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Abstract:
In this thesis, we investigate the design and simulation of high-Q, wide free-spectral-range microcavity
ring resonators coupled to submicron-width waveguides. We discuss a first-order design tool based on
coupled mode theory of the wave propagation in a microring waveguide. The model take into account
the effect of the projection component of the propagation constant to obtain an expression for the
coupling coefficient. In this expression, several factors have been taken into account including the
effect of ring radius, coupling gap spacing, input wavelength, refractive index and waveguide channel
width. Key optical design parameters are characterized using this theory including the free-spectral
range (FSR), the coupling coefficient, the Q-factor, transmission at resonance, and finesse. In addition,
numerical simulation of the microring resonator is carried out by using beam propagation method
(BPM) and finite difference time domain (FDTD). The accuracy of the coupled mode theory is
evaluated by comparing the predicted calculation results to that of more rigorous numerical BPM and
FDTD simulations. Their results are in good agreement and close correspondence is observed. The
model provides physical insight and design guidance useful for optimal designs of waveguide-coupled
microring resonators. Nanofabrication results and optical properties of SiO2-TiO2 planar waveguides
are presented in the final chapter. We use scanning electron microscope (SEM) in our fabrication
process to realize these microcavity rings. The patterns were created in a poly (methylmethacrylate)
resist layer by SEM lithography. 
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ABSTRACT

In this thesis, we investigate the design and simulation of high-Q, wide free- 
spectral-range microcavity ring resonators coupled to submicron-width waveguides. 
We discuss a first-order design tool based on coupled mode theory of the wave 
propagation in a microring waveguide. The model take into account the effect of the 
projection component of the propagation constant to obtain an expression for the 
coupling coefficient. In this expression, several factors have been taken into account 
including the effect of ring radius, coupling gap spacing, input wavelength, refractive 
index and waveguide channel width. Key optical design parameters are characterized 
using this theory including the free-spectral range (FSR), the coupling coefficient, the 
Q-factor, transmission at resonance, and finesse. In addition, numerical simulation of 
the microring resonator is carried out by using beam propagation method (BPM) and 
finite difference time domain (FDTD). The accuracy of the coupled mode theory is 
evaluated by comparing the predicted calculation results to that of more rigorous 
numerical .BPM and FDTD simulations. Their results are in good agreement and close 
correspondence is observed. The model provides physical insight and design 
guidance useful for optimal designs of waveguide-coupled microring resonators. 
Nanofabrication results and optical properties of SiO2-TiO2 planar waveguides are 
presented in the final chapter. We use scanning electron microscope (SEM) in our 
fabrication process to realize these microcavity rings. The patterns were created in a 
poly (methylmethacrylate) resist layer by SEM lithography.
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CHAPTER I 

INTRODUCTION

Brief description of the development of microring resonator

At present, in the area of high-bit-rate communications, optical components have 

been demonstrated with the goal of replacing electronics. Over the past ten years, 

more and more photonics devices have been integrated without increasing module 

size. However, there are two constraints in practice for decreasing dimensions of 

. optical device. The first reason is minimum lithographic feature sizes. On the other 

hand, how to choose suitable dielectric materials and geometrical structures represents 

an even more formidable task. Until recently, there have been no building blocks for 

integrated optics as versatile as the transistor for integrated electronics. However, as 

microring resonators have been proven to be ideal candidates for very large scale 

integrated (VLSI) photonics circuits, high-quality optical signal processing devices 

are demonstrated which are several orders of magnitude smaller than previous devices. 

In addition, a lot of microring resonator implementations require neither advanced 

fabrication technologies nor exotic materials. Therefore, the study of devices based on 

microring resonators is one of most exciting research areas to emerge during the past 

few years.

In fact, the advantages of microring resonators over conventional integrated 

optics devices are their compactness and their functionality!!]. These two important



attributes are key to using microrings as a new technology for optical 

communications. Functionality refers to the fact that microring resonators can 

provide a wide range of optical signal processing functions, including channel

dropping filters [2-5], WDM demultiplexers [6], true ON-OEF switches [7], 

dispersion compensators [8], lasers [9], and greatly enhanced nonlinear effects [10], 

to name just a few. Further, we can systematically improve the response of 

resonator-based devices by implementing multiple-cavity arrangements. Also, by 

using state-of-art technologies, it is possible to achieve ultracompact microring 

resonators. Some devices have dimensions down to the scale of wavelengths. Large 

scale integration of devices with densities on the order of IO4-IO6/cm2also can be 

realized soon.

The original idea was proposed by Marcatili in 1969 [11] and relatively large 

glass ring resonators were made in 1980’s with radii of 4 cm [12]. Recently, state-of- 

the art fabrication technologies enabled the first micro-resonators (radii of tens of 

microns or smaller) in SiOz [13] and GaAs [14]. Application of ring resonators for 

WDM systems needs compliance with required specifications such as a wide free 

spectral range (FSR) and high finesse to accommodate many channels, high 

transmission at resonance to achieve low insertion loss, and large extinction to limit 

crosstalk. Therefore, the FSR, which is inversely proportional to the diameter, has 

been limited to 26 GHz (0.15 run at a wavelength of 1.3 U m) for a single ring and 

100 GHz (0.8 run at 1.55 P m) for a double ring resonator. Various techniques have 

been reported for increasing the FSR without decreasing the ring resonator diameter,



including a triple-coupler ring resonator that offers twice the FSR of the double ring 

resonator with the same radius of curvature [15].

More recently, nanofabrication techniques allow the realization of microring 

resonators with evanescent wave coupling to submicron-width waveguides across 

submicron-width air gaps. Microcavity resonators based on semiconductor 

waveguides with a very large lateral refractive index contrast (air-semiconductor-air) 

can have diameters as small as 1-2 U m with negligible bending loss. Because of the 

small size, the propagation loss in the cavity is also negligible. Consequently, both the 

FSR and the finesse are much larger for this resonator. With diameters as small as 5 U 

m, the FSR can be as wide as 6THz (50 nm). For instance, this FSR is greater than 

the total WDM band currently defined by a typical erbium doped fiber amplifier 

(EDFA) bandwidth (30nm). By using advanced etching technology, high finesse can 

be achieved with little scattering losses. In addition, the entire device can be easily 

integrated with microcavity lasers.

In summary, the following qualities must be pursued for the microring resonators 

to demonstrate their potential applications in WDM:

(T) Selectivity: one and only one channel addressed by one filter in WDM spectrum.

(2) Repeatability: characteristics, such as resonant wavelengths, bandwidth and

crosstalk reproducibility.

(3) Spectral efficiency: number of channels filling the EDFA bandwidth. .

®  Cascadability: number of filters in series with no signal degradation.



(D Routing/Tunability: capability of dynamic routing at high speed or of tuning the 

wavelength at low-speed.

Owing to its attractive characteristics, the microring resonator can serve in other 

applications. For example, resonators have proven to achieve high efficiency 

frequency conversion which opens the possibility of their use in optical logic devices.

The novelty of this research consists in the investigation of a new resonator 

design tool to meet WDM filtering requirements with high channel-dropping 

efficiency. Coupled mode theory and several numerical techniques are employed 

including beam propagation method (BPM) and finite difference time domain (FDTD) 

to provide guidance to optimize microring designs. Fabrication issues have also been 

studied and are addressed with regard to their significance as empirical inputs to the 

modeling.

Schematic and characteristics of microring resonator

r  v j n o

A WGl B
Fig.l-l. A schematic of the waveguide-coupled microring resonator 

Fig. 1-1 shows a schematic of an add-drop filter (or optical switch) implemented

with a microring resonator. A typical resonator device includes a ring-shaped



waveguide acting as the wavelength-processing element and one or more channel 

waveguides that deliver energy to and from the ring. For example, Fig. 1-1 shows a 

ring resonator filter comprised of a ring side-coupled to a pair of waveguides. One 

waveguide (WGl) serve as input bus carrying an input signal. The other waveguide 

(WG2) is the output or dropping port. Power is transferred between waveguides 

through the resonances of the ring. For a resonant wavelength, the energy couples into 

the resonator and eventually the signal is coupled into WG2 and exits at port C. On 

the other hand, for an off-resonant wavelength, the signal stays in W Gl and exits at 

port B. As a result, such a configuration constitutes a very compact add/drop filter 

where a channel can be dropped from the WDM spectrum and replaced by a new 

signal on the same channel.

The m ain  performance characteristics of these resonators are the free-spectral 

range (FSR), the finesse, the Q-factor, the transmission at resonance, and the 

extinction ratio. The major physical parameters underlying these performance criteria 

are the size of the ring, the propagation loss, and the input and output coupling ratios. 

However, the most critical dimension in this optical switch is the gap separating the 

microring cavity from the tangential waveguides. The fraction of power transferred 

between the waveguide and the ring depends on the gap space, which also 

considerably affects the magnitude of the finesse and the transmittance. In the case of 

a microring coupled to straight waveguides, the gaps are very small due to the strong 

optical confinement and the small coupling interaction length. These small gaps are



difficult to fabricate. In particular, it is difficult to ensure that the two coupling gaps 

on both sides are identical. The different coupling factor will result in reduced finesse 

and ON-OFF ratio of the resonator. Because it is necessary to achieve stable 

performance in practice, an alternative would be to design distinct structures. In those 

cases, the dependence on air gap will be reduced.

Gap space is determined by the amount of optical coupling required and the 

coupling length available. For a given coupling efficiency, the gap space can be 

enlarged if the coupling length increased. The coupling length can be increased by 

using one of several configurations. At first, we discuss two planar configurations as 

shown in Fig-1.2. A vertical resonant coupling configuration will be discussed later.

The “racetrack" configuration is illustrated in Fig-1.2. In this case, the coupling 

length can be increased by increasing the straight section length of the racetrack. Also, 

the normal mode in a straight waveguide will change into the radial mode in a curved 

waveguide during the transitions between the curved and the straight sections.

Fig-1.2. Two planar geometries for resonant coupling that give a larger coupling length: 

(a) the “racetrack” configuration and (b) a microring coupled to parallel curved waveguides.



Another configuration where the microring is coupled to a parallel curved

waveguide is depicted in Fig-1.3. In this case, it is obvious that the physical 

pathlengths in the concentric coupled sections in the two waveguides are different. As 

a result, the propagating wavefront in the two waveguides will skew out of phase on 

the condition that the two coupled waveguides are of equal width and refractive index. 

Therefore, for the sake of keeping phase matching, we must ensure that the two 

waveguides are different.

The lateral coupling geometries discussed above suffer from several 

disadvantages. First, in terms of fabrication, the small gap width is difficult to control. 

Secondly, without phase matching, the coupling length is very short.

To overcome these difficulties, a novel alternative is to use the vertical coupling 

geometry, as shown schematically in Fig. I -3 that depicts coupling between a ring 

resonator and a pair of buried channel waveguides. This is basically a stack structure 

where two identical waveguide layers are grown one on the top of another. Due to the 

stacked configuration, the upper and lower layers have different functions. The lower 

buried channel waveguides serve as input/output bus guides while the ring acts as the 

frequency selective element. Vertical coupling is more advantageous than lateral 

coupling. First, this configuration allows one to design each layer independently and 

precisely control the ring and bus interaction. Moreover, the required etching depth is 

smaller and thus higher quality sidewalls can be achieved. Finally, it is easier to 

implement electrooptic modulation to such a device. It can be achieved by doping the 

upper waveguide p-type, and lower waveguide n-type, and leaving the separation
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layer undoped, then applying an electric field across the undoped separation layer.

Vertically coupled devices can now be fabricated entirely using optical 

lithography rather than with e-beam lithography [16-18], Alignment tolerances are 

also much more forgiving.

U
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(a)

drop

Fig-1.3. Vertically coupled ring resonator channel dropping filter, 
(a) Cross-sectional view, (b) Top-down view

Scaleable architectures for VLSI photonics 

In order to realize large scale integration, it is required to demonstrate a 

systematic architecture for interconnecting a large number of functional blocks. It is 

comprised of buried channel waveguides crossing through each other.

A unit cell capable of realizing large-scale interconnectivity has been fabricated 

[19] and is depicted in Figure 1-5. It is a ring resonator vertically integrated above a

pair of buried crossing waveguide and is called a cross-grid node.
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(b)
Figure 1-4. (a) perspective schematic of a vertically coupled microring resonator add-drop filter, 

(b) microscope image of a fabricated node incorporating a 10- U m-radius compound glass ring.

NXN arrays have also been fabricated [20] and the functional description of the 

cross-grid array architecture is depicted in Fig. 1-6. In this scheme, an array of 

vertically coupled microring resonators above buried waveguides was introduced as a 

scaleable architecture for building a complex optical system.
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<b)
Fig-1.5. Microring resonator cross-grid array, (a) Physical implementation showing cross-grid nodes 

consisting of crossing and non-crossing waveguides (dashed boxes), (b) Functional block diagram of 
the array of interconnected four-port nodes.

Overview of the thesis

This thesis is organized in four chapters. In this first chapter we have presented a 

brief background and introduction to microring resonators. The detailed theoretical 

analysis is discussed in Chaper-2, where coupled mode theory is employed to



calculate the coupling efficiency and obtain the intensity transmittance and Q-factor. 

In chaper-3, a program using beam propagation method (BPM) is employed, 

combined with finite difference time domain (FDTD) method to perform simulation 

and the result is in good agreement with the coupled mode theory. Also, the coupled 

mode theory gives a useful tool in fabrication design. In chapter-4, nanofabrication 

results achieved using the scanning electron microscope (SEM), and the optical

properties of planar waveguides are presented.
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CHAPTER 2

THEORETICAL ANALYSIS AND DESIGN OF MICRORING RESONATORS 

For optical signal processing applications, microring resonators have proven to 

be one of the simplest and most versatile means of showing high Q values and 

obtaining desirable filter transfer functions owing to their compact size and their 

amenability to being fabricated in cascade. For this reason, microring resonators can 

serve in complex arrangements.

Basic concepts: resonant wavelength, free spectral range, Q-factor, 
transmittance and propagation loss

2.1 a: Resonant wavelength and FSR

The fundamentals of a ring resonator can be understood by considering a dielectric 

ring embedded in another dielectric material with a smaller refractive index (Figure- 

2.1). An optical field coupled into the ring will circulate in it, continuously reflected 

at the ring boundary by the smaller refractive index surrounding material. For discrete 

(resonant) wavelengths, the field interferes constructively with itself after each round 

trip and satisfies the following condition extracted from the expression for optical 

phase:

Am = l7lRneff_ (2-1)
m m



where R is the radius of the ring, neff is the effective refractive index of the ring 

waveguide, and m is the order of the resonance.

Another parameter of a microring resonator is the free spectral range (FSR), 

defined as the frequency separation between two consecutive resonances. This can be 

approximated as following for large m and non-dispersive material:

A /= ----—  (2-2)
InRneff

Or in terms of wavelengths, it is given by:

A/l = — ——  (2-3)
InRneff

where Ais the light wavelength in vacuum.

Fig.2-1. Dielectric optical ring resonator

The resonance bandwidth is another critical parameter for microring and is given by:

FSR
SA

(2-4)

Where SA is the resonance bandwidth (full width at half maximum) and has been

proved to be [21]:

2 ^  u, 2 ^ ^
(in)2 R c (In)-Rneff

(2-5)

where /fis the coupling efficiency which will be discussed in detail later by using 

coupled mode theory, and the last expression in (2-5) results from approximating the



group, velocity v  by the phase velocity Cjneff if we neglect dispersion effect for 

simplicity.

2. Lb: Q factor and transmittance

The quality or 2  of a resonator is a measure of the structure’s frequency

sensitivity. The Q is given by the time averaged stored energy per optical round trip,

divided by the power coupled or scattered out of the resonator. The Q is limited by

radiation and scattering loss. A desirable device operating in the wavelength range of

1.3-1.5 jim would need to have a radiation limited Q on the order of 1500 or greater in

order to achieve a linewidth of I nm or less. Inserting (2-5) into the definition for Q

(G = 4 " )  leads to: 
oA

Due to the fact that Q is so important in order to provide desirable performance, it 

will be discussed from an alternative perspective in the following section. The result 

is identical with (2-6).

The intensity transmittance of the microring resonator is given by [22]:

jc = (l -  r ) ‘/2 exp(- p  j  2L)
■ y = -Cos(Xf) (2-8)

where I , y  ,P  ,and p denote the coupling length, the intensity-insertion-loss coeffcient, 

the propagation constant and the intensity attenuation coefficient, respectively.

(2-7)

where new parameters x,y and (p are defined as



2.1.c. Propagation loss

There are several loss mechanisms in bent waveguides [23]: 

o Absorption loss

The interface of different materials scatters light and causes loss in any material 

and is not particular to bent waveguides. Waveguide wall roughness also scatters light 

and the loss coefficient is given by Tien’s model for a planar straight waveguide and 

randomly distributed roughness [24]:

= (2-9)

where neff is the effective core index, n0 is the cladding index and Ic0 is the

27Tpropagation constant in air, k0 = —— . Jcx and. are the transverse and modal
■ A

propagation constants, respectively, Jex = ^ n 2Je02 -  j32 . Es is field at the core-cladding 

interface.

o Bending loss and leakage

In general, when the waveguide is on a substrate of equal or greater refractive 

index, there is leakage to this substrate. For bent waveguides, additional leakage 

occurs with radiation loss. This problem has been solved using conformal mapping 

[25] for planar guides. The leakage loss a  is expressed by:

K -e -RJRc (2-10)

where K isa  constant depending on waveguide characteristics, R is the bending radius,
\3/2

'eff
^2A /y,y

(2-11)

y5is the propagation constant, and Anqff is the difference between the neff and the



cladding effective refractive index.

In principle, these loss mechanisms can be addressed independently. By contrast, 

for microring resonators the solutions are incompatible. The reason is that ring 

resonators with high index have very low bending loss but that increases roughness 

loss.

In the following section, we analyze a single ring resonator coupled to a  pair of 

signal waveguides. Here we develop the description as one of coupling the energy of 

modes in time. There is a direct correspondence between circulating power and ring 

energy. Thus the coupling of modes in time is made equivalent to coupling of modes 

in space by relating the energy decay rate to the usual waveguide to waveguide 

coupling coefficient. The single ring resonator, evanescently side coupled to a pair of 

signal waveguides, is depicted in Fig-2.2. A(t) is the amplitude of a traveling wave 

inside the ring, which is normalized such that |A(t|2 stands for the total power 

flowing through any cross section of the ring waveguide at time t. a(t) is the energy 

amplitude and it is normalized so that |a(r)|2 stands for the total energy stored in the 

ring. The relation between stored energy and power flow in the ring resonator can be 

written as

a relation which will often be used to translate between the “power picture” and 

“energy picture”. R is the ring radius and Vs is the group velocity.

Dynamic picture of single ring resonator

(2-12)
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Output bus_

Fig-2.2. Microring resonator filters evanescently side coupled to signal waveguides.

The energy in the ring is supplied by the incident wave of amplitude S i . The on- 

resonance signal component of amplitude S ci will travel to a detector. A signal that is 

off-resonance with the cavity will be carried away by the transmitted wave S1 . Other 

rings or devices may feed the signal back to the ring via the feedback wave sy . These

wave amplitudes are all normalized to power.

The ring resonators in Fig-2.2 have been analyzed by other authors using the 

coupling of modes in space approach, or by using self-consistent loop equations 

[26,27]. Alternatively, here we look at the system as one of coupling of modes in time, 

treating the ring as a lumped oscillator. The analysis follows closely the derivations in

[21]. Assuming that ̂  is the resonant frequency of the ring oscillator and l / r  stands 

for the amplitude decay time-constant, it is easy to show that the decay rate is 

determined by power leaving the ring, l / r  = Ifre + Ifrl + Xfrd where Xfre is the rate at 

which power is coupled externally to the transmitted wave I, Xfrl is the rate at which 

power is lost due to intrinsic effects such as absorption and surface scattering, and



IjTd is the rate at which power is coupled to the output waveguide. Based on the prior 

energy flow considerations, the time rate of change in ring the energy can "be written

as

d . O— a= JCO0 —  a - JJisi 
dt V ?)

(2-13)

where Jl is the mutual coupling between the ring and a wave in the signal bus .In 

equation 2-17 below we show how p, is related to k. The equation connecting the 

incident and transmitted waves is by inspection

the - j  factor in front of Ji is arbitrarily chosen by the choice of reference planes. Here 

it was selected since the same choice has also been applied by the usual coupling of 

modes in space.

Furthermore, with the aid of power conservation, the relation between //and the 

external decay rates l / r e and I/Td may be easily achieved. In the case that the ring is 

excited to an energy of |a(o| 2 , assume that there is no detector waveguide so 

Ijrd -> 0 , and no incident signal Si =O. Then from (2-13) the ring energy decays as

where intrinsic loss has been neglected. We now consider the same case in the power 

picture. The traveling wave of amplitude A(t) in the ring evanescently couples to the 

transmitted wave st , thus

'S1 — s~i jjia

z \
(2-15)

\st\2 =/c2\A ( t f  =K2Vg(IxR) 1Ia(̂ )I2 (2-16)



where K 1 is defined as the fraction of power coupled out of the ring over the 

interaction region. K  is directly related to the usual coupling coefficient of the 

coupling of modes in the space formulation. An analytic expression for K  for slab 

waveguide and microring resonator is derived in the following section by using 

coupled mode theory.

Now the power leaving the ring is the time rate of change in energy. Thus, 

taking the derivative of (2-15), equating this to (2-16), and making note of (2-14) 

when S i =  0, yields

/U1 =K2Vg^lTtRyx (2-17)

//2 is seen to be equivalent to the fraction of coupled power K 2 , but is referenced to 

an energy normalization. For this discussion, because of its role in coupling two 

power-normalized waves, we will refer to K  as the power coupling coefficient. 

Equation (2-17) makes the correspondence between the usual coupling of modes in 

space and the foregoing coupling of modes in time formulations. A similar relation 

applies to the coupling of the detector waveguide. To satisfy power conservation, the 

power appearing in the detector waveguide is,

M 2 = N 2 - K f  = — M2 (z-is)
rd

Moreover, the quality or Q of the resonator may be calculated by its definition 

as the time averaged stored energy per optical cycle, divided by the power coupled 

into the two outgoing waves, (^ an d s ,) . The stored energy is given by |a(r)f. The 

power coupled into the transmitted wave is given by (2-16). The power coupled into



the detected wave |Jd |2, is identical to (2-16) when the detector and input waveguides 

are symmetrically coupled to the ring. Therefore

|a|2 _ CO0TiR I n 2Rne '
Q = oj{

“ K f + k r

The Q is controlled by the ring radius and external coupling. Once we know the 

coupling coefficient, the Q is found from (2-19).

In the next section, we will first review the coupled mode theory of parallel 

waveguides, following standard coupled mode theory treatment such as in [22] and 

[28]. After that, the coupled mode theory will be extended to the ring resonator in 

order to get an explicit expression for the coupling coefficient, which in turn decides

(2-19)

the Q-factor and other characteristics.

Coupled mode theory of parallel waveguides 

The usefulness of coupling mode theory in the field of integrated optics hardly 

needs any more emphasis due to the fact that mutual coupling between optical modes 

is essential in the design of integrated optical devices. Even we often assume for 

simplicity that, once established, these modes are unchanging in waveguides: that 

they serve as eigenfunctions. In reality, there are some mechanisms that can lead to 

energy exchange among various modes. Coupled mode theory describes this energy 

exchange and serves as the ideal tool for designing optical couplers, switches and 

filters. However, the formal coupled mode formulations developed by Marcuse [29], 

Yariv [30], and Marom [31] are not practical to use for exact analysis of these 

problems. Fundamentally, the unsatisfactory performance of prior coupled mode



theory is due to the inadequate description of the propagation in the individual 

waveguide even in the case of weak coupling. With this approach, we obtain 

unambiguous formulas for the propagation constants and coupling coefficients, which 

are more accurate than those previously published. The increased accuracy is 

particularly significant for coupling between nonidentical waveguides,

Prior to discussing our results it is worthwhile to review some conclusions of 

previous theories. To satisfy the conservation of energy, for coupling between 

identical waveguides the results are quite straightforward in that, Kab, the coupling 

coefficient from guide “6” to guide “a,” is identical to Kba, whether or not the system 

contains loss or gain. For nonidentical waveguides, the situation is more complicated. 

Previous theories always assume that even though the waveguides differ, when in a 

lossless case, Kab and Kba are related by their complex conjugates [29] based on 

power conservation considerations. However, it is incorrect, and thus it is important to 

clear up this question.

Consider now two parallel waveguides denoted “I” and “II” are brought close 

together as shown in Fig-2.3. Each waveguide supports distinct optical modes. The 

modes of the two waveguides couple, or interfere, with each other. If the refractive 

indexes are real, it is clearly that the waveguide index must exceed that of the 

surroundings. When the electromagnetic field distributions after mode coupling do 

not differ substantially from those before coupling, the propagation characteristics of 

the coupled waveguides can be analyzed by the perturbation method.

Here we derive the coupling coefficient of the TE mode in a directional



coupler consisting of nonidentical slab waveguides. The formulation derived here is 

based in part on the general coupled mode theory for perturbed waveguide as 

developed by Okamato [22]. His notation is employed, whenever convenient, with the 

notable exception that now two parallel waveguides may differ in shape (i.e. curved 

or straight), dimensions, and refractive index. Moreover, the presence of index 

perturbations external to the waveguides is included in the formulas.

The coupling coefficient is defined as [22]

coeO [ J n  2 ~  n I )K  ■ Ebdx (2 . 2 0 )
Kab -~ z  ~  ;

where the pair of a and b are either (a,b)=(l,2)or(2,l), respectively. represents the 

refractive-index distribution of each waveguide and a/2(x,y)denotes the refractive- 

index distribution in the entire coupled waveguide. For simplicity, we only calculate 

the expression of Ar12 and then just change the subscript to get /r21. Moreover, we will 

consider the TE mode, since the method of analysis is similar for the TM mode.

waveguide II n.wide I

Fig-2.3: Directional coupler consisting of slab optical waveguides and electric field distribution

The electromagnetic field components of the TE mode are Ex - H y =O and 

Hx = -[PI(OM0)Ey. Therefore, we have the following equations:



(2-21a)uz ■ (Etl X H i + E 1X H i )= ̂ - I e J 2
coMo' 1

E,' - E] = E ^  - E ,, (2-21b)

since (Af2-ArIjis zero outside of waveguide I, the integration of (2-20) needs to be 

done only inside of waveguide I. The origin of the x-axis is taken at the center of 

waveguide I, as shown in Fig-2.3. The waveguide centers are separated by the 

distance 250. The widths of waveguides ‘1’ and ‘2’ are Icoi and Ito2. Their refractive 

indexes aren, and n2- substituting (2-21) into (2-20), we obtain

K2 -  “O ) £  Ky ■ Elydx
K a b  « o  I , 2

The electric field inside the planar waveguide I is given by 

£  [Acos(ZrdX) (|x|<w,)
ly { Acos(fcd ti)exp[-G'1 (|x| -  w,)] (Jx) > W1)

E2y = Acos(Z:;r2w2)exp[C!f2(x -2 s0 +w2)]

(2-22)

(2-23)

(2-24)

Where kxi and kx2 are transverse propagation constants inside the parallel 

waveguide ‘1’ and ‘2’, kxi = yjnfk2 -  [5] , where k is the free space wave vector. Cu 

and Cb are decay constants, (X1 = ^ J f f i - K k 2 . Inserting the expressions (2-23), (2-24) 

into (2-22) and finishing the integral, we can obtain the explicit expression of the 

coupling coefficient

a)2£0ju0 (n2 - n | ) COS(Z)jc2w2)exp[a2(w2 -2 5 0)]

j3i(K i + a |) (w , + — ) (2-25)

x [ctr2 cos(kxi w,)Sinh(C)T2W1) + kxi sin(Z:;tl w,)cosh(or2 w,)]

Using this equation, we can calculate the coupling coefficient of two parallel 

planar optical waveguides with arbitrary cross-section, dissimilar index and

nonidentical shape.



Coupled mode theory of microring resonator

In addition to the results described above, we need to develop the theory of 

coupling applied to the microring resonator, in the geometry shown in Fig-2.4. Two 

rings, or a ring and a signal bus, exchange power when they are in close proximity. 

Because the rings are curved, the interaction length is short, and only a small fraction 

of power is exchanged. As indicated by (2-19), a small coupling Aris desirable to 

achieve a large Q. These configurations can be analyzed on the base of the preceding 

discussion. However, in this case, the coupling coefficient is no longer a constant 

since the coupling distance is changing in the propagating direction. Therefore, it is 

wiser to define a as the coupling efficiency instead of the coupling coefficient. In 

addition, the effect of phase mismatch of different modes should be taken into account.

To illustrate the new theory, consider an input bus and a microring surrounded in 

the horizontal direction by air depicted in Fig-2.4. From the sketch in Fig-2.4, the 

following relations can be easily shown. The net coupling efficiency x  can be 

obtained by the integral over the interaction region, weighted by the phase mismatch 

of the waveguide modes.

A- = £° tc[s(z)yAJ3dz (2-26)

The coupling K depends exponentially on guide separation, and is thus only non- 

negligible in the region of smallest separation. The gap spacing as a function of z is 

given by simple geometrical consideration to be 7 ■

2s = 2s0 + ( R -  ̂ R 2 - Z 2 ) = 2s0 + Z2^ R  (2-27)

Similarly, the parallel component of the propagation constant P1 is given by



(2-28)P 2 = cos(arcsin9)■ P 2 =  { i . -  z 2/ l R 2 ) -P 1

Fig-2.4. Geometry of optical ring resonator

The phase mismatch term is defined as

A/? = A -  A

Upon substituting (2-27),(2-28) and (2-29) in (2-26),we obtain

Kn ~ *"12(24.) J l exP - T R e - *

M
PxZ -  p2z + — r p 2

(2-29)

(2-30)

Where/c12(2lo) is a constant standing for the coupling coefficient for two parallel 

waveguides, which has separation 2so. Unfortunately, exact results for this integral do 

not exist. However, numerical solutions are easy to get and maybe utilized to calculate 

these quantities. Therefore, we can get some interesting results, which are 

summarized below.

At first, the refractive index of the input bus n, is fixed at 1.8 and ring refractive 

index M2 is varied from 1.7 to 1.9. The coupling efficiency from bus to ring X21 and 

from ring to bus Kn are calculated and plotted in Fig-2.5. It is important to note that 

Kn arrives its peak value at a point when On the contrary, /r21 arrives it’s peak



value at a point when n2>nl . These phenomena can be explained by the effect of

mode distribution combined with phase mismatch.

Physically we observe that when «2 > n , , the ring is a stronger guide than the 

bus. Thus the guided mode propagating in the bus extends influentially into the ring 

and couples strongly into the guided mode of ring. In contrast, the mode in the ring is 

relatively well confined and is weak in the vicinity of the bus. Hence, it does not 

couple effectively into mode in the bus. On the other hand, the phase mismatch term 

also increases as a result of a bigger difference between the bus index and the ring 

index. Therefore, a tradeoff exists between these two factors and leads to the 

appearance of a peak value.

R = 25nm  
X=I .55pm  
H1 = I-S

21 Q=O-Inm

1.8
Ring index-n

Fig-2.5. Coupling efficiency as a function of ring index 

Based on this theory, if we want to increase the fraction of the power coupled 

from the bus into the ring, we can increase the ring index (using the E-O effect, ion 

doping, photosensitive polymer, etc.).

Once coupling efficiency is known, the Q-factor of the resonator can be 

calculated by its definition as the time averaged stored energy per optical round trip, 

divided by the power coupled into the two outgoing waves (2-19).



Since the Q factor is controlled by the external coupling, it is only related to 

IC12 rather than *-2l . Consequently, the Q-factor arrives at its minimum point 

when n, > n2 and then increases dramatically withn2. This fact hasn’t been noticed in 

previous literature and can be used to design the microring resonator in order to get 

desirable Q.
7 0 0 0

6 0 0 0

5 0 0 0

4 0 0 0

3 0 0 0

2000
1.8

Ring index-n

Fig.2-6. Q-factor as a function of ring index

Bus Width-Wi (Hm)

Fig.2-7. Coupling efficiency as a function of bus width 

To develop insight into other cases, we first fix the ring width W2 at I u m and 

the bus width w, is changed from 0.7 U m tol.7 U m. It is worthwhile to note that 

K12 exceeds K 21 in the range of w,>l U m and K 12 is less than K 21 in the range of Wid U 

m. We recall that when w.<l u m , the bus is a much weaker guide than the ring as a

result of its lesser width. Therefore, the guided mode in the bus couples strongly into



the guided mode in the ring with the result that K21 is bigger than Kn .

There are some other major physical characteristics underlying coupling 

efficiency such as the gap spacing s, the ring radius R and the input wavelength^. 

Since n2 = n, and W 2 =  W 1 , it is straightforward that Kn - K i x - K  . Fig.6(a)-(c) 

shows the changes of * as the ring resonator parameters s, R, and A0, respectively, are 

varied while the others are kept constant. One can see that k changes significantly as a 

function of these parameters. Several well-known coupling phenomena are illustrated 

in this figure. First, at a given frequency and radius, the level of coupling decreases as 

the gap space increases. Second, for a fixed gap size and radius, the level of coupling 

decreases at higher frequencies where the effective gap size increases. These can be 

explained easily by the theory discussed above.

This theory can be used to design the gap space and ring radius required to 

achieve a desired coupling efficiency and Q-factor. For example, with R=25 U m, a 

coupling efficiency of 30% can be achieved with a gap space about 0.2 U m. For a 

larger microring resonator, the gap space can be even larger and the coupling 

efficiency will be very insensitive to small variation in the gap size.

X = I .5 5 n m  

F t= 2 5 n m  
n=1.8
w  = w  = 0 . I n m

0.12 0.14 0.16 0.18 0.2
G a p  s p a c e ( n m )
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Ring radius(nm)
(b)

(c)
Fig-2.8, (a) Coupling efficiency as a function of gap space, (b) coupling efficiency as a function 

of ring radius, (c) coupling efficiency as a function of input wavelength.

In summary, a new method of calculating the main performance 

characteristics of the microring resonator that consists of a directional coupler and a 

ring waveguide was proposed. In this model, the characteristics of related parameters 

were taken into account. These parameters can be modified in fabrication process to 

obtain the best performance. Furthermore, the calculation results have been compared 

with other numerical methods such as BPM and FDTD that will be presented in the 

next chapter. The numerical results agree well with the simulation results. Hence, it is 

proven that it is an effective method for giving a design guideline for first-cut optimal 

design of a microring resonator. Furthermore, we have shown that even in a lossless



microring resonator system the coupling efficiency /r21 and Kn are normally 

nonidentical. Indeed, the magnitude of K n  and K11 were shown to differ greatly in 

cases of dissimilar waveguide coupling.

In addition to the results described above, the method developed in this chapter is 

completely general in that it is applicable to any unparallel optical waveguides of 

arbitrary cross-section, dissimilar index, and nonidentical shape.
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CHAPTER 3

NUMERICAL TECHNIQUES FOR MODELING MICRORING RESONATORS

The study of light propagation through waveguide structure is indispensable in 

designing complex photonics devices. Analytical solutions of the wave equations exist 

in only a few waveguide structures. By contrast, direct numeric solution of the wave 

equations is possible for many structures. For this purpose, many kinds of analysis 

methods have been reported including the beam propagation method (BPM),.the 

Finite-Difference Method (FDM), Finite-Element Method (FEM), the method of lines 

(MoL) and the finite-difference time-domain method (FDTD).

Finite Difference Beam Propagation Method (FD-BPM)

The so-called beam propagation method (BPM) is a numerical simulation of the 

field in a guide and has been successfully used to analyze a wide spectrum of 

guided-wave structures. The BPM can help us determine the mode profile in an 

unusual waveguide structure and determine the dynamic behavior of a mode as the 

index profile changes along its propagation direction. In this section, in the interest of 

brevity, we will describe only the basic approach by formulating the problem under 

the restrictions of a scalar field (i.e., neglecting polarization effects) and paraxiality 

(i.e., propagation restricted to a narrow range of angles).

The scalar wave equation for a monochromatic wave in one transverse and one
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longitudinal dimension can be reduced by use of the paraxial wave equation [32], 

which is

where we let k denote any constant, representative value of k and factor out the

BPM equation in three dimensions (3-D); simplification to two dimensions (2-D) is 

obtained by omitting any dependence on y. Given an input field u(x,y,z=0), the above 

equation determines the evolution of the field in the space z>0 .

Equation (3-1) is a parabolic partial differential equation that in the 

finite-difference approach, the field in the transverse (xy) plane is represented only at 

discrete points on a grid, and at discrete planes along the longitudinal or propagation 

direction (z ). Given the field at z step r, the FD-BPM can provide a system of 

equations for the field at z step r+1,  allowing us to propagate the field in z direction. 

The accuracy of the method depends on the smallness of the step size Az and the 

grid size Ax.

According to the standard Crank-Nicholson method, the finite difference form of

in discretizing u(x,z) we the notation m ”  — m ( x ; ,  z „ )  , where the transverse grid is 

[ Xi = a + iAx; i = 0,N\Ax = (b -a )/N )  ]and the longitudinal grid is [zn =nAz;r = 0,l,..].

(3-1)

rapid variation in -the field by writing (j){x, y, z) — uix, y, z)exp(ifcz) .This is the basic

(3-1) is:

(3-2)

S 2denotes the standard second order difference operator, S 2Ui = (nm +Uh l - I u i ),



andzn+1/2 = z„ + Az/2.

If we let let Zz = Az and = Az/Aaf , we obtain the following equations:

UiU t ^ b iI i f + ctfX  = C l i , 

Cti = Ci =  - M " +1/2>

& ,.=2(i+ pA n+1/2) - ^ r 1/2>
(3-3)

A = [2(1-p A"+1/2 )+ M Tva ] <  + M ntv2 (<1 + <1) •

Expressions for the coefficients in the above are readily derived and can be found in 

[33]. Note that the above system of equations is tridiagonal and can be solved in O(N) 

operations, where N  is the number of grid points in x .

In the above section, the concept and implementation details of the basic BPM 

method have been reviewed. There are also various techniques for extending the BPM 

including Vector BPM, Wide-angle BPM and Bidirectional BPM. Also, the nonlinear 

effect can also be incorporated by setting the refractive index in the equations to be a 

function of the field intensity. However, the detailed discussion is out of the range of 

this thesis and can be found in the corresponding references [34,35].

Moreover, the Beamprop program is used to analyze several representative cases 

with reference to microring resonator devices. A transparent boundary condition 

algorithm is employed, which allows radiation to freely escape the computational 

domain. The CAD system allows waveguide components to be grouped together in 

what we refer to as optical pathways. Along each pathway various physical quantities 

can be monitored for analysis of power distribution, loss, etc. For example, the field 

propagation and power transfer between a straight and a curve is depicted in Fig-3.1. 

This provides a powerful tool for measuring design performance of the microring
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resonators.
Pathway,
lVtonitor:

" I .  Power

_2, Power

I ' P T r P  i 1 I ' I ' i ' i '
1.0 0.5 0.0

Monitor Value (a.u.)

Fig-3.1. The illustration of field propagation and power exchange in the ring resonator by BPM

Furthermore, in order to verify the accuracy of the coupled mode theory 

equations developed in chapter-2, we employ the BPM to the analysis of a microring 

resonator. In these simulations, all the parameters are identical to those used in 

chapter-2. Comparison of the BPM-computed k  versus coupled mode theory 

calculated k is depicted in Fig-3.2. Although slight differences are found, the accuracy 

of the new theory encourages us to have confidence in the new formulation presented

in the preceding chapter.

------ Calculation result
+ BPM

0.1 0.12 0.14 0.16 0.18 0.2
G a p  Space(Pm)

------- Calculation result
+ BPM

Gap Space=O.I 
X=1.55nm 
n=1.8
W=W0=I

*  0.35

(b)

Fig-3.2. Comparison of coupling efficiency as a function of (a) gap space (b) ring radius by BPM and
coupled mode theory
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Another interesting phenomena is what we call “curve effect”. The 

propagation constant in the ring is not only a function of refractive index but also of 

changes in direction. Therefore, we need to choose its parallel component in the 

calculation. To prove this assumption, we compare the results calculated by the prior

theory and a more rigorous numerical Beam Propagation method (BPM). It is

obviously that our new formula agrees better with the BPM simulation result.

'5  0.26

I  0.24

C M T  w ith  c u rv e  

e f fe c t
C M T  w ith o u t  c u rv e  

e ffe c t

ring index

Fig-3.3. Comparison of power exchange fraction by BPM, coupled mode theory with curve 

effect and coupled mode theory without curve effect

The FDTD microring resonator simulations 

Ring and disk resonators at microwave and optical frequencies have been 

subjected to a variety of analytical and numerical methods in this thesis. Examples 

include the analysis of the coupling efficiencies and resonant frequencies by coupled 

mode theory and BPM method.

The FDTD technique is widely used to analyze time-dependent electromagnetic 

wave propagation in integrated optical devices. Despite its accuracy and flexibility, it
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is difficult to calculate the 3-D model due to the fact that the required computer 

source and the calculation time increase dramatically. The basic technique has been 

outlined in several papers and books devoted to the technique, for example, [36] and 

[37]. The solution of the wave propagation is by direct integration in the time domain 

of the Maxwell curl equations in discretized form. For example, the component of the

curl equation is given by

dy
(3-4)

Discretizing via central differences in time and space gives (3-5),

E ‘7+* '{x ,y ,z)-E '7(x ,y ,z) + Ax/2, y, z )-  (x -  Ax/2, y, z)'

At Ax

_ ~ H {x, y + Ay/2, z ) - H  {x, y -  Ay/2, z)l  ^
Ay J

In the FDTD method, the Maxell equations are discretized in space and time 

domains. Also, electromagnetic fields are numerically calculated for each grid 

division in the model. The FDTD method offers detailed insight into the behavior of 

optical devices with complex geometries. In order to achieve the high accuracy for the 

shape of microring resonators, it is necessary to make the grid small enough. This 

comes at high computational cost. Due to the fact that the modeling of 3-D structures 

requires the highest performance computers that are not available right now—we limit 

our simulation to the realm of appropriate 2-D analysis.

Now we apply the FDTD method of solving Maxwell’s equations to the 

analysis of waveguide-coupled microcavity rings and disk resonators. FDTD 

modeling has the potential to play a similarly useful design role. For example, this
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method has been used to analyze the resonance behavior of single-mode 

microring resonators and whispering-gallery modes of isolated microdisks [38].

Because of the importance of accurate modeling of relatively large waveguide 

dispersion, we briefly review the accuracy of FDTD for modeling propagating 

waveguide modes. Consider a two-dimensional problem where the electric field is 

normal to the x - y  plane of the grid, in the z-direction. For a linear nondispersive 

material of infinite extent in the z-direction, Maxwell’s equations for the electric and

magnetic fields, Ez , J^an d  t f jy are given by

. d t

dE,

I dEz 

Mo fy

dH,
JU0 dx

(3-6)

(3-7)

Using the FDTD method to solve (3-6) and (3-7), we can compute the longitudinal 

propagation constant /?. A fundamental mode is launched at one end of the waveguide. 

In the following simulation, the software package named Fullwave provided by Rsoft 

company is employed.

For these simulations, the gap between each waveguide and the ring is 0.5 U 

m-wide and the width of W G l, WG2, and the ring waveguide is 0.7 U m. The spectral 

responses of the resonators are computed as follows. WGl is excited by a 20-fs 

Gaussian pulse modulating a carrier of 200 THz. The pulse width is chosen to cover 

the frequency range of interest. The transmittance for the microring resonator is 

depicted in Fig-3.6. The dashed line is the calculated transmittance curve based on 

Eq.(2-8). The good agreement proves again the accuracy of the coupled mode theory
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equations obtained in Chapter-2.

The Q of the mth resonance is obtained directly by forming the ratio of the 

center frequency, V m , to the width of the resonance, A Vm, at the half-power points. 

We have also calculated the spacing between resonances. The FSR values increases as 

the wavelength decreases. This behavior agrees with experimental observations in [39] 

and is a consequence of the relatively large waveguide dispersion. The finesse, 

defined as the ratio of the FSR to the resonance width, ranges from 50-70. The 

10.0-/rm-diameter microring resonator demonstrates narrow channel wavelength 

selectivity (high finesse) and constant transmittance over a FSR as wide as wide as 

3THz.

2 0.4

Fig-3.4. Comparison of the FDTD-computed (solid line) and calculated (dash line) transmittance curves.

The on/off ratio, or rejection ratio, is defined here as the ratio of power transmitted 

at a resonance frequency to the power not transmitted at that frequency. Consider the 

30-nm communications window of erbium amplifiers that is centered around 1.55 pm.
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Focusing on this window, that is, around the seventh resonance in Fig-3.6, we 

calculate a rejection ratio of 3:1. By slightly decreasing the gap size from the case 

shown in Fig-3.5, the rejection ratio can be increased to more than 100:1. In general, 

the rejection ratio can be optimized over any desired band spanning a couple of THz 

by adjusting the gap size to change the coupling efficiency with respect to the 

scattering losses in that wavelength range.

Furthermore, we focus on the resonance behavior of the microring resonators. 

The Chanel-dropping/passing nature of the resonators is illustrated in Fig.3-5. If the 

signal that enters port A is on-resonance with the ring, then that signal couples into the 

cavity from WG1, couples out from the cavity into WG2, and exits the devices at port 

C. A signal that is off-resonance with the cavity remains in WGl and exists at port B. 

The output at port B is often called the channel-dropping transmittance; the output at 

port C is correspondingly called the channel-passing transmittance.

Contour Map of Ey ± Contour Map of Ey

, , W '  •**,,

/ E i

-10-1

I

i 0
X(Mm)

v
Fig 3-5. FDTD simulated instantaneous electric field inside a microring resonator add-drop filter 

(a) on resonance at 196.3 THz and (b) off resonance at 193.0 THz

The rings support both a clockwise and a counterclockwise propagating mode. By 

sending a signal into port A, only the counterclockwise propagating mode is directly
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excited. Backward reflections in the coupling regions and backscattering due 

to side-wall roughness can excite the counterpropagating mode. The presence of the 

counterpropagating mode produces the standing wave nodes and antinodes in the 

figure.

First, we investigate the resonances of a 10- U m-radius microring resonator, each 

coupled to two straight waveguides (Fig-3.5). Fig-3.5(a) shows the steady-state 

electric field pattern for CW excitation at 196.3 THz (1527.lnm). From the data 

graphed in Fig-3.4 and the steady-state data visualized in Fig-3.5(a), it can be shown 

that more than 97% of the power has been switched to WG2. Fig-3.5(b) is a 

visualization for and excitation at 193.0 THz (1553.4nm). For this off-resonance case, 

it can be shown that more than 97% of the power in the incident signal at this 

frequency remains in W G l. A comparison between Fig-3.5(a) and (b) indicates the 

potential for high extinction ratios (and low crosstalk between channels) in the 

microring resonator devices.

n=1.606

n=1.61

154 1.56
Wavelength ( f j m)

Fig-3.6. The transmittance spectrum with three different ring indexes
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As we discussed in Chapter-2, the ring index can be changed (using the E-O 

effect, ion doping, photosensitive polymer, etc.) to get better performance. Now we 

can use the FDTD method to find the change in resonant wavelength as a function of 

the change in the index, which is depicted in Fig-3.7.

The equation is given by [40]

/LA =  / l —  (3 -8 )
N e

where A is the resonant wavelength, N e is the effective mode index, and 

An is the change in index.

Summary

In the first section, the finite difference beam propagation method (FD-BPM) is 

outlined. A program named Beamprop is used for modeling the microring resonator 

devices. The FDTD method is briefly reviewed in the next section. Some simulation 

results including transmittance characteristics and electrical field distribution are also 

presented. In the numerous cases studied, it is shown that both the BPM and FDTD 

yields simulation results that agree well with the coupled mode theory discussed in

chapter-2.
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CHAPTER 4

MICORRING RESONATOR FABRICATION 

Film Processing

In our experiment, a multilayer process has been developed in order to make SiOz 

-TiOz planar waveguides on glass substrates. The process we developed to prepare the 

sol is similar to that reported by Dale et al. [41]. The sol-gel process consists of four 

basic steps, complexation, hydrolysis, polycondensation, and drying [42]. Probably 

the most obvious way to control the refractive index of sol-gel glasses is to vary the 

composition ratio of different elements in multicomponent glasses. Amorphous SiOz 

has a refractive index of 1.46 and TiOzhas a refractive index over 2.6. There is a wide 

range of components that may be used to make sol-gel glasses of almost any 

composition. Moreover, the thickness of the film can be corrected adjusted by the 

technique of dip-coating presented further on.

From this discussion, it is apparent that many processing parameters can be 

controlled to adjust the properties of a sol-gel film. These include, the pH of the 

solution, the composition of the alkoxides, the amount of hydrolysis allowed before 

coating, the sp inn ing speed or rate of withdrawal, and the heat treatment of the film. 

These parameters can be adjusted to control the refractive index, the thickness, and 

the optical quality of the resulting film. Next, we present the experimental results 

obtained in the development of a sol-gel process for making waveguides.
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The technique we used to produce coatings from solutions is called 

dip-coating, which consists of dipping the part to coat in a precursor solution, then to 

pull it out and the object to be coated will be fixed.

We use the following procedure to produce a silica-titania solution. A pH of 2 

can be obtained by TEOS mixed with isopropanol, water and several drops of HCl 

(TEOS : isopropanol :water= I : 4 : 4). Next, titanium butoxide was mixed with 

acetylacetone (AcAc) in a separate beaker. The titanium butoxide /AcAc=O.5 was 

allowed to react for 30 min, after which the solutions were mixed together, then 

diluted with an equal volume of isopropanol. Films with a 1:1 molar composition of 

Ti/Si were deposited on glass substrates by dip-coating. Elaboration of thin films by 

sol-gel process is depicted in Fig-4.1.

I !alcohol, water and acid

Alkoxide
precursor

Metal alkoxide 
solution

Dipping 
Gel film Drying

Thermal Treatment

Fig-4.1. Elaboration of thin films by sol-gel process 

In order to eliminate the pore structure resulting from the drying stage It is 

necessary to densify each gel film before the next one is deposited, which causes

scattering losses.
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For a good process control, it is desirable that the surface to be coated 

must be cleaned and a constant pulling rate must be maintained. In addition, we are 

required to reduce dust particles that can be incorporated during the fabrication 

process.

Physical properties of film

The thickness and effective index of the TEo mode in the waveguides have been 

measured using an “m-line” technique [43]. They were determined by measuring the 

angle of incidence of a beam coupled in to the waveguide mode through a prism as 

shown in Fig-4.2 and using the following relation.

Nm = np sin Ap + arcsin(-sinOm)

P

where nP is the index of the prism, which must be greater than the index of the film n$.

Diffused light
Incident beam

ng guide

ns substrate

Fig-4.2. Coupling into a waveguide through a prism 

The dependencies of the refractive index and the thickness of the films on bake 

time and dipping speed are plotted in Fig-4.3. The thickness gradually decreases with
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heating time, for a given temperature, whereas the refractive index, measured at 

A=632:8 nm, shows a simultaneous increase. For films treated at 150° C, we obtain a 

refractive index value o f-1.57 and an average film thickness of - 1600nm (2 layers), 

indicating film deposition at approximately 800nm per layer.

1.578-

•5 1.574-

£  1.572-

1.570 -

baking time (min)

1900

1800

a
1700 5  

8
1600 J  .y■s
1500 ~

1400

Fig-4.3. Refractive index and thickness vs. bake time. The samples were baked at 150°C 

Moreover, film thickness as a function of dipping speed is plotted in Fig-4.4, which 

shows the thickness increases with the dipping speed. The parameters we can use to 

control the coating thickness d are sol viscosity r\, its density p and the withdrawal 

velocity v.
2300

2200

2100

^  2000

>1 - 1900 
8g i8oo
U

2  1700
H

1600 

1500 

1400

Fig-4.4. Film thickness vs. dipping speed. The samples were baked at 150°C for 150 min.

5 6 7 8 9 10

Dipping speed (inches/min)

The film thickness d is related to these parameters by the relation [41]:
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(4-1)

where g is the gravity and K is a material constant. It is easy to see that for dip-coated 

films, faster withdrawal speed result in thicker films.

The attenuation was measured using a method based on the detection of the scattered 

light from the waveguide. The light scattered from the waveguide was imaged onto a 

CCD and the intensity along the streak was recorded with an oscilloscope. The light 

intensity along waveguide is shown in Fig-4.5. Measurements of the guiding losses were 

performed along a propagation length of 4 cm and were found to be around 4 dB/cm. The 

only way to strongly reduce the losses is to fabricate the films in a clean room.

0.40

0 .3 5 -

*
5 * 0 .2 5 -

I
0 .2 0 -

0 . 1 5 -

4 5

D is ta n c e  (cm )

6 7

Fig-4.5. Scattered light intensity vs. distance

Device fabrication

The coupling efficiency depends on the following parameters: the gap, the 

waveguide and the ring radius. In chaper-2, we have described how to calculate 

analytically the coupling efficiency once we know these parameters. Strong waveguide
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waveguide confinement dictates that the resonator-to-waveguide gap has to be 

very small for adequate evanescent coupling. Based on current nanofabrication 

technology, a realistic gap width should b e -100 nm. The fabrication process by SEM 

is shown in Fig-4.6. The scanning electron microscope (SEM) image of a 

10-pm-diameter ring resonator pattern is shown in Fig-4.7. The width of waveguides 

is I ftm and fabricated gap width is 0.5 pm. The pattern was created in a 

poly(methylmethacrylate) resist layer by SEM lithography (JEOL 6100). In the 

experiment, we used a 15 pA probe current, a 30 kV accelerating voltage and a 10mm 

working distance.

Photo resist coating

Glass

rviM' Electron exposure

t a c t
j iiiiimiiiiiiiil 

. —

Fig-4.6 Fabrication process by SEM

Fig-4.7. SEM image of a 10-p.m-diameter ring resonator
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Conclusions and future developments

The sol-gel technique for making glass is a low-temperature process that 

provides a simple method for fabricating doped glass waveguides. Glass precursors 

are mixed in a colloidal suspension that can be used to coat a substrate. After a simple 

heat treatment at low temperatures, a porous glass film is formed to make waveguide 

and used to fabricate microring resonators. The refractive index and thickness of these 

films can be adjusted to desired values. Dopants are easily incorporated into the films 

b adding them to the precursor solution or by leaching them into the porous glass 

matrix. In this thesis, a sol-gel process is described which was developed to fabricate 

microring resonators. Future work includes doping the microring with rare earth ions 

and try different hosts. Furthermore, we will investigate using these materials to 

fabricate lasers, provide optical amplification, perform non-linear spectroscopy, and 

implement switching and modulation. In addition, alternative structures such as the 

vertical coupling structure and other material systems such as semiconductors or 

low-loss polymers will be employed to get better performance. Currently, the main 

obstacle is that we lack facilities like chemically assisted ion beam etching (CAIBE)

and reactive ion etching (RIE).
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