5. Characterization 

 Figure 4  reports the results of an experiment in which six different ethylene 

glycol / water solutions were sequentially introduced into the fluidic chamber.  The 

refractive indices of the solutions, measured separately with a refractometer, are 
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indicated in the inset in Figure 4 (a).  Throughout the test, the laser wavelength was 

continuously adjusted to track the zero-crossing of the differential signal by 

maintaining equal power in the two detectors.  The zero-crossing wavelength is plotted 

in Figure 4 (a) as a function of time, and in Figure 4 (b) as a function of the refractive 

index of the fluid.  From the linear curve fit in Figure 4 (b), the sensitivity figure Sλ  

dλ/dn = 1390 nm/RIU.  This is consistent with the analytical expression given by Pang 

et al. [11] for plasmonic mode (1,0) and grating period close to 1400nm. 

The noise floor and long-term stability of the measurement system is illustrated 

in Figure 5, which shows the evolution of the zero-crossing wavelength over 48 

minutes while maintaining the same material (DI water) in the fluidic chamber.  The 

RMS of fluctuation in Figure 5 is 0.0542nm, corresponding to a fluctuation in the 

refractive index of Δn = 4×10
-5

 RIU.  The noise could be partly due to variation of 

ambient temperature (the change in the refractive index of water is Δn/ΔT = 10
-4

 

RIU/K [17]), and may be reduced by tighter environmental control.   
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Figure 4.  Evolution of the SPP differential detection spectral response as a function 

of time.  (a) Different concentrations of ethylene glycol are introduced at various time 

intervals.   “Sln” refers to the percent ethylene glycol in water.  (b) A linear fit of the 

time evolution measurement, where the sensitivity is represented by the slope.  In this 

case the sensitivity is 1390nm/RIU, and the grating period is 1400nm.   



16 
 

 
 

 

 

Figure 5.  Stability of the differential measurement system. 

 

2.6. Chapter summary 

In this chapter, a differential measurement technique for a nanoplasmonic 

sensor operating in the transmission regime was presented.  The differential technique 

provides a two fold increase in the dynamic range of intensity due to the contribution 

of the second DTF, it decreases the measurement time due to the tracking of just the 

zero crossing point, in addition to extending the dynamic range and signal to noise 

ratio.  The differential DTF intensity measurement can be amplified by controlling the 

resonance FWHM, where a narrower FWHM translates into a steeper differential 

slope.   The differential technique allows for bypassing the cumbersome Center of 
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Mass (CoM) technique.   The sensitivity can be improved by increasing the fill factor 

of the nanohole array at the expense of a reduction in the signal level.    

The text of this Chapter, in part, is a reprint of the material as it appears in the 

following journal publication:  J. Ptasinski, L. Pang, P. C. Sun, B. Slutsky, and Y. 

Fainman, “Differential Detection for Nanoplasmonic Resonance Sensors,” IEEE 

Sensors Journal,  12(2), pp. 384 – 388 (2012).  The dissertation author was the primary 

researcher and author.  The co-authors listed in this publication directed and 

supervised the research which forms the basis for this chapter. 
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3. OPTICAL TUNING OF SILICON PHOTONIC STRUCTURES 

3.1. Silicon strip ring resonators 

 This chapter explores optical tuning of silicon ring resonator photonic 

structures clad in a reconfigurable liquid crystal cladding.  A schematic of the device  

appears in Figure 6.  Ring resonators have been demonstrated for a variety of 

applications including optical switching, selective filtering with small channel spacing, 

optical time delay, laser resonators and photonic biosensors.  In electronic-photonic 

integrated chips, they form an integral part of a back-end photonic interconnect stack 

(interconnect layers), and are suited for dense integration of optical networks. 

 
Figure 6.  Silicon ring resonator in an add-drop configuration. 
 

As silicon photonics and all-optical platforms advance, tunable devices are 

poised to play an increasingly central role.  Active tuning of modulators and ring 

resonator silicon photonic devices has been demonstrated using thermal, electrical and 

optical means.  Here an, active optical tuning scheme for silicon devices using silicon 

strip waveguides combined with nematic liquid crystal (NLC) claddings is presented.  
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The design, consisting of silicon strip waveguides surrounded by lower index 

liquid crystal (LC) cladding confines the optical field energy to the high index silicon 

regions.  This approach capacitates high modal confinement and small ring size.  

However, the attuning effects of polymer may be enhanced when it is filled into the 

slot of a slot waveguide as compared to relying on the evanescent field to sense 

changes in the refractive index.  Slot waveguides confine light in low-index-of 

refraction regions and are typically based on a low index submicrometer slot 

embedded between two silicon waveguides.  Due to the high index contrast, modes 

with strong field intensity at the two interfaces of the slot are formed. The overlap of 

the evanescent tail of the modes in the central slot leads to light confinement in the 

low-index region [18].  Nonetheless, the majority of slot waveguides possess 

significant limitations with respect to high levels of waveguide loss ranging from 

10dB/cm to 4dB/cm, although those can be reduced to 2dB/cm in the case of an 

asymmetric waveguide [19].  Other limitations of slot waveguides include the 

difficulty of integrating them with other chip-scale photonic elements, challenges in 

coupling to the input and output of a typical optical fiber, and the presence of quasi 

transverse electric (TE) and quasi transverse magnetic (TM) modes.  These limitations 

of slot waveguides render strip waveguides more suitable towards integration with 

liquid crystals. 

3.2. Nematic liquid crystals 

A nematic liquid crystal possesses properties between those of a conventional 

liquid and those of a solid.  Nematics in their liquid phase consist of elongated 

molecules which on average are oriented parallel to one another in their ground state. 
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Nematic liquid crystals are strongly anisotropic substances characterized by a high 

degree of long-range orientational order but no translational order. Uniformly aligned, 

positive birefringence nematics are optically uniaxial with ne > no, where Δn = ne – no 

[20].  To change the liquid crystal (LC) orientation an electric or magnetic field is 

applied where, in order to minimize the electrostatic energy, liquid crystals align their 

long axis parallel to the applied field.  The initial ordering of liquid crystal molecules 

without an external field is determined by the anisotropy of the boundary.  In a typical 

liquid crystal cell, such as an LCD display, the surface of the electrodes is coated with 

an alignment layer which is then rubbed with a velvet cloth to generate grooves within 

the layer.  Liquid crystal molecules then align with their long axis parallel to the 

rubbing direction, and depending on the boundary conditions and the molecular 

interaction between the liquid crystal molecules, a long-range ordering of the 

molecular orientation may exist throughout the liquid crystal cell [21]. 

Mesogenic molecules or organic molecules forming liquid crystalline phases 

do not possess excess electric charge, but the charge distribution within different parts 

of the molecule may vary.  When one end of the liquid crystal molecule is positively 

charged and the other end is negatively charged, the molecule becomes a dipole [22].  

All atoms and molecules can be polarized by an electric field, consequently changing 

their shape and orientation, in mesophases as well as in isotropic liquids or crystalline 

solids [23].  When an electric field is applied, it deforms the charge distribution of the 

liquid crystal molecule and, as a result, an additional dipole appears.  The electric field 

causes the molecules (mesogens) to point along a common axis, called the director.  

The orientation of the director, n, starts changing as the applied electric field rises over 
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a critical value known as the Freedericksz transition, first observed by Freedericksz 

and Repiewa in 1927.  Positive anisotropy liquid crystals will align their long axis 

parallel to the applied field, while negative dielectric anisotropy liquid crystals will 

turn in the direction normal to the applied field.  By virtue of collective molecular 

behavior, this response is more pronounced in a mesophase as compared to the 

isotropic phase.   

 In the presence of a uniform local electric field E, the torque Γ induced on a 

neutral molecule with a charge distribution eα(rα) can be described by    

                     ΓElec = p × E                                                            (1) 

where p is the dipolar moment and the potential energy of the molecule is [23]: 

                                            U(E) = -p∙E                                                   (2)    

 The propensity of the director to take on a particular spatial distribution can be 

described by the Oseen-Frank elastic continuum theory where elastic forces arising 

from the molecular structure resist any distortion to the director field from its 

equilibrium state. To distort the director field, an interaction with external fields or 

confining surfaces is required.   

In the case of an isolated dipole, the local electric field can differ significantly 

from the overall applied field due to the contribution of a large number density N of 

neighboring dipoles.  The torque exerted on the director as a result of the applied 

macroscopic field is then  

                                                ΓElec = N  < p × E > =  P × E                                        (3) 

where P is the polarization proportional to the macroscopic field E.   

The polarization of the anisotropic medium can be further defined as 
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                                                     Pi = εoκijEj                                        (4) 

where κij is the dielectric susceptibility tensor described by two parts                          

κij = κij 
iso

 + κij
 aniso

 , isotropic and anisotropic.  We then have 

                           P = P 
iso

 + P 
aniso

                                               (5)    

Since P 
iso

  is parallel to E, only the anisotropic part of the susceptibility can give a 

torque.  When the dielectric anisotropy of   and 


, measured with E parallel and 

perpendicular to the director n, is 0 


    the torque tends to align the director 

with the field.  If 0 


  , the torque will align the director normal to the field [23].  

Under the presence of a sinusoidal AC electric field, molecular reorienting can 

take place if the frequency is low enough.  Too high a frequency results in only the 

intramolecular motions being able to follow the field. 

Orientation in the presence of an optical field is analogous to low frequency 

AC electric field reorientation.  The mechanism of this light induced reorientation 

phenomena is associated with interaction between the electric field of the light beam 

and the incited electrical polarization of nematic molecules [24].  The electromagnetic 

field exerts a torque on the liquid crystal molecules due to their anisotropic molecular 

polarizibility; this torque is balanced by the elastic and viscous torque associated with 

the spatial nonuniformity and rotation of the nematic director [25].  Among optical 

materials, liquid crystals are highly sensitive to light polarization because they couple 

directly to the angular momentum carried by the radiation field [26]. 

In the presence of small amounts (~1%) of light absorbing dyes such as Methyl 

Red, the director axis reorientation is greatly amplified due to changes in physical or 



23 
 

 
 

chemical properties of dye molecules upon irradiation, consequently modifying the LC 

alignment through guest-host interaction [27,28].   Since liquid crystals themselves are 

not highly sensitive to light, they require doping with dyes in order for the 

photophysical and photochemical transformations to take place.  Moreover, studies 

have shown that the liquid crystal refractive indices are practically impervious to the 

doping [27].  The observed angular dependence can be broken out into two 

mechanisms.  One mechanism is surface-mediated reorientation connected with the 

trans-cis isomerization of azo-dye molecules, and the other mechanism is associated 

with photorefractive effects due to space charge modulation [29].  The structure of the 

dyes affects the reorientation efficiency as well as the orientation direction, where the 

host liquid crystals may reorient either parallel or perpendicular to the polarization of 

incident light [28].   

Photoisomerization occurs when the azo-dye molecules are resonantly excited.  

Consequently, an additional torque is exerted on liquid crystals after anisotropic 

orientational distribution of trans and cis isomers are generated.  In the presence of 

trans-cis photoisomerization there are three different molecular fields connected to the 

dye. The first two are the fields created by the ground-state trans and cis isomers; the 

third is the molecular field of the excited-state molecules [25].  

Photorefractive nonlinearities in liquid crystals arise from an incident optical 

intensity grating forming spatially modulated DC space charge fields.  The optical 

intensity grating is typically constructed by overlapping two coherent laser beams, 

which in turn form an interference pattern on the sample.  Charge separation ensues in 

the bright regions of the interference pattern, followed by charge migration into the 
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dark regions [30].  The two principal sources of space charge field formation include 

photo-induced conductivity inhomogeneity, which is similar to processes occurring in 

photorefractive crystals, and the Carr-Helfrich effect (i.e.  hydrodynamic instability 

driven by an electric field) [31].  The DC space charges instigate torques on the 

nematic liquid crystal and thereby magnify the initial director axis reorientation.  The 

exceptionally nonlinear optical properties of dye-doped liquid crystals have emerged 

as promising image sensing and sensor protection materials (e.g. eye protection 

against frequency lasers in the visible spectrum).  

An advantage of photo-alignment liquid crystals is that they do not require an 

alignment layer.  Typically, the alignment layer is created by a mechanical rubbing 

process of the film that the liquid crystals come into contact with.  This commonly 

used method results in grooves being formed along the rubbing direction where liquid 

crystals align themselves down the groove path.  However, the rubbing process 

frequently generates grooves much larger than liquid crystal molecules resulting in an 

inefficient alignment, in addition to introducing scratches, electrostatic charges and 

other damage to the surface.   

3.3. Optical tuning of silicon photonic structures with nematic liquid crystal 

claddings 

 Photo-manipulation of nematic liquid crystal orientation has attracted 

considerable attention due to its applications in the non-contact, high resolution 

alignment of liquid crystal display (LCD) cells.   Nematic liquid crystals are known 

for their unusually large nonlinear optical properties, where the optically induced 

liquid crystal axis reorientation is possible using low threshold laser powers; thereby 



25 
 

 
 

leading to their increasing use in many optoelectronic image sensing, display and 

processing devices [20].   This work demonstrates photo-tuning of silicon structures 

clad in a nematic liquid crystal in the presence of low power photo irradiation.  

  Optical circuits components that are tunable are clearly more desirable for 

developing compact, versatile and agile devices [1,2].  Active tuning of modulators 

and ring resonator silicon photonic structures has been demonstrated using thermal, 

electrical and optical means [32-34].  The underlying mechanisms include free carriers 

injection through two-photon absorption using 10-ps pump pulses, photo-induced 

cladding refractive index change of a nm-fiber  with a knot structure [33], or the 

refractive index of a material that is infiltrated inside a host silicon matrix [34]. 

This portion of the chapter is centered around  an  active optical tuning scheme 

for silicon devices achieving an experimental spectral shift of 5.6nm for a ring 

resonator silicon structure with a nematic LC cladding.  The LC reorientation, and 

therefore the birefringence change needed for tuning and switching purposes, usually 

employs an AC electric field [36-41].  Owing to their extraordinarily large optical 

nonlinearities, photo-manipulation of nematic liquid crystal orientation has emerged as 

a promising alternative [42-47] due to their non-contact, electrode-free nature and the 

flexibility in the applied [optical] electric field directions.  In the presence of small 

amounts (~1%) of light absorbing azo-dyes such as Methyl Red, the reorientation 

effect is greatly amplified due to several mechanisms [46-51].  Here, the main 

mechanism at work is attributed to the intra-molecular torque exerted by the laser-

excited azo-dye molecules on the liquid crystal director axis, resulting in reorientation 
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of the liquid crystal director axis orthogonal to the light polarization direction; such 

mechanism underlies the extraordinarily large optical nonlinearities [49-51].   

A schematic of the experimental device is shown in Figure 7.   The silicon strip 

waveguide is surrounded by a lower index LC cladding, an approach which enables 

high modal confinement and small ring size.  Typical metrics for silicon photonic ring 

filters include the center frequency, free spectral range (FSR) and the Q-factor.  The 

resonance width and FSR can be further used to calculate the finesse, which relates the 

internal and external losses of the resonator.  LC properties pertinent to this 

experiment include birefringence, AC and optical dielectric anisotropies and clearing 

temperature.  For a feasibility demonstration, 4-Cyano-4'-pentylbiphenyl (5CB) liquid 

crystal, a commonly used  nematic with Δn=0.158 at 1550nm at room temperature, 

was selected.   

 

Figure 7.   Schematic of the ring resonator device used in the experiment; window 

regions in the SiO2 cladding allow room for liquid crystals and a third of the ring 

remains covered in SiO2 in order to help break the ring symmetry. 
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To study the tuning of such 5CB clad structures, 2-D finite-element 

simulations were implemented in COMSOL Multiphysics.   The effective index 

method was used to define the effective mode indices and propagation constants for 

TE and TM modes of the ring resonator.  Since TM modes are less confined to the 

core region, they are more susceptible to the LC birefringence effects.  In practice, 

however, TE modes are preferred since TE is the ground mode of the waveguide and 

the strong modal confinement of TE polarized light enables sharp bends, thereby 

realizing dense photonic integrated circuits on a single silicon chip.  Coupling to the 

device is achieved by placing a bus waveguide adjacent to the ring at a distance 

allowing for evanescent mode overlap.  A resonance occurs when the optical path 

length of the resonator is exactly a whole number of wavelengths and the spacing 

between the resonances is referred to as the free spectral range [52].  The shift in the 

resonant wavelength takes place due to a change of the effective index of the resonant 

mode neff  [52] and given by: 

                                                                                              (1) 

where m indicates the order of the resonance, L is the circumference of the resonator, λ 

is the free-space wavelength of the resonant frequency, and λ1-λ2 is the change in the 

resonant wavelength as a function of changing cladding index.  The device ring 

perimeter plays a significant role in the observable amount of resonant wavelength 

shift for a particular Δneff. 
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Figure 8.  A schematic illustrating why a break in the ring symmetry is required. 

 

The ring resonator devices consist of two 550nm wide, 30µm long waveguides 

separated by 100nm from a centrally situated 19.8µm diameter ring (also 550nm 

wide).  Tuning of the ring resonator depends on how far the mode extends into the 

cladding regions, the amount of space in the coupling region between the ring and 

waveguide, the accrued losses (including coupling to bus waveguides), and the initial 

alignment of liquid crystals.  The silicon dioxide cladding region expands to cover a 

third of the ring in order to break the ring symmetry; otherwise, the effective index 

changes stemming from the contributions of the two linear polarizations may cancel 

each other, resulting in a null shift of the resonance (Figure 8).  The COMSOL model 
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showed that, at room temperature, the ring resonator would sustain a resonance shift of 

17.1nm for TE modes in the case of maximum LC refractive index change of 

Δn=0.1584, and a 5.7nm shift when Δn=0.06 [Figure 9].    

 

Figure 9.   Simulation result for TE modes of the ring resonator structure.  Tuning of 

the resonance peak as a function of changing 5CB liquid crystal cladding index.  The 

smooth line represents the resonance peak corresponding to ni.  The maximum shift in 

the resonance peak is 17.1nm (square markers), while a Δn=0.06 results in a resonance 

shift of Δλ=5.7nm (round markers). 
 

3.4. Fabrication 

Samples were fabricated using a silicon on insulator (SOI) wafer composed of 

250nm silicon layer positioned on top of 3µm SiO2, with a silicon handle.  The 3µm 

buried oxide layer aids in preventing the evanescent field of the optical mode from 

penetrating the silicon substrate below.  A 120nm thick coat of Hydrogen 

SilsesQuioxane (HSQ) resist spun on the wafer and patterned with electron beam 

lithography served as a mask for the dry etch of silicon.  The specific resist used was 
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Dow Corning FOX-16 and it was diluted in MIBK as 1 part FOX-16 to 3 parts MIBK 

(by weight) and spun at 5000 rpm.   Samples were then exposed via JEOL JBX-5D11 

system and dry etched using Oxford Plasmalab 100 RIE/ICP.  The resulting silicon 

waveguides were covered by a 1.8um layer of SiO2 cladding deposited via plasma-

enhanced chemical vapor deposition (PECVD).  Window areas for liquid crystals to 

break the symmetry were patterned with S1805 photoresist, exposed in a HTG Mask 

Aligner and etched in a buffered oxide solution.  The remaining S1805 photoresist was 

removed with acetone.  The fabricated structures are depicted in Figure 10 and in 

Figure 11. 

Linear inverse tapers were implemented to aid in low loss coupling from an 

optical fiber to the on-chip waveguide [53].  These adiabatically widened tapers, in 

which the 100nm tip of the taper slowly increases into the 550nm wide waveguide 

over the course of 100µm, work by increasing the mode size of the waveguide to that 

of the fiber.   
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Figure 10.   Fabricated ring resonator structures.   (A) Gap between the ring and bus 

waveguide.   (B) Ring resonator.   (C)  Fabricated leads for electrodes.    (D)  Inverse 

taper tip.   (E)  45 degree view of the waveguide sidewalls (250nm tall).   (F)  85 

degree view of the ring sidewalls. 
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Figure 11.  Fabricated add-drop filter structure with the SiO2 cladding covering a 

portion of the ring. 
 

3.5. Experimental setup 

The experimental setup consisted of a thermoelectric module coupled to Oven 

Industries 5C7-195 Benchtop Temperature Controller for heating and cooling of the 

liquid crystal mixture.  The thermoelectric module was placed on a three-axis 

mechanical stage allowing for precise alignment of the sample with the input beam 

and imaging optics.  The transmission spectrum was measured with a tunable Agilent 

8163B telecom-grade laser (1470-1570nm range) connected to a polarization 

scrambler and fiber coupled to the on-chip waveguide.  Waveguide output was free 
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space imaged onto a power meter.  While the free space output of the measurement 

setup is prone to jitter, it is easy to construct, reconfigure and align.  A polarizer in the 

output path allowed for a selection of TE transmission (horizontal polarization) or TM 

transmission (vertical polarization).  Control of the telecom source, the power meter 

and the source step size was automated, with a typical step size of 20pm.   

 

Figure 12.  Experimental setup. 
 

A 470nm Mightex LED source coupled with a polarizer and a quarter wave 

plate was focused onto the sample with a plano-convex lens. The wavelength of the 

source was chosen to coincide with the Methyl Red (MR) dye absorption spectrum. 
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The quarter wave plate in conjunction with the polarizer allowed for linear or circular 

polarization of the LED source. The output power irradiating the sample was 85uW 

with a spot size of 0.49cm
2
. It should be noted that the liquid crystal realignment 

depends on the UV source dosage (the experimental  dosage was 0.2082J/cm
2
), and 

not on the intensity alone. The experimental setup is depicted in Figure 12 and in 

Figure 13. 

 

Figure 13.  Stage to hold the sample within the experimental setup.  The microscope 

objective is for free space output from the sample.  Light input to the sample is fiber 

coupled. 

 

3.6. Characterization 
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Nematic 5CB liquid crystals mixed with a 1% concentration of MR dye were 

used.  A higher MR concentration provides for a larger effect and lower tuning optical 

power, but also results in larger losses. A drop of liquid crystal material was placed 

onto the window regions of the sample and heated at 40°C (above isotropic 

temperature of 5CB) for 10 minutes in order for the liquid crystal material to 

completely fill the cell, then cooled to room temperature and held at 24°C. Next, the 

470nm source was turned on, and the quarter wave plate and linear polarizer were set 

for circular polarization, followed by linear polarizations and the corresponding 

measurements were made.  The use of circular polarization at the beginning of the 

experiment causes the LC to be randomly oriented in addition to accounting for the 

average absorption that causes heating of the structure and a resulting resonance shift 

due to thermo-optic effects.  In this sense, the measurement with circular polarization 

serves as a reference, while the linear polarizations then enables the isolation of LC 

reorientation from heating. 

Experimental results [Figure 14], yield a 5.6 nm resonance shift; the location 

of the resonance was calculated using center of mass, which provides for higher 

accuracy relative to tracking the peak value.  This resonance shift agrees with the 

simulated result corresponding to Δn = 0.06.  The effective LC index change is usually 

much smaller than the maximum, since LC molecules strongly anchored at the 

waveguide-cladding interface do not reorient from their initial alignment.  The 

resonance peak in the measured result does not coincide with the simulated resonance 

peak, a difference arising due to fabrication errors in electron beam writing, pattern 

transfer, reactive ion etching, and wet etching steps [54], as well as some randomness 
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in the initial LC surface alignment.  The measured Q-factor is calculated as 2544, and 

the measured FSR = 8.5nm resulting in a finesse of 14.2.  The Q-factor and finesse of 

the device can be further improved by tuning the perimeter of the resonator and by 

increasing the distance between the bus waveguide and the ring, resulting in a smaller 

full width half maximum of the resonance.  

 

 

Figure 14.  Optical tuning of methyl red doped 5CB liquid crystal. 

  

 In Figure 15 and in Figure 16, effects of increasing the distance between the 

bus waveguides and the ring in order to achieve a higher Q-factor, or a narrower full 

width at half maximum (FWHM), are explored using COMSOL Multiphysics.   The 

geometry of the ring is the same as what is listed in Section 3.3 (i.e.  9.9μm radius, 

500nm waveguide width, 250nm waveguide height), and the liquid crystal cladding is 
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assumed to offer tunability between n = 1.50 to n = 1.55.  Increasing the coupling 

region from 100nm to 300nm results in a 220pm FWHM, as shown in Figure 15.  The 

Q factor is calculated as Q = λres / FWHM, and when resonance is centered at 1.564μm 

(corresponding to nLC = 1.51), the Q factor becomes Q300 = 7,109.  Further increasing 

the coupling region to 500nm results in a 15pm resonance linewidth (Figure 16), and a 

Q factor of Q500 = 104,270.  The resonance linewidth dependence on the coupling 

coefficient, κ, can be summarized as: 

                         
2 2

F W H M

e ff
L n

 


 .                                              (2) 

From Eq. (2), it can be seen that the resonator Q may be further amplified by 

increasing the ring perimeter or by increasing neff, for example, by expanding the 

waveguide width.  In practice, however, fabrication tolerances as well as the resolution 

of the measurement equipment also have to be considered.   
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Figure 15.  300nm coupling region between the bus waveguide and the ring results in 

a 220pm resonance FWHM. 

 
Figure 16.  500nm coupling region between the bus waveguide and the ring results in 

a 15pm resonance FWHM. 
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3.7.  Chapter summary 

In conclusion, the feasibility of low power photo-tuning of silicon photonic 

structures with a dye-doped nematic liquid crystal cladding was presented 

theoretically and experimentally. The observed unoptimized resonance shift of 5.6 nm 

is in close agreement with the simulated result when Δn = 0.06. It can be further 

improved by choosing dye-dopants or liquid crystals, surface alignment and anchoring 

conditions, and waveguide/resonator parameters. Optical tuning offers the advantage 

of non-contact, electrode-free and configuration flexibility, and thus such optically 

tunable silicon photonic devices are likely to play an increasingly central role in all-

optical circuit components and silicon photonic platforms. 

 The text of this Chapter, in part, is a reprint of the material as it appears in:  J. 

Ptasinski, S.W. Kim, L. Pang, I.C. Khoo, and Y. Fainman, “Optical tuning of silicon 

photonic structures with nematic liquid crystal claddings,” Optics Letters 38(12), 

pp.2008-2010 (2013).  The dissertation author was the primary researcher and author.  

The co-authors listed in this publication directed and supervised the research which 

forms the basis for this chapter. 
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4. THERMAL STABILIZATION OF SILICON PHOTONICS 

4.1. Introduction 

Silicon photonic devices and circuits represent a rapidly growing and 

promising technology for high-speed signal transmission systems with data rates of 

100 Gbps, which far exceed the capabilities of copper cabling.  Such devices are 

suited for data centers and high performance computing applications where standard 

copper based Ethernet networking is inadequate.  Photonics-based systems offer the 

advantage of reduced energy consumption in addition to the ability to pack a larger 

number of communication channels into a smaller space [55]. In the next few years, 

large numbers of silicon photonic products will come to market and there will be an 

increase in the number of complex silicon photonic systems developed in academia 

[56]. As silicon photonic chips mature, the technology is likely to be increasingly used 

in processing tasks such as interconnecting multiple cores within processor chips to 

boost access to shared cache and busses. Eventually, silicon photonics may be 

involved in actual processing, augmenting or replacing a chip’s semiconductor 

transistors with optical equivalents with greater computing performance [57]. The 

field of silicon photonics is expressly well positioned at this time, as paths for 

commercialization are now widely accessible, the costs and risks associated with 

prototyping products have dropped, and adopting the same silicon processing tools 

that the semiconductor industry uses to fabricate Complementary Metal–Oxide–

Semiconductor (CMOS) transistors opens access to an immense infrastructure for 

yield improvement, metrology and process control [56]. Temperature stability 

becomes more important as optics penetrates deeper into the chip due to silicon’s high 
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thermo-optic coefficient (1.86 × 10
−4

/°C), resulting in an appreciable modification of 

the refractive index in the presence of rising temperature and resulting in performance 

deterioration of photonic devices and systems [58,59].  Correspondingly, at power 

densities of 100 W/cm
2
 in modern microelectronic Very Large Scale Integration 

(VLSI) chips, the problem of heat dissipation is a major challenge even with the most 

advanced packaging technologies. Local temperature stabilization becomes impossible 

with thousands of devices with varying temperature profiles across a single chip [60]. 

4.2. Thermal stabilization methods for silicon photonics 

There has been a tremendous amount of research on the suppression of 

temperature sensitivity in silicon-based chip scale devices and a common approach 

consists of using external heaters or thermoelectric coolers. A related scheme focuses 

on the use of direct local heating of the silicon device by alternating the bias current, 

or using silicon itself as a resistive material for heating [58,61]. However, as these 

approaches are active, they increase power consumption and account for the largest 

share in a power budget of state-of-the-art silicon photonics [58], in addition to 

demanding a large device foot-print and cost. Passive thermal stabilization techniques 

rely on the use of a negative thermo-optic coefficient (TOC) material to offset 

silicon’s high positive TOC [59,60], tailoring the degree of optical confinement in 

silicon waveguides [61], or a careful design of the device geometry [58,62,63]. 

Materials used for thermal stabilization consist of polymers, such as acrylates [64], 

where a temperature dependent peak resonance wavelength shift of a racetrack 

resonator was reduced 8.3 times. However, the demonstration was geometry specific 

and performed over a very small temperature range. Other research consisted of 
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working with Polymethyl methacrylate, a common lithography resist, or ExguideTM 

LFR-372 (ChemOptics Inc., Daejeon, Korea) over a wider temperature range with 

similar findings [59,62,65]. A drawback to polymers is that they are vulnerable to 

temperature degradation, chemical instability, ultraviolet (UV) aging, and have poor 

mechanical characteristics [66,67]. Alternative methods which rely on engineering of 

the device geometry to lower the temperature sensitivity of the entire waveguiding 

system require additional space on the chip, are sensitive to fabrication tolerances and 

assume that the temperature compensating devices are located in the same thermal 

hotspot [61,66]. 

4.3. Passive temperature stabilization of silicon photonic devices using liquid 

crystals 

This section explores a passive thermal stabilization scheme for resonant 

photonic devices using liquid crystal (LC) claddings. Liquid crystals’ relatively low 

viscosity (the viscosity of E7 is 40cps at 20°C [68]) makes it possible to backfill them 

into chambers made during the fabrication process in a manner similar to microfluidic 

devices [69–71]. The main allure of liquid crystal claddings lies in their large negative 

thermo-optic coefficients and low absorption at the infrared and visible wavelengths, 

which translates into lower insertion losses. The thermo-optic coefficient dn/dT in 

nematics is extraordinarily large, ranking among the largest of all known materials 

[72]. The rod-like nematic liquid crystals exhibit optical birefringence: ordinary 

refractive index no for light polarized perpendicular to the liquid crystal and 

extraordinary refractive index ne for light polarized parallel to the liquid crystal [73]. 

LC crystalline properties become apparent when the liquid crystal is contained in thin 
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flat cells.  The alignment of the LC axis in such cells is essentially controlled by the 

cell walls whose surfaces are treated in a variety of ways to achieve various director 

axis alignments [74]. Homeotropic alignment (where the LC long axis is perpendicular 

to the surface) is typically achieved by treating the cell walls with a surfactant such as 

hexadecyl-trimethyl-ammoniumbromide (HTAB) and planar alignment is most easily 

achieved by rubbing unidirectionally with a lens tissue; LCs then align their long axis 

along the rubbed direction [20]. As a material, LCs are low cost, easy to use (including 

the possibility of filling various volumes), offer high damage threshold to laser 

radiation, and overcome roughness and stress-induced scattering loss and polarization 

dependence [75,76]. Moreover, LC molecular design provides leeway in modifying 

their structure and properties [72–76]. 

 This experiment uses ring  resonators, which are highly sensitive to changes in 

the refractive index to characterize the thermo-optic properties of liquid crystals. A 

ring resonator consists of a closed loop waveguide commonly in the shape of a ring or 

a racetrack. Coupling to and from the device is achieved by placing bus waveguides 

within a close proximity of the ring, allowing for evanescent modes to overlap and 

couple [77]. The ring behaves as an interferometer and shows a resonance for light 

whose phase change after each full trip around the ring is an integer multiple of 2π, 

where the difference between the vacuum wavelengths corresponding to two resonant 

conditions is referred to as the free spectral range (FSR) [23,78]. A resonant 

wavelength change is observed in response to an effective index change for the 

resonant mode and the amount of the resonant wavelength shift is influenced by the 

length of the ring perimeter [77]. 
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Figure 17.  (A) Ring resonator.   Windows for liquid crystal cladding are etched 

within the silicon dioxide overcladding.  (B) Simulation result showing critical 

coupling which translates to a resonance peak. 

 

 Figure 17 shows a schematic of the ring resonator structure and a simulation 

result depicting critical coupling.  Figure 18 depicts a 2D finite-element simulation in 

COMSOL Multiphysics (Palo Alto, CA, USA) and the projected fundamental TE like 

mode resonance shift due to rising temperature for a silicon ring clad in SiO2. Silicon 

photonic waveguides commonly consist of a silicon core and silica claddings, because 

the large refractive index contrast between the core and cladding allows for total 

internal reflection with a very large incident angle [78–80]. Typically, the TE-like 

mode is more frequently used than the TM-like mode due to its low bending loss, 

stronger confinement in the waveguide core, and minimal leakage into the silicon 

substrate beneath the buried oxide (BOX) layer. In this simulation, the ring was 500 

nm wide, 250 nm tall, and with a perimeter of 62.2 μm. The effective index method 

was used in defining the effective mode indices and propagation constants of the  

resonator. The high TOC of silicon (ΔnSi/ΔT = 1.86 × 10
−4

/°C) together with the TOC 



45 
 

 
 

of SiO2 (ΔnSiO2/ΔT = 1 × 10
−5

/°C) resulted in a 3.2 nm resonance shift for a 30 °C 

change in temperature, from 1541.7 nm to 1544.9 nm, which translates to Δλ/ΔT = 

106.7 pm/°C. 

In modern dense wavelength division multiplexing (DWDM) systems with 

channel spacing of  < 1 nm, a difference of Δλ/ΔT = 106.7 pm/°C will greatly 

influence channel location and crosstalk [81]. 

 

Figure 18.  Simulation showing a resonance shift due to rising temperature for a ring 

resonator clad in silicon dioxide. 

 

 

4.4. Experiment 

Samples were fabricated using a 680 μm thick silicon on insulator (SOI) wafer 

composed of a silicon handle, a 3 μm BOX layer and 250nm of silicon placed on top 

of the BOX. The 3 μm SiO2 layer aids in preventing the evanescent field of the optical 
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mode from penetrating the silicon substrate below. Dow Corning (Midland, MI, USA) 

FOX-16 electron beam (e-beam) resist was diluted in Methyl isobutyl ketone (MIBK), 

one part FOX-16 to two parts MIBK (by weight), and spun at 4000 rpm resulting in a 

180 nm thick coat [74]. The samples were patterned with a Vistec (Toronto, Canada) 

EBPG 5200 e-beam system using a dosage of 5120 μC/cm
2
 and developed in 

Tetramethylammonium hydroxide (TMAH) for 1 min. Dry etch of silicon was 

performed using Oxford Plasmalab 100 RIE/ICP (Oxford Instruments, Abingdon, 

Oxfordshire, United Kingdom) with a mixture of 25 sccm of SF6 and 50 sccm of C4F8 

at a temperature of 15 °C, and with a reactive-ion etching (RIE) power of 30 W and 

inductively coupled plasma (ICP) power of 1200 W. The resulting silicon waveguides 

were covered by a 1800 nm layer of SiO2 cladding deposited via Oxford Plasmalab 80  

Plus plasma-enhanced chemical vapor deposition (PECVD) at 350 °C using a mixture 

of 5% SiH4 and 95% N2 at 117 sccm with 710 sccm of N2O at a deposition rate of 72 

nm/min. The PECVD chamber pressure was 1000mT and the RF power was 20W at 

13.56 MHz. Window areas positioned over resonator rings were patterned with 

Shipley S1805 photoresist (Shipley Company, Marlborough, MA, USA), exposed in a 

Hybrid Technology Group (HTG) Mask Aligner and etched in a CMOS grade 

buffered oxide solution (BOE) consisting of 33.5% NH4, 7% HF, and 59.5% H2O, for 

a duration of 195 s. The remaining S1805 photoresist was removed with Shipley 

Microposit Remover 1165 (Shipley Company, Marlborough, MA, USA). The 

fabrication process is shown in Figure 19  and scanning electron microscope (SEM) 

images of the fabricated samples appear in Figure 20.  Figure 20 (A) depicts a silicon 

ring resonator of 9.9 μm radius and 500 nm width.  Figure 20 (B) shows the ring 
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resonator sample clad in SiO2 and with a window etched over the ring to 

accommodate the LC cladding. Placement of the liquid crystal cladding was carried 

out in a clean room environment and preceded by a sample cleaning step using oxygen 

plasma. The oxygen plasma step aids in the removal of organic contaminants and it 

promotes adhesion and bonding to other surfaces. 

 

Figure 19.  Fabrication process steps. 
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Figure 20.  Fabricated ring resonator samples. (A) Close up of the ring resonator 

structure; (B) Ring resonator with a window etched in SiO2 for liquid crystals. 

 

The experimental setup consisted of an Agilent 8163B telecom-grade tunable 

laser (Santa Clara, CA, USA) (1470–1570nm range) connected to a polarization 

scrambler and fiber coupled to the on-chip waveguide. An Oven Industries 5C7-195 

Benchtop Temperature Controller (Mechanicsburg, PA, USA) linked to a thermo-

electric module served to heat and cool the LC mixture. The thermoelectric module 

was embedded  within a sample mount which was placed on a three-axis mechanical 

stage allowing for precise alignment with the input beam and imaging optics. A 

thermocouple fastened to the sample stage monitored the temperature with a precision 

of 0.1 °C.  The transmission spectrum was imaged in free space onto a Newport 2931-

C power meter (Newport Corporation, Irvine, CA, USA). Control of the telecom 

source and the power meter were automated.  The optical setup is illustrated in Figure 

21. 
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Figure 21.  Optical setup. 

 

4.5. Results and discussion 

Liquid crystals used in the experiment consisted of 5CB (Sigma Aldrich, St. 

Louis, MO, USA), E7 (Merck, Hunterdon County, NJ, USA), LIXON ZSM-5970 

(Chisso Corp., Minamata, Japan), and MDA-05-2968 (Merck). Table 1 depicts some 

of the common characteristics of these liquid crystal mixtures. 

Table 1.  Room temperature properties of liquid crystals used in the experiment. 

 

Ring resonator samples consisting of 9.9 μm radius, 500 nm width, 250 nm 

height, 100 nm gap between the ring and bus waveguide were characterized. A 
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measurement was performed on a sample clad in air, which resulted in an 87.5 pm/°C 

resonance shift and  served as the baseline.  Subsequent measurements were 

completed with liquid crystal claddings listed in Table 1. It should be noted that the 

samples did not rely on an alignment layer in order to achieve a specific liquid crystal 

orientation and the liquid crystals were assumed to be randomly oriented exhibiting an 

average refractive index <n>. The experimental results are shown in Table 2 and 

Figure 22, where Table 2 provides a summary of the observed resonance shift per 

degree Celsius, while Figure 22  tracks the resonant wavelength change as a function 

of increasing temperature. MDA-05-2968 LC produced a peak wavelength shift of 58 

pm/°C, while the best response was attained with 5CB (40 pm/°C) and it is further 

detailed in Figure 23, where the measured resonance is shown at each temperature 

increment. Samples clad in E7 and Lixon presented a thermal drift of 56.3 pm/°C and 

52.3 pm/°C, respectively. 

Table 2.  Summary of results appearing in Figure 21.   
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Figure 22.  Measured ring resonator samples clad in liquid crystal (LC) mixtures. 

 

Figure 23.  Peak wavelength shift for 5CB clad resonator. The thermal drift is 40 

pm/°C. 



52 
 

 
 

The data in Figure 22 indicate that the resonant wavelength shift of LC clad 

ring resonators is linear. This is to be expected, as the average LC index decreases 

linearly as temperature rises in both the anisotropic and isotropic phase [82,83]. 

 The measured resonance shifts were used in calculating the thermo-optic 

coefficients of the LC mixtures at 1550 nm.  First, the measured air-clad ring resonator 

response served to validate a COMSOL Multiphysics model. The measured resonance 

shift of an air clad resonator was 87.5 pm/°C, which strongly agrees with the 

COMSOL simulation resonance shift of 87.5 pm/°C, giving confidence in the 

COMSOL model. The measured and the simulated results for an air cladding are 

depicted in Figure 24.   

Experimentally observed LC cladding resonance shifts were used to obtain the 

change in the silicon waveguide mode effective indices using Equation (1) of Chapter 

3.  The effective mode indices then served to calculate the thermo-optic coefficient of 

the LC mixtures using the COMSOL model. Table 3 contains a summary of the 

results. 5CB provides the greatest negative average refractive  

index <n> TOC of Δn5CB/ΔT = −8.7 × 10
−4

/°C at 1550 nm. Lixon possesses the next 

best TOC of ΔnLixon/ΔT = −7.2 × 10
−4

/°C; followed by E7 ΔnE7/ΔT = −6.7 × 10
−4

/°C, 

and MDA ΔnMDA/ΔT = −6.5 × 10
−4

/°C.  In relation to the literature, the estimated TOC 

value of E7 (ΔnE7/ΔT = −6.7 × 10
−4

/°C) is slightly greater than the average 

temperature-dependent refractive index <n> value reported (Δn/ΔT = −5.24 × 10
−4

/°C) 

[84]. This inconsistency is due to some of the E7 molecules being initially aligned in 

the ne state as compared to a completely random <n> state. LC molecules in the ne 

orientation will undergo a considerably larger refractive index change as a function of 
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temperature in comparison to those randomly aligned [83,84], and it is not until the 

isotropic state that the LC Δn/ΔT fully equalizes [83]. 

 

 

Figure 24.  (A) Measured resonance shift in air of a ring resonator; (B) Simulated 

shift of a ring resonator clad in air as a function of rising temperature. 
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Table 3.  Change in the effective index as a function of a 30 °C increase in 

temperature and the corresponding thermo-optic coefficient of the liquid crystal 

mixture at 1550 nm. 

 

 

While LCs aid in minimizing temperature associated effects, complete 

athermal response cannot be achieved without modifying the device geometry. The 

amount of thermal stabilization is directly related to the extent of the optical mode 

overlap with LCs, or any other negative TOC material. For instance, the mode of 

narrower waveguides will sense more of the LC cladding due to a larger portion of it 

being present outside of the silicon core region. An example of this appears in Figure 

25, which depicts the amount of TE like mode power density that extends outside of 

the waveguide core as a function of waveguide width. For a 500 nm wide, 250 nm tall 

silicon waveguide surrounded by n = 1.53 index cladding, a 26% mode overlap with 

the cladding region is achieved. A 300 nm wide waveguide will result in a 58% 

cladding overlap.  Besides device geometry, the exact cladding material’s refractive 

index and surface roughness also come into play in mode confinement and 

propagation loss. Thus, while a narrower waveguide allows for increased interaction 
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with the liquid crystal cladding, it also results in enhanced losses arising from a larger 

portion of the optical mode interacting with the sidewall surface roughness of the 

silicon core [85]. These interface imperfections originate during the fabrication 

process from line edge corrugations of the electron beam resist, pattern transfer, or 

from the etching process itself [86]. The roughness of core–cladding interfaces results 

in transmission loss that scales with the square of the roughness amplitude [86], which 

is the main reason why waveguides of 500 nm width were chosen for this experiment 

rather than narrower ones. 

 

 

Figure 25.  Silicon rectangular waveguide core width and the corresponding TE-like 

mode power density that extends into the cladding region. The waveguide height was 

kept constant at 250 nm. The cladding region refractive index was n = 1.53. 
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Measurements show that 5CB, which possesses the lowest clearing point 

temperature (Tni = 35°C), boasted the largest negative TOC. 5CB is applicable to 

achieving predictable operation of silicon-based wavelength-division multiplexing 

(WDM) devices located on typical high-performance multicore chips which may 

endure ±10 °C temperature variations [63]. Due to 5CB’s flash point of 113 °C [87], 

Lixon with its clearing point temperature of Tni = 123 °C, may be better suited for 

applications in which the microprocessor die hot spot thermal range fluctuates 

between 70–120 °C [88]. 

4.6. Chapter summary 

In summary, the use of LCs for passive temperature stabilization of silicon 

photonic devices was explored.  LCs possess high negative thermo-optic coefficients 

and their refractive index decreases linearly as temperature rises in both the 

anisotropic and isotropic phase. Using ring resonators clad in LCs, thermal drift can be 

mediated, although a full athermal response requires alteration of the silicon device 

geometry. The amount of thermal stabilization is directly related to the extent of the 

optical mode overlap with LCs, or any other negative TOC material. The advantage of 

LCs  lies in their high negative thermo-optic coefficients in addition to low absorption 

at the infrared wavelengths. 

 The text of this Chapter , in part, is a reprint of the material as it appears in:  J. 

Ptasinski, I.C. Khoo and Y. Fainman, “Passive Temperature Stabilization of Silicon 

Photonic Devices Using Liquid Crystals,” Materials 2014, 7(3), pp. 2229-2241.  The 

dissertation author was the primary researcher and author.  The co-authors listed in 
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this publication directed and supervised the research which forms the basis for this 

chapter. 
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5. LOW DENSITY SILICON DIOXIDE 

5.1. Introduction 

Silicon photonics allows for high density component integration on a single 

chip and it brings promise for low-loss, high-bandwidth data processing in modern 

computing systems. The technology combined with wavelength division multiplexing 

(WDM) portends a future generation of 100+ Gbit/s networks, particularly in terms of 

making them more cost effective than 10 Gbit/s and 40Gbit/s nets.  WDM enables 

multiple channel data transmission in a single fiber-optic link and can dramatically 

increase the aggregate data rate [89]. One of the key advantages of silicon photonics 

lies in leveraging standard CMOS manufacturing equipment, enabling high volume 

production in addition to the feasibility of monolithically integrating most of the 

electronic-photonic components on a single chip. This significantly reduces the 

complexity of assembly processes, which can drastically reduce component sizes [1].  

Silicon dioxide (SiO2) is a commonly used material with applications in 

photonics and microelectronics.  It is used in optical fibers due to its low absorption of 

light, and by virtue of its excellent electrical insulation properties, it functions to 

protect silicon, block current and store charge in electrical applications.  In silicon 

photonics, SiO2 is typically used as a cladding material surrounding a silicon 

waveguide core, but it has also been explored for optical cavities [90] and slot 

waveguides.   

Typical methods of SiO2 deposition include chemical vapor deposition (CVD) 

processes such as low pressure (LPCVD), plasma enhanced (PECVD), microwave 

plasma (MPCVD), or thermal oxidation [91].  Of these methods, PECVD systems 
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have entrenched their place in the electronics sector because of their flexibility in 

depositing many thin films such as SiN, SiO, SiO2, SiON, DLC, A-Si and poly-Si for 

integrated circuit applications.  In the PECVD process, homogenous gas phase 

reactions are initiated by neutral collisions with the non-equilibrium energetic 

electrons produced by RF plasma instead of thermal energy.  Thus the deposition 

precursors can be produced at much lower temperatures by these homogenous 

reactions [92,93], resulting in high quality films grown at 300°C to 350°C, while CVD 

requires temperatures in the range of 650°C to 850°C.  This attribute is what makes 

PECVD widely employed in the semiconductor industry for overlaying thin films on 

temperature sensitive structures; it is also commonly used for silicon photonic 

applications [94-97].  PECVD SiO2 claddings on a SOI waveguide represent the gold 

standard for the design and calibration of the Si waveguide-based structures.  The SiO2 

cladding is regarded as a uniform overlayer; however, the analysis presented below 

indicates that the PECVD SiO2 claddings exhibit non-uniform density distribution 

around the Si waveguide surface.  

PECVD oxides produced at lower temperatures are significantly more porous 

than those deposited at higher temperatures [98].  For silicon photonic applications 

this, combined with less than optimal step coverage and inhomogeneous coverage of 

3D nanostructures [99], results in areas of lower density SiO2 in the vicinity of silicon 

strip waveguides.  Consequently, this material non-uniformity has been overlooked 

thus far in the Si nanophotonics community, especially when it pertains to resonant 

structures where an accurate cladding index distribution determines the resonant 
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wavelength.  This material non-uniformity can be a significant factor behind the 

discrepancy of numerical and experimental results.   

Here, a buffered oxide etch solution is used to reveal the low density nature of 

the PECVD SiO2 cladding around silicon waveguides.  Ring resonators are employed 

to deduce the refractive index of the SiO2 cladding; the effect of low density SiO2 on 

device performance is experimentally calculated.  Guidance for future designs 

involving PECVD and the silicon on insulator (SOI) platform is provided.   

5.2. Background 

Figure 26 illustrates the model concept of low density (LD) SiO2 around 

silicon waveguides on a SOI wafer.  The image depicts a typical SOI wafer consisting 

of a silicon handle, a buried oxide layer (BOX) and a silicon structure on top. The Si 

waveguide structure is obtained by using electron beam lithography and dry etching. 

Then, the silicon waveguide is covered by a SiO2 cladding layer using PECVD.  The 

graphic depicts two regions of PECVD SiO2, where the region immediately adjacent 

to the Si waveguide is of lower density as compared to the region farther back.  Figure 

27 contains SEM images of PECVD SiO2 covered silicon waveguides.  The sample is 

composed of a Si handle, 3µm of a buried oxide layer, silicon (already patterned) and 

PECVD SiO2.  Figure 27 (A) depicts two silicon waveguides at the edge of the chip.  

The black dotted line represents a demarcation point between the silicon handle and 

oxide layers.  Figure 27 (B) is of a more zoomed-in image of the waveguide appearing 

on the left hand side of (A).  In (B) we can clearly see a difference between the two 

SiO2 layers (the BOX and the PECVD).  Figure 27 (C) contains the image appearing 
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in Figure 27 (B), magnified even more.  The silicon waveguide is now clearly visible.  

(D)  A close up of the silicon waveguide surrounded by BOX and PECVD SiO2. 

 

 

Figure 26.  Graphic depicting silicon dioxide deposited with the PECVD method 

showing low density (LD) regions surrounding silicon strip structures.  These LD 

regions extend out ~1µm on each side of the silicon strip. 
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Figure 27.  SEM images of PECVD SiO2 covered silicon waveguides.  The sample 

composition is silicon handle, 3µm of a buried oxide layer, silicon (already patterned) 

and PECVD SiO2.  (A) Two silicon waveguides at the edge of the chip.  The black 

dotted line represents a demarcation point between the silicon handle and oxide layers.  

(B)  A more zoomed in image of the waveguide appearing on the left hand side of (A).  

In this image, we can see a difference between the two SiO2 layers.  (C)  The image 

appearing in (B), zoomed in even more.  The silicon waveguide is visible.  (D)  A 

close up of the silicon waveguide surrounded by BOX and PECVD SiO2. 

 

Samples were fabricated using a 680µm  thick SOI wafer composed of a 

silicon handle, a 3µm BOX layer and 250nm of silicon placed on top of the BOX.  

The 3µm SiO2 layer prevents the evanescent field of the optical mode from 

penetrating the silicon substrate below.  Dow Corning Fox-16 electron beam (e-beam) 

resist was spun on the sample, ensuing in a 180nm thick coat [101].  A hot plate bake 
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step was used to remove the solvent.  The samples were patterned with a Vistec EBPG 

5200 e-beam system.    Dry etch of silicon was performed using Oxford Plasmalab 

100 RIE/ICP.  PECVD (Oxford Plasmalab 80Plus) was utilized to grow an 1800nm 

SiO2 cladding layer.  The PECVD system was operated at 350°C with a mixture of 5% 

SiH4 and 95% N2 at 117sccm with 710sccm of N2O, resulting in a average deposition 

rate of 72nm/minute.  The PECVD chamber pressure was 1000mT and the RF power 

was 20W at 13.56MHz.   

 To construct windows within the PECVD SiO2 overlayer, the sample was wet 

etched in SiO2 etchant (Baker buffered oxide solution (BOE) with 33.5% NH4, 7% 

HF, and 59.5% H2O) for a duration of 195 seconds.  SEM images of several devices 

during various fabrication process steps are shown in Figure 28.  Figure 28 (A) shows 

unclad silicon waveguides situated on top of a buried oxide layer and prior to PECVD 

deposition.  Figure 28 (B) depicts the sample edge showing a silicon waveguide clad 

in PECVD SiO2.  This image was taken at a 45 degree angle.  Figure 28 (C) is of the 

sample post wet-etch at the edge of the patterned window.  There are two coupled Si 

waveguides partially clad in SiO2, with the etched area showing a trench surrounding 

the silicon waveguides.  This trench is formed due to SiO2 near the waveguides 

etching at a faster rate.  It can also be seen from the image that the BOE etchant has 

etched areas around the waveguides beneath the unpatterned SiO2 layer.  Figure 28 

(D) shows a ring resonator and two bus waveguides in the patterned area, and the 

trench surrounding the Si waveguides is more visible in this image.      
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Figure 28.  (A) Unclad silicon waveguides and ring positioned on top of a buried 

oxide layer.  (B) Sample edge showing a silicon waveguide clad in PECVD deposited 

SiO2.  This image was taken at a 45 degree tilt.  (C) The sample post wet-etch showing 

two coupled waveguides partially clad in SiO2.  The etched area shows a deeper trench 

in the vicinity of the silicon waveguides.  This trench is formed due to SiO2 near the 

waveguides etching at a faster rate.  (D) The sample post wet-etch showing the 

exposed ring regions and a trench of fully etched SiO2 close to the silicon structures. 
 

5.3. Low density PECVD SiO2 analysis  

The analysis below shows that (1) the width of the low density (LD) areas 

extends out 1µm from each edge of a Si structure, (2) the size of the LD area does not 

depend on the width of the Si structure, and (3) unetched silicon dioxide forms a 

narrow ridge when two silicon strips are approximately 2µm apart.  Figure 29 presents 
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SEM images of several silicon structures after the wet etch step.  Typically, the HF 

etch rate is a good measure of the film’s density [102].  In this image, only the regions 

immediately surrounding the silicon shapes show fully etched SiO2 and these regions 

extend ~1µm from the outer boundary of the silicon form.  The numbers in the figure 

denote particular regions and aid in identifying their measured width values.  From the 

figure, it can be deduced that the effect is not geometry dependent and that it manifests 

itself regardless of the silicon structure shape.  Figure 29 (A) is of a coupling section 

between a ring resonator and bus waveguide.  Arrow (1) points to a straight silicon 

waveguide with a measured width of 470nm, arrow (2) marks a silicon ring structure 

of 475nm width.  The gap between a silicon waveguide and under etched SiO2 is 

910nm wide and denoted by arrow (3).  Arrow (4) shows a 912nm gap between a Si 

ring and under etched SiO2.  Figure 29 (B) shows a silicon structure having the form 

of a number “5.”  Arrows (1) and (2) depict the silicon strip widths, which are 947nm 

and 925nm, respectively.  Arrows (3), (4), and (5) denote the gap widths between the 

Si structure and under etched SiO2.  The gap of arrow (3), between a Si strip and an 

under etched island of SiO2 is 862nm wide.  Arrow (4) points to a 968nm gap, and the 

gap tagged by arrow (5) is 964nm wide.  One would expect that the gaps denoted by 

arrow (4) and (5) would be of similar widths, since the under etched SiO2 pin-shape 

appearing between them is precisely in the middle between the two silicon strips.  

Figure 29 (C) depicts two crossed Si strips.  The Si strip of arrow (1) is 1020nm wide, 

while the silicon strip of arrow (2) is slightly narrower with a 845nm strip width.  

Arrow (3) depicts a gap between the horizontal Si strip and under etched SiO2, the gap 

is 958nm wide; arrow (4) is a gap on the other side of the Si strip and it is 966nm 
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wide.  Figure 29 (D) shows two coupled waveguides.  The waveguides denoted by (1) 

and (2) are 520nm wide.  Arrow  (3) points to a gap between the silicon waveguide of 

arrow (1) and under etched SiO2.  This gap is 1100nm wide; arrow (4) marks a 

1050nm wide gap between the silicon waveguide denoted by (2) and under etched 

SiO2.   

 

Figure 29.  (A-D) Different silicon structures post wet etch.  Areas immediately 

adjacent to the structures are fully etched.  The numbers in the figure denote particular 

regions and aid in identifying their measured width values.  (A) Coupling section 

between a ring resonator and bus waveguide.  (1) Straight silicon waveguide with a 

measured width of 470nm; (2) silicon ring structure of 475nm width; (3) gap between 

a silicon waveguide and under etched SiO2 of 910nm width; (4) 912nm gap between a 

Si ring and under etched SiO2.  (B) Silicon “number 5” structure.  (1) Silicon slab, 

947nm wide; (2) silicon structure, 925nm wide; (3) gap between a silicon slab and 

under etched SiO2 of 862nm width; (4) 968nm gap between a Si ring and under etched 

SiO2; (5) 964nm gap between a Si ring and under etched SiO2.  (C) Cross structure.  

(1) Silicon slab of 1020nm width; (2) silicon slab, 845nm wide; (3) gap between a 

silicon slab and under etched SiO2, 958nm wide; (4) gap between a silicon slab and 

under etched SiO2, 966nm wide.  (D)  Two coupled waveguides.  (1) Silicon 
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waveguide, 520nm wide; (2) silicon waveguide, 520nm wide; (3) gap between a 

silicon slab and under etched SiO2, 1100nm wide; (4) gap between a silicon slab and 

under etched SiO2, 1050nm wide.   

 

Figure 30 depicts the silicon structures at various stages during the etching 

process.  These SEM images show partially etched samples after 165 seconds and 185 

seconds of BOE.  Figure 30 (A) shows the sample after 165 seconds of BOE.  Arrow 

(1) points towards where the silicon waveguides are located under the SiO2.  Arrow 

(2) shows a gap where the SiO2 etched faster; arrow (3) denotes a silicon waveguide 

peeking from underneath the partially etched SiO2.  Figure 30 (B) shows a ring 

resonator after 185 seconds of BOE.  Arrow (1) depicts SiO2 positioned on top of the 

waveguides, while arrow (2) points towards an expanding trench.  Figure 30 (C) is of a 

zoomed in portion of part (B) near the ring / bus waveguide interface.  (1) depicts SiO2 

on top of the silicon waveguides.  The width of the SiO2 layer on top of the straight 

waveguide is 1307nm, while the width of the SiO2 layer on top of the curved 

waveguide is 1326nm; (2) is a 530nm gap formed by SiO2 being etched at a faster rate.   
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Figure 30.  Stages of the etch process – partially etched samples.  (A) The sample 

after 165 seconds of BOE.  Arrow (1) points towards where the silicon waveguides are 

located under the SiO2.  Arrow (2) shows a gap where the SiO2 etched faster; (3) a 

silicon waveguide peeking from underneath the partially etched SiO2.  (B) Ring 

resonator after 185 seconds of BOE.  Arrow (1) depicts SiO2 positioned on top of the 

waveguides, while arrow (2) points towards an expanding trench.  (C) Zoomed in 

portion of part (B) near the ring / bus waveguide interface.  (1) depicts SiO2 on top of 

the silicon waveguides.  The width of the SiO2 layer on top of the straight waveguide 

is 1307nm, while the width of the SiO2 layer on top of the curved waveguide is 

1326nm; (2) is a 530nm gap formed by SiO2 being etched at a faster rate.   

 

Figure 31 shows SEM images of windows etched in two different samples.  

The sample depicted in Figure 31 (A) contains a ring resonator and the sample of 

Figure 31 (B) consists of two coupled waveguide.  In Figure 31 (A), the ring structure 

is visible in the etched window region, with a portion of the Si ring protruding from 

underneath the unetched SiO2.  This image was taken at a 45 degree angle.  The blue 

dashed line is meant as the demarcation point between unetched SiO2 cladding (to the 

right of the line) and the etched window (to the left of the line).  Arrow (1) represents 

the height of SiO2 positioned 982nm away from the silicon waveguide edge.  Arrow 
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(2) is the height difference between the etched silicon dioxide and the unetched region 

depicted by arrow (3).  The unetched SiO2 cladding height is 1850nm.  (4) is the 

trench on the outer edge of the silicon waveguide of 962nm width; (5) represents the 

trench on the inner edge of the silicon waveguide of 980nm width; (6) shows the 

unetched SiO2 cladding region; (7) depicts the under etched SiO2 in the window area; 

(8) points to areas at the edge of the window where BOE began to eat away at 

cladding surrounding the waveguides.  Figure 31 (B) shows two coupled waveguides 

and a window etched into the SiO2 cladding.   Arrow (1) points to the waveguide 

region visible under the 1.8µm cladding layer; arrow (2) marks the unetched cladding 

layer.  Arrow (3) depicts the silicon waveguides visible in the window region; arrow 

(4) shows the under etched SiO2 within the window region. 

 

Figure 31.  (A,B)  SEM images of windows etched in two different samples.  (A)  

Ring structure visible in an etched window region and protruding from underneath 

unetched SiO2.  This image was taken at a 45 degree tilt.  The blue dashed line is the 

demarcation point between unetched SiO2 cladding (to the right of the line) and the 

etched window (to the left of the line).   (B) SEM image of two coupled waveguides 

and a window etched into the SiO2 cladding.    

 



70 
 

 
 

Figure 32 contains images taken after a 195 second BOE bath.  It can be seen 

that the BOE has began to etch the buried oxide layer beneath the silicon structures.  

Figure 32 (A) shows silicon structures with trenches etched immediately in their 

vicinity.  It can be seen that the SiO2 farther back has not been completely etched.  

Figure 32 (B) is a close up of Figure 32 (A).  Figure 32 (C) shows a silicon bus 

waveguide and a portion of a silicon ring.  Arrow (1) points to a trench formed post 

BOE etch.  The trench is 1025nm wide.  Arrow (2) marks a 496nm wide silicon 

waveguide, and arrow (3) shows a 1030nm trench formed to the inside of the silicon 

ring.  Arrow (4) marks a 940nm tall plateau of under etched SiO2 located to the inside 

of the Si ring.  Arrow (5) points to a 930nm tall SiO2 plateau on the outside of the 

silicon ring. 

Figure 32 clearly shows that the SiO2 etch rates greatly differ in the vicinity of 

the Si structures versus the etch rates taking place 1µm or farther away from the Si 

strips.  Here, it can be deduced that the BOE etch rate 1 µm away from the 

waveguides was 4.5nm/second, and in the neighborhood of the waveguides it is 

increased to 9.2nm/second.  Figure 33 and Figure 34 further emphasize this point by 

providing a summary of the trench width on each side of a silicon strip and the height 

of the under etched SiO2 layer measured for 10 different samples.  
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Figure 32.  Images taken post a 3 minute 15 second BOE bath.  The BOE has began 

to etch the buried oxide layer beneath the silicon structures.  (A) Silicon structures 

with trenches etched immediately in their vicinity.  SiO2 farther back has not been 

completely etched;  (B) close up of (A);  (C) Silicon waveguide and a portion of a 

silicon ring.  (1) Trench formed post BOE etch of 1025nm width, (2) 496nm wide 

silicon waveguide, (3) trench formed to the inside of the silicon ring, 1030nm wide, 

(4) plateau of under etched SiO2, 940nm tall, (5) 930nm tall SiO2 plateau on the 

outside of the silicon ring. 

 

Figure 33 shows the measured results for the trench size on each side of a 

silicon structure as a function of the structure width, with each blue dot corresponding 
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to an individual sample.  The purple, dotted lines represent the standard deviation 

σtrench = 71nm of the trench data with a mean of tre n c h
x

= 956nm.  Figure 34 shows the 

height of the not completely etched SiO2 layer for 10 different samples.  The data are 

ordered by sample number.  The mean of the under etched layer is σetch = 914nm 

(green dotted line) and the standard deviation (purple dotted line) is e tch
x

= 45nm. 

 

 

Figure 33.  Trench size on each side of a silicon structure as a function of structure 

width.  The blue dots represent measured results of individual samples.  The purple, 

dotted lines represent the standard deviation (71nm) of the data with a mean of 956nm. 
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Figure 34.  Height of the under etched SiO2 layer for 10 different samples.  The data 

is ordered from lowest to highest value.  The mean of the under etched layer is 914nm 

(green dotted line) and the standard deviation (purple dotted line) is 45nm. 

 

Figure 35 depicts an unetched Si waveguide covered in PECVD SiO2.  The 

sample was cleaved in order to obtain this image.  The Si waveguide width is 475nm 

and the PECVD SiO2 layer is 1794nm thick, with a bulge of PECVD SiO2 directly 

over the Si waveguide.  This bulge is 2290nm wide and  rises to 375nm above the rest 

of the PECVD SiO2 film, and extends out to 910nm on the side of the Si strip.  The 

image does not show visible air gaps in the vicinity of the Si waveguide, suggesting 

that LD SiO2 is responsible for this effect.  The LD SiO2 regions are also not visible in 

this image, likely due to a low refractive index contrast between the LD SiO2 and the 

higher density PECVD SiO2 region.   
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Figure 35.  An unetched Si waveguide covered in PECVD SiO2.  The Si waveguide 

width is 475nm and the PECVD SiO2 layer is 1794nm thick.  A bulge of PECVD SiO2 

is formed directly over the Si waveguide.  This bulge is 2290nm wide and it rises to 

375nm above the rest of the PECVD SiO2 film.  The protuberance extends out to 

910nm on the side of the Si strip. 
 

5.4. Device characterization  

In order to illustrate the effects of LD PECVD SiO2 claddings, the free spectral 

range (FSR) of air clad and PECVD SiO2 clad ring resonators was measured.  The 

FSR range was used to calculate the effective indices of the waveguide modes and the 

effective indices were in turn employed to obtain the LD PECVD refractive index 

value.  For this analysis, chip-scale ring resonators were used because they are highly 

sensitive to refractive index variations [103-106], down to the order of 10
-5

-10
-7

 RIU 
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(refractive index units).  Ring resonator structures support circulating (i.e. travelling) 

waves which are evanescently coupled to the ring from a bus waveguide.  The 

sensitivity of a ring resonator depends on the resonator Q, and the extent to which the 

optical mode of the waveguide interacts with the sensing (cladding) material with 

respect to the ring perimeter and the modal overlap with the overlayer.  A resonance 

occurs when the optical path length of the resonator is exactly a whole number of 

wavelengths.  The resonant wavelength is given by  
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where neff is the effective refractive index, r is the radius of the ring and m is the order 

of the resonant mode [108,109].  The wavelength spacing between two successive 

resonance dips (in the case of an all-pass resonator) or resonance peaks (in the case of 

an add-drop filter drop port) is referred to as the free spectral range (FSR): 
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with ng defined as the group index and described by 
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To study the effects of LD silicon dioxide claddings, the measured ring 

resonator group indices were input into a 2-D COMSOL Multiphysics finite-element 

model and used to calculate the refractive index of PECVD SiO2 surrounding the 

silicon waveguides.  This simple model works well for an accurate calibration and 

design of silicon structures, since the effective refractive index parameter determines 
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not only the propagation constant of a waveguide, but also the center frequency of 

photonic filters.   

The ring resonator add-drop filter consisted of two 500nm wide, 30µm long 

waveguides separated by 100nm from a centrally situated 500nm wide and 19.8µm 

diameter ring.  Effective mode indices and propagation constants for the TE-like mode 

of the resonator were defined using the effective index method [110,111]. The 

horizontal (i.e. TE-like) mode is preferred since it extends in the direction of the 

waveguide sidewalls where the LD SiO2 appears. It is instructive that most existing 

SOI devices work with the TE-like polarization, since it is the ground mode of the 

waveguide and it offers a stronger confinement.  Tuning of the ring resonator depends 

on how far the mode extends into the cladding regions, the amount of space in the 

coupling region between the ring and waveguide, and the accrued losses (including 

coupling to bus waveguides).  Figure 36  illustrates the field distribution of a TE-like 

mode for a 500nm wide waveguide and its extent into the cladding region. 
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Figure 36.  TE mode for a 500nm wide strip waveguide.  Most of the mode is 

confined to the silicon strip, while a portion of it extends into the cladding region. 

 

Samples clad in PECVD silicon dioxide and samples clad in air were 

examined.  The calibration was performed in two steps:  (1) A sample consisting of a 

silicon waveguide positioned on top of a BOX layer with an upper air cladding (BOX / 

Si / air) was measured and served to define the refractive index distribution of the Si 

waveguide and SiO2 substrate within the COMSOL model;  (2)  The silicon 

waveguide sample was covered in PECVD SiO2 (BOX / Si / PECVD SiO2) and 

measured.  This measured result functioned to extract the effective index of the 

PECVD SiO2 layer.   

The experimental setup is depicted in Figure 37.  The sample was placed on a 

three-axis mechanical stage allowing for precise alignment of the sample with the 

imaging optics. A second three-axis mechanical stage served to align an optical single 
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mode input fiber with the edge of an on-chip waveguide.  Linear inverse tapers were 

implemented to aid in the coupling.  The adiabatically widened tapers work by 

increasing the mode size of the waveguide to that of the fiber, and offer a low loss 

coupling mechanism with a predicted loss of 1.5dB for a 100nm tip, 100µm long 

linear inverse taper [112].  An Agilent 8163B telecom-grade laser (1470-1570nm 

range) coupled with a polarization scrambler and a fiber polarization controller served 

to measure the transmission spectrum.  Waveguide output was free space imaged onto 

a power meter,  and control of the telecom source and the power meter was automated. 

 

 

Figure 37.  Measurement setup.  An Agilent tunable source is fiber coupled to the on-

chip waveguides and the output is free space imaged onto a detector. 

 

Figure 38 depicts the measured response of the ring resonator structures when 

they’re clad in air (A), and in PECVD deposited silicon dioxide that covers half of the 

ring (B), with refractive indices of the SiO2 layers depicted on the graphic inset.  The 

air clad samples served as a reference for the simulation model.  Refractive indexes of 
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the buried oxide layer, PECVD silicon dioxide layer on a planar silicon surface, and 

silicon at 1550nm are nBOX = 1.444 [113,114], nPECVD = 1.453 [115], nSi = 3.478 

[116,117].  The free spectral range (FSR) of the Figure 38 air clad sample is FSRair = 

8.455nm resulting in a group index of ng,air = 4.568.  The SiO2 clad sample possesses a 

FSRSiO2 = 7.20nm with a group index of ng,SiO2 = 5.364.  The resonance linewidth of 

Figure 38 (B) is wider than that of Figure 38 (A) due to the loss associated with the 

SiO2 cladding interface being positioned mid-way through the ring.   

  

 
Figure 38.  Measured ring resonator response for (A) sample with air cladding (1/2 

open), (B) sample clad in PECVD deposited silicon dioxide.  Diagrams above the 

measured spectra depict the sample layers and corresponding refractive indices of 

BOX and PECVD SiO2.   
 

Measured ring resonator group indices (ng,air, ng,SiO2), together with the 

measured ring resonator effective mode indices (neff,air, neff,SiO2),  served to calculate 

the refractive index of LD PECVD SiO2 surrounding the silicon waveguides.  The ring 

waveguide curvature and the resulting effective index were considered using the 

conformal transformation method [97].  The LD SiO2 refractive index is nLD-PECVD = 
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1.253, which is considerably lower than the anticipated value of nPECVD = 1.453.  The 

difference in refractive indices between a film of PECVD SiO2 deposited on a planar 

surface and that of PECVD SiO2 surrounding the silicon strip waveguides is Δn = -0.2, 

and the density of the LD SiO2 layer was estimated to be ρSiO2 = 1.27g/cm
3
 using the 

Gladstone–Dale equation [118].  This analysis supports the conclusion that the LD 

areas contain a decreased atomic concentration of Si CSi < 35.2% and an increased 

atomic concentration of oxygen CO > 64.8% [119,120]. 

 
Figure 39.  Resonance shift due to low density SiO2 claddings. 

 

Figure 39 shows the effect of this refractive index difference on a ring 

resonator device performance for a ring of 500nm width, 250nm height and 19.8µm 

diameter (same parameters as those of the measured devices in Figure 35).  The 

expected location of the resonance peak is λ = 1550.7nm but, due to the LD SiO2,  it 

occurs at λ = 1543.4nm, a 7.3nm change.  In wavelength division multiplexing 
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(WDM) or dense wavelength division multiplexing (DWDM) systems with channel 

spacing of >5nm and <1nm, respectively, a difference of Δλ = 7.3nm will greatly 

influence channel location and crosstalk.  This effect has important implications for 

future applications relying on DWDM to support a large number of base stations 

connected to a central station, for example, millimeter-wave-band radio over-fiber 

(RoF) systems [121].    

5.5. Discussion 

Designs relying on smaller width silicon strip waveguides will be subject to a 

more pronounced center wavelength inconsistency due to a larger portion of the 

optical mode being present in the cladding region.  Figure 40 (A,B) depicts the extent 

of the TE-like and TM-like mode evanescent tail as a function of waveguide width.  

The evanescent tail rapidly protracts into the cladding region once the waveguide 

width becomes narrower than 400nm.  Ramifications of this include increased 

scattering loss due to greater interaction of the less confined mode with sidewall 

roughness [108,122-124], particularly in our case when the mode reaches the edges of 

the unetched SiO2.  It will then interact not only with the edges of the silicon core, but 

also the edges of the unetched SiO2 layer.   
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Figure 40.  (A,B) The extent of TE-like and TM-like mode into the cladding region 

from the edge of a silicon waveguide (single side) as a function of waveguide width.  

The waveguide height is 250nm.  The indices of refraction used for this model include 

nBOX = 1.444, ncladding = 1.453 at λ = 1550nm.  (C,D) The fraction of TE-like and TM-

like mode power density in the cladding region as a function of waveguide width. 

 

Figure 40 (C,D) shows the fraction of TE-like and TM-like mode power 

density in the cladding region as a function of waveguide width.  As the waveguide 

becomes narrower, more of the mode resides in the cladding regions.  Another 

consequence, amplified in the presence of slender silicon strip waveguides, is the 

location of the resonance of a ring resonator filter.  Low density SiO2 near the silicon 

waveguides causes for a 500nm wide ring resonator to experience a blueshift of Δλ = 
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7.3nm for TE-like modes, while the resonance shift for a 400nm wide ring waveguide 

is Δλ = 13.75nm as shown in Figure 41.  Rings with geometry relying on a larger 

diameter will also see a more appreciable resonance difference, since Δλ is dependent 

on the ring radius and the effective path length around the ring (Eg. 1).  

 

Figure 41.  Resonant wavelength shift (for a ring resonator structure) due to LD SiO2 

cladding for various waveguide widths for TE-like modes.  (A)  Shift in nm of the 

resonant wavelength location.  (B) Comparison of the expected resonant wavelength 

location and the actual wavelength location due to the LD cladding region.  
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5.6. Chapter summary 

In conclusion, the adverse effects of LD PECVD SiO2 claddings surrounding 

silicon strip waveguides for photonic applications were reported.  The LD SiO2 

regions surrounding silicon waveguides etch at twice the rate as compared to the SiO2 

regions located 1µm away from the silicon strips and show a refractive index of nLD-

PECVD = 1.253.  Ring resonators, which are highly sensitive to refractive index 

variations, were used in characterizing the LD silicon dioxide claddings.  The 

measured  FSR of air clad and PECVD SiO2 clad ring resonators served to calculate 

the effective indices of the waveguide modes, and the effective indices were in turn 

employed to obtain the LD PECVD refractive index value in the vicinity of the  silicon 

waveguides.  A cladding refractive index difference of Δn = -0.2 between the expected 

PECVD SiO2 refractive index and the LD SiO2 refractive index in the neighborhood of 

the waveguides resulted in a 7.3nm blueshift of the center resonance.  This simple 

model aids in the calibration and design of silicon structures, since their properties are 

mainly determined by the effective refractive index parameter.      

In the LD model, the PECVD SiO2 was defined as two bulk areas with 

distinctive indices; one area with the expected SiO2 refractive index value and the 

second area with the LD SiO2 refractive index.  This is a simple model and it does not 

consider a possible gradient distribution of PECVD SiO2 index from the boundary of 

the Si waveguide.  From a design perspective, this model aids in the calibration of 

silicon structures, since their properties are mainly determined by the effective 

refractive index parameter.      
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The text of this Chapter, in part, is planned to be submitted to the Optics 

Express Journal:  J. Ptasinski, L. Pang, and Y. Fainman, “Adverse effects of low 

density silicon dioxide deposited via plasma enhanced chemical vapor deposition for 

silicon photonic applications.”  The dissertation author was the primary researcher and 

author.  The co-authors listed in this publication directed and supervised the research 

which forms the basis for this chapter. 
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6. FUTURE RESEARCH DIRECTIONS 

6.1. Blue phase liquid crystals 

 Blue phase (BP) liquid crystals have garnered a considerable amount of 

interest due to their self-assembled three dimensional cubic structures, response time 

of less than 1 millisecond and the fact that they do not require an alignment layer.  

Blue phase liquid crystals fall into the chiral nematic category, also referred to as 

cholesteric.  Cholesteric liquid crystals are similar to nematics, apart from that the 

director axis assumes a helical form with a finite pitch.  A single cholesteric liquid 

crystal pitch corresponds to the distance over which the molecules undergo a full 360° 

twist, which translates to a structure that resembles a stack of very thin two 

dimensional nematic-like layers with the director in each layer twisted with respect to 

those above and below.  

 There are three types of the blue phase liquid crystals, BPI, BPII, and BPIII, 

where each type is temperature dependent.  The BP liquid crystal undergoes a phase 

transition from BPI to BPII, and BPII to BPIII as temperature is raised.  Typically, 

unless if the BP liquid crystal is polymer stabilized, the blue phase may only be 

observed over a very narrow temperature range of 0.5°C – 2°C.   

 The blue phase BPI and BPII three dimensional cubic crystal structure is  

composed of double twist cylinders where inside each cylinder, the liquid crystal 

director rotates spatially about any radius of the cylinder.  The cylinders are aligned in 

a body centered cubic configuration for BPI and in a face centered cubic configuration 

for BPII.  BPIII has the same symmetry as the isotropic phase.   
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 An interesting aspect of the blue phase involves the space in between the 

double twist cylinders.  This is where molecular orientations cannot extend smoothly, 

forming a cubic lattice of defect lines, known as disclinations [125].   Essentially, 

fitting the double twist cylinders into a three dimensional structure so that the directors 

match everywhere is topologically impossible, hence line defects appear where the 

cylinder directors cannot be matched [126].  It was found that placing photo-curable 

polymers into the blue phase liquid crystal mixtures allows for an expansion to the 

blue phase temperature range.   

6.2. NSOM imaging  

 In order to view the structure of the blue phase liquid crystals Kossel diagrams 

are typically used.   Kossel diagrams allow for imaging of the crystallographic planes 

in the sample.  Monochromatic light is focused onto the sample through a microscope 

objective, sets of crystal planes Bragg scatter light back through the objective and a 

Kossel diagram is formed at the focal plane.  The drawback to this approach is 

diffraction, where features smaller than 200-300 nanometers cannot be resolved 

directly with visible light. 

 Near Field Scanning Optical Microscopy (NSOM) can also be exploited to 

provide information regarding the three-dimensional structure of liquid crystals at 

scales not possible with diffraction-limited tools.  NSOM utilizes the properties of 

evanescent waves, thus breaking the far field resolution limit.  The NSOM probe is 

placed within a few nanometers of the object to be imaged and the resolution is 

dependent on the size of the detector aperture.  This form of scanning probe 
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microscopy allows for surface inspection with high spatial, spectral and temporal 

resolving power [127]. 

 The author plans to explore and gain a deeper understanding of the blue phase 

liquid crystals by using near field scanning optical microscopy. 

6.3. Thermal stabilization using active tuning of liquid crystals 

 In this work passive temperature stabilization using liquid crystals was 

explored.  It is of interest to also examine the active, DC or AC field, electrical tuning 

properties of liquid crystals for temperature stabilization.  Most common liquid 

crystals, such as 5CB, MBBA or E7 posses a low temperature range over which they 

remain in the nematic phase.  Recently progress has been made in achieving liquid 

crystal mixtures that can withstand temperatures above 100°C and still remain tunable.  

Some of these mixtures were featured in Chapter 4 for their passive attributes.  

Utilizing both the passive and the active properties of high temperature gradient liquid 

crystals opens the possibility of achieving a full athermal response of silicon 

photonics. 

 The ring resonator geometry becomes an important factor in the active tuning 

of liquid crystals (as described in Chapter 3).  This is due to not only the symmetry of 

the ring, but also the size of the ring and the specific placement of the electrodes.  In 

order to simultaneously break the geometry of the ring and also embed electrodes with 

minimal obstacles to fabrication, a scheme where the electrodes are raised above the 

silicon structures is preferred.  A conceptual schematic of the scheme appears in 

Figure 42.  This configuration relies on tuning of the liquid crystal layer by fringe 

fields formed between the electrodes.  The strength of the field in the vicinity of the 
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silicon structures is impacted by the distance between the electrodes and the height of 

the electrodes above the buried oxide layer.  Additionally, the maximum amount of the 

refractive index change due to liquid crystal tuning is affected by how much of the 

ring is covered by the SiO2 layer, and the waveguide propagation loss is influenced by 

the location of the metal layer above the BOX.  

 

 
Figure 42.  Conceptual schematic of electrode placement for active electrical tuning 

of liquid crystals. 

 

 In Figure 43 (A), a schematic of a metal electrode layer placed above a silicon 

waveguide is shown.  Figure 43 (B) depicts the result of a Comsol simulation of the 

transverse magnetic ™ mode for a 500nm wide, 250nm tall silicon waveguide 

surrounded by SiO2 and with a gold electrode placed 100nm above the silicon 

waveguide.  A large portion of the optical mode is confined to the silicon waveguide, 

but it can be seen that a fraction of the mode is also confined to the SiO2 region 
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between the silicon waveguide and the metal electrode.  A cavity is formed between 

the two high index regions of Si and Au.   

 

Figure 43.  (A) Conceptual diagram of the placement of the metal layer above the 

silicon waveguide.  (B) Comsol simulation of the TM mode for a 500nm wide, 250nm 

tall silicon waveguide surrounded by SiO2 and with a metal electrode placed 100nm 

above the silicon waveguide. 

  

In Table 4, the transverse electric (TE) and TM mode effective indices of a 500nm 

wide, 250nm tall silicon waveguide are shown as a function of the location of the 

metal layer.  Losses are minimized as the metal layer is placed further away from the 

silicon structure and as expected, the TM mode loss is greater than that of the TE 

mode, due to the TM mode electric field vector pointing in the direction of the 

electrode. 
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Table 4.  Losses for a 500nm wide, 250nm tall silicon waveguide surrounded by SiO2 

and with a metal electrode placed a distance above the waveguide. 

 

 The signal loss over a distance, z, is calculated using the Beer-Lambert law:  

                                                      0
e x pI z I z                                             (1) 

where α is the attenuation coefficient expressed as: 

                                                          
0

2 ,k k                                                       (2) 

and 
0 0

2 /k   , where λ0 is the wavelength.  The absorption index, k, can be obtained 

from the complex refractive index N n ik  . 

 The tradeoff between electrode placement and the field required for liquid 

crystal tuning is investigated below using the Lixon ZSM-5970  liquid crystal mixture.  

At 1550nm, the Lixon indices are no=1.473 and ne=1.573, and it’s threshold voltage is 

Vt= 1.61V, and saturation voltage Vsat= 2.51V.  Lixon’s clearing point temperature is 

123°C. 

No metal TE neff = 2.5720 TM neff = 2.064 – 2.509e-10i    

Metal 400nm above BOX TE neff = 2.51-8.31e-4i TM neff = 2.13 – 1.756e-3i

Metal 450nm above BOX TE neff =  2.541-1.236e-4i TM neff = 2.026-5.362e-4i

Metal 500nm above BOX TE neff = 2.545-4.875e-5i TM neff = 2.008-3.04e-4i 

Metal 550nm above BOX TE neff = 2.546-1.95e-5i TM neff = 2.0-1.72e-4i

Metal 600nm above BOX TE neff = 2.547-7.84e-6i TM neff = 1.99-9.69e-5i

Metal 650nm above BOX TE neff = 2.547-3.1e-6i TM neff = 1.99-5.385e-5i

Metal 700nm above BOX TE neff = 2.547-1.35e-6i TM neff = 1.99-3.11e-5i     

Effective Indices
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Figure 44.  The electrodes are placed 0.7um above the BOX layer and a fifth of the 

ring is covered by SiO2.  The Si ring and the bus waveguides are both 250nm tall 

(depicted in gray). 

 

 Figure 44 depicts a model where the electrodes are placed 0.7μm above the 

buried oxide layer and the SiO2 layer covers 1/5
th

 of the ring.  The bus waveguides are 

spaced 100nm from the ring.  In this model, the potential is varied between 30V to 

53V.  In Figure 45, the strength of the electric field (x-component) is shown for an 

applied potential of 30V.  The figure shows that field is the strongest in the vicinity of 

the electrodes.   
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Figure 45.  Simulation showing the electric field x-component when a potential is 

applied to the electrodes. 

 

 At 30V potential, the fringe field allows for LC realignment near the edge of 

the electrodes.  The E-field for most of sample, at a height of 125nm above the BOX, 

is 1.43V/μm (below the LC threshold voltage) as shown in Figure 46.  The strength of 

the E-field at any point in the region of x =  -6.5μm to x = -4μm and x = 7.5μm to x = 

10μm can be approximated as a 5
th

 degree polynomial:    

    
5 4 3 2

X
E 0 .1 2 4 5 9 2 .8 8 2 2 2 6 .5 7 3 1 2 1 .8 4 2 7 7 .5 9 2 4 9 .7 9x x x x x            .     (3) 

At a potential of 38V,  the E-field for most of sample is 1.81V/μm.  This is above the 

threshold voltage of Lixon, Vt= 1.61V.  The electric field x-component for a 38V 

applied potential is depicted in Figure 47.  Figure 48 shows the electric field 

distribution in the case when a 53V potential is applied.  The field at any point on the 

sample is equal to or greater than 2.52V/μm, which is 0.01V/μm higher than the 

saturation voltage of Lixon. 
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Figure 46.  Electric field x-component for a 30V applied potential and 1/5

th
 of the ring 

covered by SiO2. 

 

 
Figure 47.  Electric field x-component for a 38V applied potential and 1/5

th
 of the ring 

covered by SiO2. 
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Figure 48.  Electric field x-component for a 45V applied potential and 1/5

th
 of the ring 

covered by SiO2. 

 

 How do the applied fields correspond to the extent of the ring resonator tuning 

range?  Figure 45 shows a simulation result for an applied potential of 0V to 53V and 

the resulting electric field x-component, as well as the change in the resonant peak due 

to liquid crystal reorientation.  The maximum ring resonator tuning range is 9nm.  

With an applied potential of 30V and 34V, the fringe field for most of the sample is 

1.43V/μm and 1.62V/μm, respectively.  1.62V/μm is slightly above the threshold 

voltage of Lixon.  Nevertheless, it can be seen that resonator tuning takes place at 

these low electric field values.  The large fringe fields present in close proximity to the 

electrodes are responsible for this effect. 
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Figure 49.  Electric field x-component and resonant peak tuning as a function of 

applied potential when 1/5
th

 of the ring is covered by SiO2. 

 

 If the electrodes are brought closer together by extending the SiO2 layer 

halfway through the ring, the potential required to tune the liquid crystals is smaller, 

but the Lixon tuning range is also reduced.  To aid in expanding the Lixon tuning 

range without sustaining large propagation losses, the electrodes are brought 50nm 

closer to the edge of the BOX layer.  Figure 50 shows the geometry of the model.  In 

Figure 51, the electric field x-component for a 25V applied potential is shown.  The 

field for most of the sample is 1.68V/μm, which is above the threshold voltage of 

Lixon.  Saturation voltage Vsat= 2.51V is achieved with an applied field of 38V, as 

shown in Figure 52.  The potential fields required to achieve tuning are of 

considerably smaller value in the case when the electrodes are brought closer together.  

The maximum tuning range achieved with this configuration is 6nm (Figure 53).  In 
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practice, the optimum electrode placement will have to be chosen dependent on the 

desired application and power budget. 

 

 
Figure 50.  The electrodes are placed 0.65um above the BOX layer and one-half of 

the ring is covered by SiO2.  The Si ring and the bus waveguides are both 250nm tall 

(depicted in gray). 
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Figure 51.  Electric field x-component for a 25V applied potential and 1/2 of the ring 

covered by SiO2. 

 

 
Figure 52.  Electric field x-component for a 38V applied potential and 1/2 of the ring 

covered by SiO2. 
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Figure 53.  Resonant peak tuning as a function of applied potential when 1/2 of the 

ring is covered by SiO2. 
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7. CONCLUSIONS 

 The focus of this work has been on chip scale photonic resonant devices.  Chip 

scale photonics will play an increasing role in the future of communications as the 

demand for bandwidth continues to grow, where photonics is also poised to benefit 

applications including biosensing, medical diagnostics, spectroscopy, and radar 

systems.  The rise of the Internet has resulted in data centers requiring a larger than 

ever communication bandwidth.  The amount of communication and computing 

bandwidth keeps increasing at a rate predicted by Gordon Moore in 1965 [128], and 

referred to as “Moore’s Law.”  Moore’s Law states that processor speeds, or the 

overall processing power for computers will double every 18-24 months.  It can be 

described as 

             
2

0
2

n

n
P P                                               (1) 

where Pn is the computer processing power in future year, Po is the computer 

processing power in the beginning year, and n is the number of years to develop a new 

microprocessor.  From Moore’s law, it can be argued that progress will not continue 

forever at that same exponential rate, since there is a fundamental limit to how small 

transistors can become and the number of transistors that can reside on the same chip.  

As device size decreases and more devices are packed onto the same chip, heat 

dissipation becomes a major problem.  Additional issues include crosstalk and 

quantum tunneling effects within gates.  It has been reported that the semiconductor 

industry has recently reached a level at which fundamental limits in the scaling down 
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of transistors become a significant roadblock [129], arising from power dissipation in 

electrical connection driven at very high frequencies.  

 In order to meet the future demand of appreciably reduced power consumption 

per communicated bit, photonics is planned to be employed at all length scales of the 

system architecture to interconnect racks, modules, and individual chips [130].  The 

next generation optical components will be scaled in bandwidth, density, and power 

efficiency in addition to extending further into the package in the form of board level 

optics, carrier-level optics, and eventually chip-level optics [130].  Silicon photonics is 

able to leverage the same silicon processing tools that the semiconductor industry uses 

to fabricate CMOS transistors, allowing for large scale optical systems to be 

manufactured using the existing infrastructure.  Moreover, this established 

infrastructure allows for a high level of integration flexibility, where devices that 

modulate, detect, route and filter light can all be co-located on the same wafer with 

electronic components.  This opens an avenue towards low-cost, low-power, 

massively parallel Terabit/sec optical transceivers fabricated on a single CMOS die, 

similarly to the way application specific integrated circuits (ASICs) are fabricated.  

Table 5 contains a comparison between an electronic and a photonic network on a chip 

in terms of the power savings [131]. 
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Table 5.  A comparison between an electronic and a photonic network on a chip. 

 

 Some of the recent work in the area of photonic communications comes from 

IBM, which laid the groundwork for a faster breed of light-based computing, MIT, 

and  the University of Colorado Boulder, which designed optical components that can 

translate electrical signals into light, and which can be fabricated using existing 

facilities and technology [132].  Others developments include a 224Gb/s coherent 

silicon transceiver with on-chip polarization diversity [133], a32-channel WDM 

receiver [134], and a 100 Gbps PDM-DQPSK receiver [132]. 

 The field of silicon photonics is advancing at a rapid rate due to paths for 

commercialization being widely accessible.  However, as the technology matures, 

aspects such as temperature stabilization or discrepancies between design and 

measured device parameters still need to be resolved.  This work demonstrated a 

passive temperature stabilization method and provided a design methodology for low 

power, active thermal compensation in Chapter 4 and Chapter 6, respectively.  A 
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discrepancy in design and measured device parameters is elucidated in Chapter 5, 

where it is shown that the discrepancy arises as a result of low density PECVD SiO2 

claddings surrounding silicon waveguides.  In Chapter 3, it was shown that all optical 

tuning of silicon structures using low power irradiation is possible, opening the way 

for entirely optical chip scale devices.   
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