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Two essential integrated optical components of wavelength division multiplexed

(WDM) systems are tunable lasers and tunable wavelength selective filters, which we

address in this dissertation within a common framework by proposing a new concept

that has commercial potential.

Conventional Fabry-Perot filters lack the free spectral range (FSR) required in

WDM systems. A new approach to achieve transmission filters with large FSR,

tunable over many channels using the linear electro-optic effect, is proposed. By

simply adding gain to the waveguide, this configuration is extendible as a tunable,

single longitudinal mode laser . The most significant obstacle in realizing these filters

is achieving high-reflectance corrugated waveguides—an essential consideration for

achieving a useful filter.

The primary contribution of this work is the novel approach used to achieve

high-reflectance corrugated waveguides. The concept involves channel waveguides

with planar films of higher refractive index on top. This influences the propagation

constant of the channel waveguide mode. However, the film does not become the

primary guiding layer (the majority of the guided power remains in the lower-index

material) even for a considerably thick film. A somewhat startling finding is that

planar films with thicknesses capable of supporting multiple planar guided modes
xvi



do not necessarily have a measurable affect on the loss and mode field profile of the

channel waveguide. The effect on the propagation constant is small, but measurable.

This new technology forms the basis of an ideal geometry for creating corrugated

waveguide devices.

These new concepts are applied and demonstrated in a material system in which

it is difficult to achieve high reflectance from a corrugated waveguide—LiNb03. We

choose this material not only to prove the robustness of the new technology, but

because it is one of the few material systems in which integrated optical circuit prod¬

ucts are commercially available. Preliminary structures exhibit the highest reflection

reported to date in LiNb03 corrugated waveguides (80%) with an order of magni¬

tude shorter length (3.7mm) than that has recently been reported for devices with

comparable reflection. The results of the proposed wavelength selective filter are in

excellent agreement with the theory.
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CHAPTER 1
INTRODUCTION

Our motivation for this dissertation begins with a discussion of how wavelength

division multiplexing in optical fiber communication systems can be used to meet the

growing need for high-bandwidth services. Most of the components in these commu¬

nication systems such as tunable laser sources, external modulators, star couplers,

fiber amplifiers, and detectors are already commercially available. Several concepts

for the remaining crucial component, the tunable wavelength selective filter, have also

been reported; however, they are either unrealizable for commercial applications or

inadequate in meeting the needs of practical WDM systems. We propose a new filter

device that can meet the needs of even the most complex WDM system. However, the

primary difficulty of this filter is that it requires a totally new technology: the fabri¬

cation of a high reflectance corrugated waveguide in an electro-optic material. This

problem is addressed and a novel waveguide geometry that overcomes the difficulties

inherent to most other waveguide geometries associated with high reflectance corru¬

gated waveguides is proposed. Section 1.4 presents the organization of the ensuing

chapters of this dissertation.

1.1 Motivation

This information age that we are living in now continues to demand more and more

communications bandwidth. However, the bandwidth of typical residential telephone

services has remained virtually the same for decades. Integrated Services Digital

Network (ISDN) offers a modest improvement in digital transmission rates, but much

1
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higher bandwidth is required in order to move into a new era of communications along

with the continuing advancements of computer hardware that is propelling us into

this explosive information age.

There is great demand for broadband distribution networks such as CATV, but

consumers also require services that can only be provided by two-way, routable net¬

works. These broadband communication networks are the key to the future of many

recently emerging technologies such as video on demand, video teleconferenceing, re¬

mote medical imaging, home shopping, and virtual reality networking, just to name

a few. These technologies will further enable us to meet in a virtual world to discuss

and share ideas, to conduct business transactions, and to embark towards new lev¬

els of entertainment, all in the comfort of our homes. Recently, all the processing,

storage, and imaging technology required to do these things has become available at

affordable prices. However, these services will be severely limited until the realization

of Broadband ISDN.

It is inevitable that a broadband communications era is on the horizon. The

question is, “What is the most efficient way to realize broadband communication

systems?”

1.1.1 Bandwidth of Optical Fiber

The question just posed is easy to answer because conventional optical fiber offers

the bandwidth we need—much more than what is presently being utilized. To deter¬

mine the bandwidth of an optical fiber, we recall that the bandwidth B is related to

the spectral width AA by

B = Af =
cAA

A2 (1.1)
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Figure 1.1. Attenuation of a low-loss optical fiber (reference [45]).

where c and A are the speed of light and its wavelength in vacuum, respectively. The

theoretical maximum binary signaling efficiency is

R 2 bits
V=~f; = (1.2)B Hz sec

Nationwide fiber-optic networks are based upon single wavelength transmission

at 1.3 or 1.55/rm with bit rates of about 565 Mb/s. This data rate is high enough for

more than 7600 multiplexed voice or about 8 video channels, and equations 1.1 and 1.2

suggest that this transmission rate can be contained within a spectral width less than

0.003nm when A = 1.55/im. Typical systems, however, require more bandwidth due

to laser chirp, but this can be avoided by using external-cavity modulators.

Figure 1.1 shows that the fiber provides low loss regions around the wavelengths

of 1.3/mi and 1.5/im that are about lOOnm wide. In principle, the fiber has more

than 10 THz of bandwidth to offer in the 1.5pm region. That is theoretically enough

bandwidth for about 300,000 high quality uncompressed video transmissions (70Mb/s

each). Since the operating bandwidth of low-cost electronics is presently far below

100 GHz, it appears that the only available means of utilizing more of the fiber

bandwidth is to move towards wavelength division multiplexing (WDM).
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1.1.2 Practical WDM Communication Systems

Figure 1.2 shows a simple WDM distribution system. First, many electrical chan¬

nels are multiplexed together using a scheme such as time division multiplexing. Each

of those are used to externally or internally modulate a laser for one of the wavelength

channels. Each laser output becomes an individual optical channel. The optical chan¬

nels are multiplexed together by a star coupler and then distributed. Each receiver

has the ability to select the desired optical channel using a narrow bandpass tunable

optical filter with high free spectral range. After detection, the electrical signal is

then further demultiplexed for the user.

Recently, a couple of groups have successfully demonstrated the feasibility of such

systems. In 1990, H. Toba et al. [79] from NTT Laboratories in Japan demonstrated a

100 channel WDM transmission system at 622 Mb/s over 50 km. They have since ex¬

tended their system to 128 channels over 480 km using erbium doped fiber amplifiers

(EDFAs) [50]. A. Chraplyvy et al. [14] from AT&T Bell Laboratories demonstrated

a WDM system transmitting over 0.3 Tb/s through 150 km of fiber. That is enough

bandwidth for almost 5000 uncompressed high quality video transmissions, which is
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Input

WDM Mux/Demux Chip

Figure 1.3. Simplified schematic of a WDM ring network.

almost as many video channels as today’s systems offer for voice conversations. By

using newly developed video compression schemes, this figure can easily be increased

by one or two orders of magnitude. Although these experiments were conducted at

a wavelength of 1.55/im, they utilized conventional 1.3pm zero dispersion fiber. This

means that the existing fiber network can be dramatically enhanced by simply re¬

placing transmitter, receiver, and repeater hardware, instead of laying thousands of

miles of new fiber.

These concepts are expected to be applied to ring networks where each subscriber

can transmit and receive data on a network. Figure 1.3 shows a simplified diagram of

an optical WDM ring network which is then routed to a wide area network (WAN).
The expanded view in the inset of figure 1.3 shows a conceptual view of the optical
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hardware of one of the subscribers to the ring. In this case, each subscriber has a

tunable laser diode and aWDM multiplexing/demultiplexing chip. The tunable laser

allows the subscriber to transmit information on any of the wavelength channels. The

purpose of the WDM multiplexing/demultiplexing chip is threefold: extract all the

optical power of only the desired channel from the fiber optic bus, route the rest of the

channels back onto the bus for other subscribers, and retransmit a new signal from

the tunable laser tuned to the same wavelength channel as the filter. In this simplified

conceptual system, to prevent interference of signals from different sources, it would

be necessary for the laser and filter to be tuned to the same frequency channel and

for the filter to extract most of the input light in that channel (perhaps with -15dB

or less transmitted).

Many essential components ofWDM systems such as tunable semiconductor laser

diodes, external modulators, waveguide couplers, detectors, and EDFAs are com¬

mercially available. However, commercially viable technologies for filters of densely

spaced WDM systems are yet to be reported. As will be discussed below, the filters

used in previous systems [79, 50, 14] do not meet all of the requirements of a practical

system.

1.1.3 Wavelength Selective IOCs

So far, we have presented a motivation for WDM as a realistic means of obtaining

very high bandwidth communication systems. Crucial to the realization ofWDM in

commercial communication systems is the advent of practical wavelength selective

integrated optical circuit (IOC) filters. Many wavelength selective IOC filter designs

have been reported for WDM applications, but few are adequate for densely spaced

WDM. Typically, the devices are very long, have rather broad pass-band spectra,

require high power, and often involve complex fabrication processes. The remainder of
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our motivation will discuss some of the most common designs of wavelength selective

IOC filters reported in the literature. The pitfalls of these devices as they apply

to densely spaced WDM systems will be discussed. Then the goals of this research

work will be presented in section 1.2 as it presents a proposal for a new wavelength

selective IOC filter more suitable for densely spaced WDM systems.

Acoustically Tunable Optical Filter

Figure 1.4 shows a diagram of a polarization insensitive acoustically tunable op¬

tical filter (ATOF) [71]. The two waveguide polarizations are first separated by a

polarization splitter and fed through two identical waveguides that are under the

influence of a surface acoustic wave (SAW). Within a narrow band of wavelengths,

the difference between the propagation constants of the TE and TM modes equals

the propagation constant of the SAW and the two modes can then couple.

The ATOF is often regarded as one of the most promising filters for WDM sys¬

tems because it can easily be made polarization insensitive, it is tunable over more

than lOOnm, and it can route many channels at one time by creating a SAW with

multiple frequency components. However, the ATOF is not suitable for systems such
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as those in the most notable demonstrations of WDM systems [79, 50, 14]. This is

primarily because the passband is too broad (~lnm). Equation 1.1 shows that lnm

bandwidth corresponds to a 125 GHz channel at A = 1.55/xm. This is theoretically

enough bandwidth for a channel capacity of over 200 Gb/s. Since even very expen¬

sive electronic and electro-optic hardware presently cannot achieve these rates, the

ATOF would result in wasted bandwidth. The ATOF makes up for this deficiency

by having a very broad tuning range, but currently available tunable semiconductor

lasers and laser arrays (excluding external cavity lasers) can only operate within a

wavelength range of only a few nanometers. Therefore, a filter with a very narrow

passband is needed to more fully utilize the band of wavelengths within the tuning

range of commercial lasers.

Other disadvantages of the ATOF are that it is several centimeters long and

requires high power to generate the surface acoustic wave (SAW), typically more

than lOOmW. In turn, the requirement for heat dissipation can make it difficult to

maintain stable operation. Recently, significant advances have been made to maintain

temperature stability in a commercial device [80].

Cascaded Filters

The systems demonstrated in references [79, 50, 14] used cascaded tunable band¬

pass filters. A cascade of three filters was used in reference [14] to achieve a 0.65nm

full width half maximum (FWHM) passband. This provided enough bandwidth for

a bit rate of over 100 Gb/s, although only 20 Gb/s was achieved.

The filter cascade used in references [79, 50] had a much narrower bandwidth

of 0.04nm (5 GHz), which corresponded to the bandwidth of the frequency shift

keyed (FSK) optical signal they used. This filter consisted of a cascade of seven

Mach-Zehnder filters. Figure 1.5 shows a diagram of a similar device with only three
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Figure 1.6. Resonant grating assisted directional coupler filter.

Mach-Zehnder filters. The total device length was about 21cm which required a chip

size of 5 x 6cm2. Although it was not mentioned, it is reasonable to assume that the

filter was fabricated around the perimeter of the chip. The polarization dependence

of each Mach-Zehnder filter was compensated using a laser trimming technique. Not

only is this a very long device which would be very difficult and costly to mass

produce, but each of the 7 Mach-Zehnder stages must be individually controlled to

achieve wavelength selection.

Resonant Optical Directional Coupler

The resonant optical directional coupler (RODC) proposed by Kazarinov et al. [33]
is shown in figure 1.6 is a modification of the original proposal by Haus et al. [26].
The structure consists of two waveguide Fabry-Perot interferometers with zero-length
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cavities (quarter-wave shifted gratings) coupled to a center waveguide that acts as

the signal transmission bus. Light couples out of the upper grating waveguide only

at wavelengths for which the Fabry-Perot waveguide is resonant. The second Fabry-

Perot waveguide below the center waveguide permits a complete power transfer to

the filtered output of the top waveguide at the resonant frequency if both Fabry-

Perot waveguides are resonant at the same wavelength. Without the second resonant

waveguide, only half of the power at the resonant wavelength would be coupled to

the filtered output channel with a quarter of it being transmitted to the unfiltered

output and the other quarter being reflected to the source.

The theoretical device transmission characteristic is very narrow (~ .Olnm), but

has yet to be adequately demonstrated. The first attempt at demonstrating a sim¬

ilar device without the lower resonant waveguide was reported in reference [39] in

GaAs/AlGaAs. The theoretical response of the RODC indicates that it is well suited

for WDM applications, but there are two fundamental limitations for which no solu¬

tions have been reported: it requires excellent DBR corrugated waveguides and has

a narrow stopband (typically ~ 2nm).

The new innovations in waveguide grating fabrication and the concepts that are

presented in this dissertation may prove to be invaluable towards circumventing the

limitations of the RODC and ultimately realizing an electro-optically tunable RODC

as well as other Fabry-Perot filters that are suitable for WDM. The filter we propose

is a Fabry-Perot waveguide structure that can be used in the RODC to extend its

stopband (see section 8.2.3). Section 1.3 will introduce a new waveguide geometry

well suited to make high reflection corrugated waveguides in commercially viable

electro-optic materials such as LiNb03.
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1.2 A New Wavelength Selective Tunable Filter

A wavelength selective filter most suitable for densely spaced WDM systems

should have a very narrow passband (~ O.Olnm), a very broad stopband (> lOOnm),

and a high extinction ratio (> 14dB). The narrow passband is adequate for moderate

bit rates (< 2 Gb/s) and enables the fiber bandwidth to be utilized more efficiently

as the wavelength channels are densely spaced. The broad stopband and high extinc¬

tion ratio allows a receiver with a discriminant signal detection scheme to isolate one

of the wavelength channels without crosstalk. Other desirable aspects of a tunable

wavelength selective filter are the ability to operate at high speed with low electrical

power, a simple biasing scheme, and few controllers. In order for the device to be

commercially practical, it should be as compact as possible and be manufactured with

standard microelectronics technology. Most wavelength selective filters reported to

date, including all of those described in section 1.1.3, lack one or more of the above

requirements. We propose a new filter scheme that has the potential to satisfy all

these requirements.

Figure 1.7 shows the proposed filter structure. It consists of a corrugated waveg¬

uide that exhibits high reflectance in a narrow wavelength spectrum in cascade with

a broadband high reflectance mirror deposited on the endface. The reflection spectra

of these two mirrors is shown in figure 1.8. The reflection band of the corrugated

waveguide is shown as a sharp spike in figure 1.8 (a). Comparing the width of the

reflection bands of the dielectric mirror from the plot in figure 1.8 (a) with that of the

corrugated waveguide in the expanded view in figure 1.8 (b), we see that the reflec¬

tion band of the dielectric mirror is over three orders of magnitude wider than that

of the corrugated waveguide. These two mirrors, fabricated in cascade constitute an

asymmetric Fabry-Perot (ASFP) interferometer. We use the term “Asymmetric” to



12

Figure 1.7. Proposed Tunable Wavelength Selective Filter.

refer to the use of two mirrors with vastly different reflection spectra as opposed to

the conventional case where two similar mirrors are used.

The two conventional cases of waveguide Fabry-Perot filters, where similar mirrors

are used on both ends, are not adequate for WDM. For the case where two dielectric

mirrors are separated by a cavity, there exist many transmission peaks. The use of

two corrugated waveguides separated by a cavity may exhibit a single transmission

peak, but the stopband is very narrow. It will be shown that the proposed struc¬

ture in figure 1.7 utilizes the desirable characteristics of both mirrors: a very broad

stopband contributed by the dielectric endface mirror, and the selection of only one

transmission peak by the narrow reflection band of the corrugated waveguide mirror.

The resulting transmission spectra consists of a single transmission peak with an

extremely high free spectral range (FSR). It will be shown that by using the electro¬

optic effect via an appropriate electrode scheme, the transmission peak can be shifted

to accommodate many wavelength channels in aWDM system. The reader is referred

to chapter 3 for a detailed explanation of this filter structure. We demonstrate the
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Figure 1.8. Comparison of the reflection spectra of a dielectric endface mirror and a

corrugated waveguide, a) shows that the reflection band of a corrugated waveguide is
very narrow compared to the spectra of the dielectric mirror, b) shows an expanded
view of the corrugated waveguide spectra.
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experimental results of the proposed filter in a very practical and mature material

system: LiNbÜ3.

A reader familiar with distributed feedback (DFB) lasers will recognize the ASFP

filter as a commonly used structure for low threshold DFB lasers. The structure is

the same, except the filter does not have a gain medium and uses the electro-optic

effect for tunability. However, requirements the two devices have on the resonant

structure are very different. This will be addressed in section 3.3.3.

This work proposes that the ASFP structure be used as a passive filter (“passive”

refers to the lack of a gain medium). Furthermore, it is shown how the filter can

be tuned by a simple electrode scheme, utilizing the linear electro-optic effect. The

modeling of this device as well as the experimental results are presented.

1.3 A Novel Waveguide Technology

The ASFP filter proposed in this work requires two high-reflectance mirrors. For

decades, high reflectance dielectric mirrors have been available. Corrugated waveg¬

uides have been studied for over two decades, but high-reflectance, low-loss corrugated

waveguides have yet to be demonstrated in a material system suitable for making the

tunable ASFP filter.

In light of the failure of conventional methods to produce high reflectance corru¬

gated waveguides, such as etching gratings into the waveguide or buffer layer, a new

waveguide geometry is proposed and developed. Figure 1.9 shows the transverse cross

section of the waveguide. It consists of a conventional graded-index channel waveg¬

uide with an overlay of higher refractive index material. A grating in this material

(figure 1.10) can be used to create a considerably more perturbation to the waveguide

mode than conventional corrugated waveguides without producing excessive scatter¬

ing loss. This is necessary to achieve high reflectance and low loss. Of course there
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Graded-index High-index
waveguide overlay

Figure 1.9. Transverse cross section of a graded-index channel waveguide with an

overlaying film of refractive index near or higher than the core of the waveguide.

Graded-index High-index
waveguide grating overlay

Figure 1.10. Longitudinal cross section of a DBR corrugated waveguide made from
a high-index overlay.
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is always a tradeoff between the perturbation and radiation loss, but the benefit of

using this waveguide geometry is that more perturbation can be achieved with less

radiation loss. A detailed description of our waveguide geometry will be presented.

Commercially viable materials and waveguide technologies are used for our ex¬

perimental demonstration. LiNbOa is chosen as the substrate material because it is

currently the material system primarily used in the industry for state-of-the-art pas¬

sive IOC devices. Waveguides are made by either annealed proton exchange (APE)
or titanium indiffusion. Silicon is chosen as the overlay not only because of its high

refractive index, but also because it is opaque to visible light, is easily deposited by

e-beam evaporation, is easily etched by reactive ion etching (RIE), and can screen

pyroelectrically generated surface charges. We will cover these benefits in detail.

A somewhat startling discovery was made during the course of the investigation

and characterization of the structure: when a planar film of high-index silicon with

thickness large enough to support multiple planar modes is deposited on the surface

of a single-mode channel waveguide in LiNb03, the resulting channel waveguide may

still support only a single mode. Furthermore, in contrast to planar waveguides alone,

a comparably small amount of optical power is drawn up into the silicon layer, the

mode index increases by a small amount, and the propagation loss remains low. This

is exactly what is required to make good corrugated waveguides: low propagation

and mismatch losses with very little change in the mode field profile.

Rib waveguides consisting of planar films with thicknesses capable of supporting

multiple modes have already been shown to produce single-mode waveguides by Soref

et al. [73]. However, the prescribed concept in this dissertation goes one step further

as it applies to waveguides of much lower refractive index than the planar layer.

Furthermore, the proposed waveguide geometry is much more practical because it is
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applicable to graded-index channel waveguides made by APE or titanium indiffusion

which have proved to be commercially viable technologies.

It will be shown in that commonly-used theoretical estimations of the propagation

constants and mode field profiles cannot be applied to this structure and hence, do

not support these claims. Perhaps this may explain why such a simple structure has

not been investigated to date. Complete waveguide characterization measurements

including mode index, loss, and field profile are presented. All of the experimental

measurements made in this work support these claims. In addition, some very unique

transmission measurements of DBR corrugated waveguides are presented that can not

be explained without this new insight.

This new waveguide geometry is used to demonstrate the highest reflection in

LiNbC>3 corrugated waveguides reported to date. The results are in excellent agree¬

ment with theory. The proposed filter structure is also demonstrated using this new

technology.

1.4 Chapter Organization

Chapter 2 covers most of the numerical modeling used in this work for device

simulation. In particular, two transfer matrix formalisms that are useful in solving

the optical fields in planar multiple layered structures are presented. The benefits

of each approach and their application to lasers, other Fabry-Perot structures, and

waveguides are then discussed. A brief description of the spectral index method is

given. The derivation of these formalisms from Maxwell’s equations is used to develop

the notation and identify all the approximations, as well as some common mistakes.

A detailed discussion of DBR Fabry-Perot devices and an in-depth proposal of

the new wavelength selective tunable filter follows in chapter 3. Calculations, with

reasonably achievable waveguide parameters without neglecting loss, are presented
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for the proposed structure. The device is shown to exhibit the characteristics neces¬

sary for a densely-spaced WDM system only for structures with low-loss corrugated

waveguides.

To achieve good tunable ASFP filters, high-reflection low-loss corrugated waveg¬

uides must be made in a material system that exhibits a large electro-optic effect,

such as, LiNbC>3. In chapter 4, first we describe many of the previous attempts to

make high reflectance corrugated waveguides, most of which yielded mediocre results.

Then, we propose a new waveguide geometry in LiNbOs that overconies several fun¬

damental limitations. This geometry is applicable to several other material systems

as well.

Chapter 5 illustrates the details of the various fabrication and processing tech¬

niques required to fabricate the devices. These techniques include reactive ion etching

(RIE), waveguide fabrication by APE, grating lithography and transfer of the grating
to the waveguide, electrode fabrication, endface polishing, and endface DBR deposi¬

tion.

A detailed experimental analysis of the new waveguide geometry is presented in

chapter 6. The mode index, mode field profiles, and loss are measured. These results

are in agreement with the theory, in support of the claims made in this work, resulting

in a clear understanding of the unique characteristics of the geometry as applied to

our devices.

Chapter 7 presents the experimental results of several corrugated waveguide filters

made with the new waveguide geometry. The results of a simple corrugated waveguide

reflector is found to be in excellent agreement with the theory and exhibits the

highest reflection from a corrugated waveguide in LiNbOs reported to date. With the

fundamental building blocks in place, the proposed ASFP structure is demonstrated

and compared with theory.
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Finally, chapter 8 summarizes the results. The scope of this work cannot begin to

cover all of the potential uses and enhancements to this new cutting-edge technology.

It seems that many other uses for the new high-index overlay technology exist. An

outline of future work, some of which is already under way, is also described in this

chapter.



CHAPTER 2
THEORY OF OPTICAL FIELDS IN MULTILAYER STRUCTURES

This chapter covers the theory used throughout most of this work to calculate

reflection and transmission spectra for dielectric mirrors and DBR corrugated waveg¬

uides, and the waveguide mode characteristics. This chapter does not present any

new theory or derivation, but it approaches the subject from a very unique and sim¬

plistic angle. To develop the notation and justify all of the assumptions made, we

start from Maxwell’s equations.

Most textbooks cover reflection of TE and TM waves independently. Here, we

use a formalism that is used in only a few textbooks [40] to describe both cases

with a common set of equations. The angle of incidence and polarization is factored

out in a way that makes the equations take the form of those of normal incidence.

Most references use only one of two matrix methods [40, 22], but, depending on the

problem at hand, one formalism is generally more convenient than the other. This

will be demonstrated by several examples in section 2.7. Section 2.7.4 will show that

both matrix formalisms can be applied to waveguide devices by substituting the local

normal mode indices for the refractive indices in the previously derived equations.

Finally, the theory of the spectral index method to solve for waveguides with two-

dimensional cross sections is presented in section 2.8. The spectral index method is

useful for calculating the local normal mode indices which can then be used in the

matrix methods for calculating the reflection and transmission spectra of corrugated

waveguide structures.

20
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2.1 Basic Equations

We begin with Maxwell’s equations along with the constitutive equations for

isotropic media:

VD = p (2.1)

V • B = 0 (2.2)
dB

VxE=-at (2.3)
on

VxH=J+-ar (2.4)

D = eE (2.5)

II (2.6)

J = crE (2.7)

where E is the electric field strength [V/m], D is the electric displacement [C/m2],
H is the magnetic field strength [A/m], J is the electric current density [A/m2], B is

the magnetic flux density [T], p is the electric charge density [C/m3], a is the electric

conductivity [1/fim], p is the permeability [H/m], and e is the permittivity [F/m].
Furthermore, we add that

e — er€o (2.8)

P — PrPo (2.9)
1

€0 o

/X0C2
(2.10)

where er and pr are the relative permittivity and permeability, respectively (dimen¬

sionless), eo is the permittivity of free space (8.8541853 x 10~12F/m), po is the per¬

meability of free space (4ir x 10_7H/m), and c is the speed of light in free space

(2.997925 x 108m/s).
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/

In an isotropic, homogeneous medium of no free charges, we may rewrite Maxwell’s

equations in terms of two field variables

<1 H II o (2.11)

< II o (2.12)
„ ^ dK (2.13)

VxH = «B+i
at (2.14)

Now taking the curl of equation 2.13 using the vector identity

V x (V x A) = V(V • A) - V2A

and substituting equations 2.11 and 2.14, we have

i) r?E <9^F
V x (V x E) = V(V • E) - V2E = -V2E = -/x-V x H = -fxa— -

or

~ <9E a2E
nve_ÍK7__^_ = °

In the same manner, by taking the curl of equation 2.14 we obtain

(2.15)

AH A2H
„ (2.16)

Equations 2.15 and 2.16 are wave equations for the E and H fields. The solutions

for the E and H fields are of the same form. The solution of equations 2.15 and 2.16

for a plane wave traveling in the r direction is

E = E0ei(k‘r-a;i) (2.17)

and

H = H0ei(k r-"‘> (2.18)
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where k is the propagation vector, r is the position vector of an arbitrary point with

respect to a reference, and u> is the angular frequency of the wave. Some authors

prefer to use ei(wi_k rh Generally, the results between the two formulations may be

compared by replacing i with — i and visa versa. This will not be the case in equation

2.69. Equations 2.17 and 2.18 do not represent physical quantities because they are

complex, but they are a general solution to the pair of wave equations 2.15 and 2.16.

However, physical quantities may be obtained by taking the real part of the complex

solutions. The results by doing such will also be a solution to the wave equations

because they are linear allowing the real and imaginary parts of the solutions to be

separated. We could take the real part here and obtain

5ft(E) = 9?(Eq) cos(k • r — u>t) — S(Eo) sin(k • r — ut)

but it is most often easier to carry the complex expression through the arithmetic and

take the real part after manipulation when a physical quantity is desired. However,

when using them in a relation which is not linear with respect to E or H such as

the power relationship, the complex quantities may not be used unless an adequate

formulation for complex numbers is used.

Substituting equation 2.17 into equation 2.15 we find that

k2 = |k|2 = w2/ie + (2.19)

The phase velocity of the wave is given by v = u)/k and the velocity of light in free

space is given by c = l/i///o^o- Combining these equations with equations 2.19, 2.8,
and 2.9 we obtain the square of the complex refractive index n:

n2 =
c2k2 fira . ,

5- = €rHr + % = (nr + %m)
ur o;eo

(2.20)

where nr and are the real and imaginary parts of the complex refractive index,

respectively. nr is referred to as simply the refractive index and n¿ (often denoted by
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k) is known as the extinction coefficient. With the free space propagation constant

being
27r

X (2.21)

equation 2.17 becomes

E = Eoe¿(nfc°k-r-wt) _ g^g-njfcok-re¿(nrfc0k-r-wt) (2.22)

The first exponent on the right hand side of equation 2.22 represents absorption (or

gain) while the second represents phase.

The wave equations, although derived from Maxwell’s equations, do not represent

all of the information useful for determining the fields. They only help us to define

a certain class of solutions, namely the transverse propagating waves. To determine

a solution of Maxwell’s equations, equations 2.17 and 2.18 must be substituted into

equations 2.11 - 2.14. Doing this, a simplified form of Maxwell’s equations for trans¬

verse propagating waves is obtained:

k • E = 0 (2.23)

k • H = 0 (2.24)

k x E = (javH (2.25)

k x H = — (eu + icr)E (2.26)

From these equations, we see that E, H and the direction of propagation form a

mutually orthogonal set. From equation 2.25 we see that the magnitudes of the field

vectors are related by

|E| = n |H| (2.27)

where, using equations 2.20, 2.10, and 2.9,

Vo
n

(2.28)
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The quantity 77 is the wave impedance; the impedance of free space r¡0 = 377Í2.

The right hand side of equation 2.28 makes the assumption that nr = 1 at optical

frequencies.

Next, we discuss the Poynting vector S. It is defined by

S = E x H (2.29)

and is the energy current density [W/m2]. Equation 2.29 may be derived from

Maxwell’s equations and the relation describing the loss of electromagnetic energy

due to Joule heating, fv J/ • E dr, and making the argument that rate of electromag¬
netic energy decreasing within a volume must be equal to that consumed by Joule

heating plus that which is leaving the volume. The Poynting vector “points” in the

direction of energy flow. The above definition for the Poynting vector is not limited

to time varying fields. It is important to realize, as stated earlier that in calculating

S, both E and H must be physical quantities, i.e. real, and they must be the total

resultant of all the waves of a given frequency at the point of interest. As previously

illustrated, however, it is more convenient to work with complex quantities to rep¬

resent time varying fields. Extracting the time dependence from equations 2.17 and

2.18 and expressing them as

E = (E0eik'r)e_i“'í = Ece~iüJt (2.30)

and

H = (H0eikr)e-iwi = Hce~iwt (2.31)

it may be shown that the time average of the energy flow is

(S) = is(Ec x H*) (2.32)

which is in the direction of k. In doing this, we have simplified the calculation of

the energy flow of time varying fields in terms of the complex time-invariant field
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amplitudes. It must be remembered that the complex field amplitudes are used in

equation 2.32 while only their real part is used in equation 2.29. For a single wave

traveling in direction k, equation 2.32 may be further reduced using equations 2.25,

2.27, and the identity

A x (B x C) = B(A • C) - C(A • B)

resulting in

(S) = i^|EJ2k (2.33)
the scalar intensity is then

/ = ~ece; (2.34)
^ Vo

where Ec is the complex scalar electric field amplitude. From equation 2.22, we find

that

I=\— IEJ2 e-2nikok-r = I0e-°^ T (2.35)2 Vo

IQ is the intensity at the reference point, |r| = 0, and
4-KTli

a=—

is the absorption coefficient. Two important points must be remembered about the

calculation of intensity:

• In deriving equations 2.33 - 2.35, we assumed that there was a single wave

propagating in the direction k. Therefore, when calculating intensities resulting

from fields traveling in different directions, equation 2.32 must be used.

• I oc nr (amplitude)2 should be remembered rather than simply I oc (amplitude)2
which is often quoted. If the later is used when comparing intensities present

in two different media, the result will be in error.

These two important points must be remembered when calculating reflectance or

transmittance, which is done in the next section.
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Figure 2.1. k vector relationships with light incident on a single surface.

2.2 Reflection and Transmission From a Single Boundary

Figure 2.1 shows the k vectors from the incident k¿, reflected kr, and transmitted,

kt plane waves. The boundary conditions for the fields may be found from Maxwell’s

equations. These state that the tangential components of E and H are continuous.

These conditions must be satisfied at any point on the boundary for all values of time.

This implies that the exponential terms of the incident, reflected, and transmitted

waves must be equal for all values of time. Thus, all the waves have the same

frequency u and

k¿ • Arfc = kr • Ar6 = kt • Ar6 (2.37)

where Ar*, is the position vector between any two points in the boundary. This

assures us that all the waves have the same phase at any point on the boundary at

any time t. From equation 2.37 we find that

ef = 6r (2.38)

and

no sin 9i = n\ sin 6t (2.39)

which is Snell’s law.
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Figure 2.2. Conventions for the positive directions of the E and H field vectors for
the (a) TE or s-polarized waves and (b) TM or p-polarized waves.

Figure 2.2 shows the convention we use to define the positive directions of the

electric and magnetic field vectors for the cases when E is perpendicular to the plane

of incidence (referred to as TE or s-polarized) (a) and when E lies within the plane

of incidence (referred to as TM or p-polarized) (b). The tangential components of

the field vectors, £ and H, are related to the field amplitudes E and H by

£ = E and H = H cos 9 (TE) (2.40)

for the TE case and

£ — Ecos9 and H = H (TM) (2.41)

for the TM case. 9 is the angle between the normal ñ and the propagation vector k

in each medium.

Now we introduce a constant by which we will factor out the polarization and angle

dependence to simplify further derivations. This is the modified optical admittance

y which connects the two tangential components Et and Ht by

y = n/£ (2.42)
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where, for the two polarizations,

Tl 71
yTE = —cosd and yTM = 7 (2.43)

rjo Vo cos 8

It should be noted that y is the modified optical admittance for a single wave and

not the total field.

To solve for the reflectivity and the transmissivity, we simply need to meet the

boundary conditions with the resultant tangential fields. Noting the sign conventions

in figure 2.2 we have

Ei + er = £t (2.44)

and

Hi — Hr = Ht (2.45)

Solving equations 2.44, 2.45, and 2.42, then comparing field amplitudes using 2.38,

2.40, and 2.41 we find that the reflectivity r is

Sr yo yi Er
Si yo + yi Ei

Similarly, but comparing with equation 2.39 instead of equation 2.38 we find that the

transmissivity t is

tyo— is ^ for the TM case
Si yo + yi Ei

(2.47)

Using equation 2.41 we find that

Et 2y0 cos $i for the TM case

Ei y0 + yi cos et

which is more commonly used as the transmissivity. We, however, will use the tan¬

gential form in equation 2.47 because it is more convenient to use since it represents

both polarizations and the angular dependence has been factored out. These equa¬

tions are particularly easy to remember since they appear exactly the same as those
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for normal incidence. Furthermore, we will see that they are more consistent with

the power relations.

The resultant tangential electric and magnetic fields in the incident medium are

£r = £¿(1 -f- r)

and

Hi-Hr = y0{1 - r)£i

and for the transmitting region are and y\t£^ respectively. Using equation 2.32,

we find the intensity in each region. When we equate these we get

1-
^ (yo)

rr -'m{r~r)
mm)
■ft(yo)

which is similar to the power rule, 1 — R = T where R is the reflectance and T is the

transmittance, except for the last term on the left hand side. This difficulty may be

avoided by assuming that the incident medium is non-absorbing, making 3f(y0) = 0.

This is true for most practical circumstances. Now we have the reflectance and

transmittance:

R = rr*= (v°-vi\ fyo-yi
\yo + yij \yo + yi

(2.48)

and

T = ®(yi)tt* = 4SR(y0)SR(yi)
^(yo) {yo + yi)(yo + yi)* (2.49)

Notice that the definition we use for t results in a very simple equation for T, unlike

many textbooks that redefine T by making power arguments based on using a finite

area of the incident beam versus the resulting area of the transmitted beam as is done

in many textbooks. The dependence of this area on angle was factored out in the

original relations for y, thus illustrating another nicety of this uncommon formalism.
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Figure 2.3. A single dielectric planar layer on a substrate.

2.3 Characteristic Matrix of a Thin Film

Now we extend the above analysis to the case of a thin film as in figure 2.3.

Multiple reflections exist between the two surfaces of the film and, if the film thick¬

ness is smaller than the coherence length of the incident light, they interfere. One

way to solve this problem is to set up an equation which takes the sum of all of

the reflections taking the phase of each reflected wave into account. The following,

however, is a much more straightforward approach which may easily be extended

to accommodate multilayer structures. This procedure rederives the reflectivity and

transmissivity for the whole structure without using the results for a simple single¬

interface system. In doing this, wewill solve for the fields in all regions simultaneously.

In any medium, only two waves can exist: forward traveling and reverse traveling.

These are what would be the resultants of many reflections if it were calculated by

the former procedure.

We begin by denoting waves traveling in the direction of incidence (forward) with
a + superscript and those traveling in the reverse direction with a — superscript.

Using the same convention for the direction of the E and H vectors, their tangential

components at the lower boundary b are

— &lb "k ^1b
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T-Cb = yiZtb - yi^ib

(2.50)

Solving in terms of the resultants £& and Hb we get

At = ¿(Kt/i/i + A)
£v> = +^

'H’xb = yi£ib = \('Hb + y\£b)
Hxb = -y\£ib = \Wb- v&)

(2.51)

The tangential fields at the same lateral position on the top boundary, a, may be

found from equations 2.51 by considering difference in phase 6 between the top and

bottom interfaces at the same instant where

6 = k0nidcos6i (2.52)

Note that the cosine factor is present because we are comparing the phase of the

waves at the same horizontal position between the top and bottom interfaces. The

fields at the top interface now become

At = 5(W6/w + A)e-“
A; = l(-m/!/i+A)e“
nt = ifMí+mAK"
«r. = i£t)e“

so that

£a = £Xa + £Xa = £b cos ó — i— sin ó
yi

Ha = Hfa + HXa = —iy\£b sin6+ Hb cos 6
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which can be written in matrix form as

1

1

C3£
cos 8

—iyi sin 8
-iwn(S)/yi

cos 8
eb
nb (2.53)

The 2x2 matrix on the right hand side of equation 2.53 is called the characteristic

or transfer matrix of the film. If we define the optical admittance for the assembly

to be

Y = na/£a (2.54)

the task of determining the reflectance becomes the same as for the single boundary

case so that

yo-Y
r =

yo + Y

and

R =
yo-Y
y0 + Y

VO-YY
yo + Y) (2.56)

Using equation 2.54 and assuming £b is a single propagating wave, ie. the last layer,

equation 2.53 becomes

1 ' cos 8 -isin(<5)/yi 1

Y —iyi sin 8 cos 8 V2
(2.57)

The characteristic matrix may be further simplified from 2x2 form to a 1 x 2 matrix

by letting
'

B
C

so that Y = C/B. This notation will be useful in the next section.

cos 8 -ism{8)/yi 1

—iyi sin 8 cos 8 V2
(2.58)

2.4 Characteristics of a Multilayer Structure

Now we will consider the general thin film structure of figure 2.4. The thin film

results obtained above may be generalized to obtain the characteristics of an assembly

of thin films by recognizing that the tangential fields at boundaries b and c may be
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Figure 2.4. A general multilayer thin-film structure.

related in the same way that those of boundaries a and b were in section 2.3. That

is,

where

'

sb '
nb

cos S2
—iy2 sin S2

-ism(S2)/y2
cos S2

Sc
nc

Sk — k0nkdk cos 0k

(2.59)

(2.60)

Combining 2.53 with 2.59 and using 2.54 and 2.42, the solution becomes

Sa y — Q S°
cos4 -*sin(6i)/yi cos<52 -ism(S2)/y2 1 ^

—¿2/1 sin ¿i cos Si —iy2 sin S2 cos S2 y$ c' ’

and continuing the process, we see that the characteristic matrix for the whole as¬

sembly of figure 2.4 is
/ 1 T \/»,. 1\ T 1

(2.62)
B
C

= in
\fc=i

cos4 —i sin(4)/yjfc
-iyk sin Sk cos 6k

]) 1

\) Vm

Some care must be taken when calculating the phase factor when absorption or

total internal reflection is involved. The angles may be complex and are found by

Snell’s law:

nk sin 6k = no sin 0q (2.63)

Since the complex arcsine function is often unavailable on computers, we calculate

Sk by

6k = ±k0dk \Jn\-nl sin2 60 (2.64)
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As we have assumed, n0 and Op are real and for absorption, n*, is in the first quadrant

of the complex plane. The square root is then in the first or third quadrants. 6k must

be in the first quadrant because the phase must be increasing and the amplitude

exponentially decreasing in the direction of k in order for the situation to be physically

possible. Similarly, if medium k produces gain, we find that 6k must be in the fourth

quadrant. In either case the + sign in equation 2.64 should be chosen since most

computer algorithms produce positive real parts when calculating the complex square

root. However, it is a good idea to verify if this is indeed the case. The same value

for cos Ok should be used for both 6k and z/k- That is,

\jnl — nQ sin2 Op
cos Ok =

nk
(2.65)

The reflection coefficient may be found using equation 2.56 with Y being the

optical admittance for the multilayer assembly. With Y = C/B,

= (y0B - (y0B - C'
\ypB + C lypB + C,

(2.66)

To find the transmittance T and absorptance A, we note that the intensity normal

to the last interface m and the first interface a are

and

h = R(BC*)£mC

Ia is the intensity normal to the interface actually entering the assembly. This is

related to the incident intensity by

la = (1 - R)h

U{BC*)£mE*m
2(1 - R)

so that
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The transmittance is

Im
_ $t(ym)(l-R) _ 4yo^R(ym)

Ii K{BC*) (y0B + C)(y0B + C)* (2.67)

The absorptance is

(2.68)

The phase change on reflection can be found from equation 2.55 to be

(2.69)

where it is important to note the signs of the numerator and denominator to assure

the correct quadrant since the arctangent only has a range within the first and fourth

quadrants.

2.5 Alternative Matrix Formulation

Next we describe an alternative formulation to the solution of a multilayer struc¬

ture given in section 2.4. This is the approach used in reference [22]. It will be shown

in the next section that both formalisms have much to offer in understanding and

calculation of multilayer structures. The previous formalism was a set of equations

calculating the total electric and magnetic fields at each interface. This formulation,

however, will calculate the forward and reverse electric fields on each side of each

interface.

At boundary a of figure 2.3, the total fields are

Rearranging these equations, we have
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= ^—— and ta
yo + yi

Written in matrix form,

2yo

yo + yi

' '

_ 1 1 ra
'

£\la '
£qa ta ra 1

. £l~a .

The electric fields on each side of film a are related by

(2.70)

(2.71)

p+ — C+piSi
1ac

p- — p~ p~ih°lb — °lae

where Si = k0nid cos 9t. Written in matrix form,

the fields throughout a multilayer structure may be calculated by repetitive use of

equations 2.71 and 2.72—equation 2.71 for each interface and equation 2.72 for each

film.

Examples illustrating the benefits and uses of each matrix formalism will be given

in section 2.7. First, the relationship between the two formalisms will be given in

section 2.6.

£\a
'

e~iSl 0 £lb
Sia 0 eiSl £\b

2.6 Connection Between the Two Formalisms

Both matrix formalisms derived in sections 2.4 and 2.5 are useful for solving fields

in planar multilayer dielectric structures. A connection matrix will be derived in this

section showing that they equivalent. Even though they are equivalent, the knowledge

of both of them facilitates deriving different sets of basic analytic expressions. This

will become clear in section 2.7 as the advantages of each formalism will be discussed

for a variety of cases.



38

In the first formalism (section 2.4), the total £ and H fields were determined

at each interface and a transfer matrix was formed by multiplying a set of 2 x 2

matrices together, each matrix representing a film. We will call this the film method

because each matrix contains only information about one film and is not dependent

on adjacent films.

In the second formalism (section 2.5), where the forward and reverse tangential

electric fields (£+ and £~) were determined at each interface, a transfer matrix was

formed by multiplying a set of 2 x 2 matrices together for each interface and each

film. We will call this the interface/film method.

We start with the tangential fields at boundary a. They are given by

Sa — £oa + SQa

Wa = VO {¿Oa — &0a)

In matrix form, this becomes
'

Sa ‘
■

1 i
'

S0+a '
na yo -yo. Soa

_

By inverting the matrix, we get

1
'

1 _i_ ■
y0

'

Sa ‘
Soa

“

2 1 1_
yo .

Ha

(2.73)

(2.74)

If M is the transfer matrix for a structure with boundaries a through m such that

Sa
Ha

= M
Hn (2.75)

then the use of relations 2.73 and 2.74 can be used to make equation 2.75 become

(2.76)
'

So~a ' 1
'

1
yo M

'

1 1
’

Sfm '
Soa

.

“

2 1
yo .

Vs -y». . ^sm
where s denotes the last media on the right hand side of the last boundary m.

Equation 2.76 is in the same form as equations 2.71 and 2.72 showing that the two

formalisms are connected by the two transformation matrices in equation 2.76.
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2.7 Applications of the Formalisms to Real Structures

This section will use each formalism to derive some basic relations in a very

straightforward way. Depending on the problem at hand, it will be shown that

in some cases the interface/film method is preferred, and in another case, the film

method is preferred.

In general, the film method is better for computer calculation of the fields of a

structure. This is because it is composed of a stack of independent 2x2 film matrices.

For a periodic structure, a matrix may be generated for a single period and taken

to the power N where N is the number of periods. As will be shown below, this

yields a very simple expression for the reflectance of a periodic A/4 structure. The

interface/film method is better suited for calculation of resonance conditions. These

will now be discussed in detail.

2.7.1 Reflectance from Periodic Quarter-Wave Structures

A periodic stack of dielectric films is of particular interest because it can be used

for a high reflectance mirror. The optimum thicknesses for the films, in this case, is

A/4 where A = Ao/n¿ is the center wavelength of the reflection band. (Due to the

asymmetry of the reflection band A is not the true center, but it does correspond

to the maximum reflectance.) Either the film or the interface/film methods can be

used to solve for the reflection, but the film method yields an analytic solution for

the reflection at the center wavelength in a very straightforward fashion.

If the periodic structure in figure 2.5 is nonabsorbing and the thickness of each

layer is using equation 2.62, we find that
‘

B ' ( 0 —i- 1 0 i_ 1 '
yi 2/2

C V -m o
. -m 0 ) . ys.

'

—Ml 0 '
N

1
Vi

0 Ml
V2 . . ys.
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Figure 2.5. Dielectric mirror made from a periodic quarter-wave stack.

'

(-y2\Nv yiJ 0
'

1 ■
0 sis 1 . ys.

(2.77)

so that

/ \ N / \ N

-3 ■
and Y _c_ (y±\

b Vs UJ
2N

and using equation 2.56,

r _ V» yVi
yotyi \2N _ i
V. M/i 1
yo(yi)2N t i
VsKV\>

(2.78)

(2.79)

This equation is very useful for the design of high reflectance dielectric mirrors. It

allows a straightforward determination of the number of periods and ratio of the

indices required for a desired reflectance. Furthermore, it shows that if ys > yo,

better reflectance is obtained if yi > yi-

2.7.2 Basic Laser Relationships

So far, the multilayer matrix formulations derived in sections 2.4 and 2.5 have

been used to solve problems in which there are incident, reflected and transmitted

waves. For the case of the laser this is not the case. However, the formalism is general

and, as will now be shown, is applicable to the laser as well. For reasons that should

soon be apparent, the interface/film method is more convenient for calculation of the
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Figure 2.6. Single-film laser.

conditions required for lasing. (If it is not obvious, it is suggested that the reader

try to derive these conditions using the film formalism.) To demonstrate this, we

start with the single-film layer laser in figure 2.6. The interface/film method requires

the multiplication of three matrices—one for interface a, one for film 1, and one for

interface b. Using equations 2.71 and 2.72 we have
r t „ r £»+

(2.80)£í ] 1 1 ra
'

e-iSi 0
'

1 n
j

CNto
t

. £°a ta^b ra 1 0 eiSl n l ¿2b
.

multiplying, we get

S0a 1 _ J_ [ e~Wl + r0rbeiSl raeiSl + rbe~iSl 1 í £%b 1 (2 g-v
?oa \ tatb [ rae~iSl + rbeiSl eiSl + rarbe~iSl J [ J 1 ‘

Radiation is emitted from the laser and propagates away from the device to infinity

in regions 1 and 2. The laser cannot produce incoming waves from infinity. Therefore,

the boundary conditions for the problem are Eq = 0 and = 0. Using these

boundary conditions in equation 2.81 we find that

e~iSl + rarbeiSl = 0 (2.82)

Rearranging, we have the basic gain relationship:

-rarbe2iS'=l (2.83)
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This relationship is more fundamental than those given in most textbooks because it

contains both magnitude and phase information in one simple relation. To see this,

we separate the amplitude reflection coefficients into magnitude and phase, and Si

into real and imaginary parts:

|r„| ei(<^+7r) |r6| ei4e‘2ílie2iflr = 1 (2.84)

where <5>i = ¿lr -f iSu. The 7r phase shift is introduced by considering the negative

sign. It is important to consider that both ra and rb are considered from left to right.

The negative sign in equation 2.83 is the result of defining ra with the incident wave

in medium 0. Even though this is not the case, the equations still hold provided the

consistency of the definitions is observed and not intermittently changed. Defining

ra this way causes a n phase shift. For this equation to hold, both the magnitude

and phase components must equal one:

|ra| \rb\e-2Sli = 1 and ¿(2^+*.+^+*) = i (2.85)

Using equations 2.36 and 2.48 with the magnitude part, it may be easily shown that

= li _L_9 2d RaRb

where g = —a is the intensity gain coefficient. The phase portion shows us that

2<5lr + (j)a + <j)b + 7T = m27r where m — 0,1,2,... (2.87)

The last two equations correspond to those found most often in textbooks and are

equivalent to equation 2.83. They offer a more conceptual view because they are

easily derived by arguing that the round trip gain equals one and the round trip

optical path length is a multiple of A. It should be noted that in extreme cases,

the gain affects the reflectance of the mirrors and the gain should be found through
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Figure 2.7. Single-film waveguide.

iteration of equations 2.86 and 2.87. However, this may usually be neglected because

the gain is almost always very small compared to the real part of the refractive index.

2.7.3 Basic Waveguide Relationships

The multilayer matrix formalisms developed in sections 2.4 and 2.5 have been

used so far for solving for the fields for a structure with traveling wave components

perpendicular to the boundaries. However, even though reflection coefficients and

other relations that conceptually imply traveling waves were used, it was never ac¬

tually assumed that they were traveling. This section will demonstrate how general

the two formalisms really are by applying them to a single-film waveguide.

Figure 2.7 shows a waveguide of a single film. The tangential field in media 0 is

given by

(2.88)

where = n¿fcocos0¿. Assuming total internal reflection (ni and n-i must also be

real), Snell’s law becomes

sin 6q — — sin 9\ > 1
n0

(2.89)
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and equations 2.88 and 2.89 can be linked by the trigonometric law

cos 6q = ±\/1 — sin2 6q (2.90)

It is convenient, but not necessary, to choose the + sign. This makes k0 positive

and imaginary which, in turn, causes one component in equation 2.88 to increase

towards infinity for negative x. This cannot represent physical boundary conditions.

Approaching the other side of the waveguide in the same way, we find that the

boundary conditions are

S0+ = £¿=0 (2.91)

This is the same set of boundary conditions as for the laser! Therefore, the gain

relationship (equation 2.83) applies also to the waveguide. However, it is interpreted
somewhat differently. With the waveguide, |ra| = |r&| = 1 and g = —a = 0 (which
was already assumed). The characteristic equation (equation 2.87) is the same.

This example illustrated the use of the matrix formalism to solve for modes of

a lossless planar waveguide. However, it was not necessary to assume the lossless

case. It can be shown that with loss, the basic resonance equation (equation 2.83)

still holds and the solution requires both traveling and evanescent components in the

solutions of the side regions. With loss, equation 2.83 cannot be separated into two

independent relations. However, as with the case of the laser, if the imaginary part of

the refractive index is small compared to the real part, the solution can be separated

and approximated by the magnitude and phase relationships. It is also interesting to

note that equation 2.83 is useful for solving surface plasmon modes.

2.7.4 Application to Corrugated Waveguides

This section will show how the matrix formalism can be used to solve for corru¬

gated waveguides. The result will be a very simple, yet effective model for corrugated
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Figure 2.8. Single mode waveguide with an abrupt step.

waveguide devices. The applications of the formalisms thus far have been exact. Due

to the added complexity of this problem, we are now required to make some approx¬

imations, but the approximate theory presented here will yield accurate solutions for

the devices of interest in this work.

We will apply the theory developed by Burns and Milton [12, 44, 81]. The problem
becomes very simple for single mode waveguides (as is the case in this work). We

start with a single mode waveguide with an abrupt step at boundary a (figure 2.8).

The solution of the TE electric field can be expressed as

Ey = £+(z)P(x, z)e~ip{z)z + £~(z)P(x, z)eil3{z)z (2.92)

where £+{z) and £~(z) are the complex amplitudes of the forward and reflected

waves, respectively, P(x, z) is the local normal mode profile at position z, /3(z) is the
mode propagation constant. We will assume negligible scattering of the energy from

the guided mode into the radiation modes. The boundary conditions on each side

of the step in figure 2.8 require that the tangential electric and magnetic fields be
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continuous. Therefore, at z = a

S+P0e-il3oa + £oPoeiP°a = £?Pie~il3ia (2.93)

and

P0£+P0e~il3oa - p0£oPoeiPoa = (2.94)

By eliminating £+Pie~l/3ia in these two equations, we get

£q
_ Po ~ Pi _ No - Ni . .

£o Po + Pi Nq + Ni

where N = pi fko are the mode indices. The solution for the reflection at an abrupt

transition (equation 2.95) is in the same form as the reflection from a planar interface

(equation 2.46). There is really nothing mysterious here because equations 2.93

and 2.94 are analogous to equations 2.44 and 2.45, respectively. In fact, by assuming

both forward an reverse propagating waves in all regions, the whole matrix theory for

multiple layers can be applied to multiple step waveguides (a corrugated waveguide

being one example) by substituting the mode indices for the local normal modes for

the individual film indices. This is very useful as most of the results presented thus

far are applicable to grating devices. Furthermore, the same computer programs that

are used to calculate the reflectance, transmission, and absorption spectra of planar

multilayer structures can be used to calculate the behavior of waveguide devices, in

particular, waveguide Fabry-Perot interferometers and lasers. As long as there is low

loss (light is not scattered into radiation modes), and there is no mode conversion

between guided modes (in multimode waveguides) this simulation method is very

accurate.

The modeling ofDBR corrugated waveguides is analogous to the periodic quarter-

wave structure analyzed in section 2.7.1. Taking advantage of our ability to directly

substitute mode indices for film indices we can use equation 2.79 to find the reflectance
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of a first order grating at the center wavelength:

,2M
' iVQ t i>L

R =
Na \NhJ X
(Ml.)™ + !\Ns \N„ ) ^ 1

(2.96)

where NQ is the mode index of the input waveguide to the grating, Ns is the mode

index of the output waveguide of the grating, Nl is the mode index of half-periods

exhibiting the lower mode index, NH\s the mode index of the other half-periods, and

M is the number of grating periods. This shows that to obtain high reflectance, we

require a large difference in mode index, AN = Njj — N¿, between each half-period

of the grating, or large number of periods.

2.8 Spectral Index Method

The channel waveguide structures presented in this work require extensive nu¬

merical techniques to adequately solve for their propagation constants and field pro¬

files [62, 63, 47, 60]. The spectral index method represents a much less rigorous and

computer intensive method and has been shown to give very accurate results [43]. It
involves a simple variational technique that utilizes the FFT rather than large ma¬

trix eigenvalue problems. However, the spectral index method is limited to simple rib

waveguide structures with square homogeneous stripes on top of a planar structure

varying only in the depth direction. Even though this does not represent the type

of structures of interest in this work, it will be found useful in section 4.7 to gain

qualitative insight.

Figure 2.9 shows the general case of a dual rib waveguide structure for which we

want to solve for the mode index and electric field profile. The ribs are separated by

2S, the widths of the ribs are W\ and W2, their heights are Hi and H2, and the planar

guiding layer has a thickness of D. The refractive index of each region is also shown

in the figure. Region 1 is the cladding (usually air), region 2 is the guiding layer,
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Figure 2.9. Dual rib waveguide cross section. The dashed line represents the effective
movement of the boundary by the Goos-Hánchen shift.

region 3 is the substrate, and regions 4 and 5 are stripes of possibly different indices.

The principle of the spectral-index technique is to express the solution in the regions

below the ribs in terms of a Fourier transform in the x direction and approximate the

solution in the rib in terms of sines and cosines with a field of zero in the cladding.

These two solutions are linked together by requiring continuity and using Parseval’s

formula to obtain a simple dispersion relation. The method is outlined as follows.

Assuming a source free media (lossless), equation 2.15 reduces to

<92E
„

V E — fie — 0 (2.97)

For a z propagating wave in a structure invariant with z, equation 2.17 reduces to

E(x,y,z) = BQ(x,y)ei^-^ (2.98)

After substituting equation 2.98 into equation 2.97, dropping the common terms,

and using k2 = u2fie (equation 2.19 in a source free media), we get a scalar wave

equation for the solution of the electric field in each region

d2E
dx2 "I”

d2E

dy2
+ (k2 - p2)E = o (2.99)

where we now will use E to represent a polarization of Eq(x, y).
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In deriving equation 2.15, equation 2.11 assumed that Ve = 0 (homogeneous

media). Therefore, equation 2.99 must be applied to each individual medium with

the proper boundary conditions met at each interface. Some methods, such as the

beam propagation method (BPM) and finite difference methods, give approximate

solutions by using equation 2.99 with an inhomogenious index, n(x,y), inserted

(k(x,y) = 2nn(x,y)/\). This approximation is usually acceptable for structures

where the refractive index varies slowly. This is not the case in rib waveguides, but

the approximations sometimes yield acceptable results.

If the refractive index of the cladding, n\, is much smaller than n2, n4, and n5

as it is with an air cladding, the electric field may be approximated to be zero on

the interface if the boundary is moved slightly using the Goos-Hánchen shift. These

boundaries are shown by the dotted lines in figure 2.9. The new dimensions are given

by

Wlfl = Wi|2 +
2k\

pk2¿\¡P2 ~ kí
(2.100)

D' = D +
Q

y/P2 ~ *?
(2.101)

and

(2'102)

where for TE modes p = q = 1, and for TM modes p = k\/k\ b and q = k\/k\.

Applying the Fourier transform with respect to x on the wave equation (2.99), we
have

^ + {k2(y) ~ s2 -P2}S = 0 (2.103)
where £(s, y) is the Fourier transform of E(x, y). The solution is similar to that of a

slab waveguide with a spectral index, ns = Jri2 — s2/k%.
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The solution in the rib regions may be expressed as E(x, y) — F(x)G(y) where

F(x)

'

A1 cos{sJx + Ci)) -Ci - W'J2 < x < -Ci +W[/2
< ±A2 cos(s2(x + C2)) -C2 - W'J2 < x < -C2 + Wá/2

0 elsewhere
V

and

G(y)

sin(7i(H1'-y))
sin(7iiij)

sin(72(f^—y))
sin(72ÍÍ2)

0

-Cl - W'J2 < a; < -Cl + W^/2
—C2 - W¿/2 < a; < -C2 + W^/2
elsewhere

with

(2.104)

(2.105)

Cl = S +WJ2 (2.106)

C2 = S +WJ2 (2.107)

7i = y/kj-sj-p2 (2.108)

72 = yjH-sl-p2 (2.109)

Sl = 7x/W[ (2.110)

S2 = 7T/W' (2.111)

A4 5 are the propagation constants of the respective ribs, ¡3 is the propagation constant

of the mode, and the + sign in equation 2.104 represents the fundamental mode while

the — sign represents the first higher-order mode.

Using Parseval’s formula, it may be shown that the spectral solution below the

rib and the real-space solution within the rib may be linked together by [43]

/
00 ^dE* ,E——dx
00 ay

= -/2?r J-
00 as*
S^-ds

00 ay

This represents a dispersion relation of which there are three unknowns:

(2.112)

Ai, A2,

and (3. One of the field amplitudes is arbitrary while the other may be used to

determine the correct field profile. Since (3 depends on the field profile variationally,

an extremum in ¡3 will be observed when the correct value for A\/A2 is found. Thus,

the dispersion relation, 2.112, must be used in conjunction with an optimization

routine.



51

2.9 Summary of the Numerical Methods

This chapter presented a simple method to calculate the characteristics of corru¬

gated waveguide filters and lasers. In doing so, one first must determine the local

normal mode propagation constants. The spectral index method was presented for

this purpose. Next an appropriate matrix formalism should be chosen to solve the

problem at hand. The film matrix method was shown to be the best choice for

determining reflection and transmission spectra (such as a mirror or filter). The

interface/film method was shown to be the best choice for determining resonance

conditions (such as for a waveguide or laser). Analytical solutions were derived for

simple cases of these. However, to solve general problems, computer calculation of

the matrices may be required.



CHAPTER 3
A NEW WAVELENGTH SELECTIVE FABRY-PEROT FILTER

This chapter introduces the concepts of a new tunable wavelength selective filter.

Most IOC filter technologies require a very long device length or the use of the

acousto-optic effect (chapter 1). The device we present has the potential of being very

short in length (~lcm) and utilizes the electro-optic effect. Furthermore, it has the

potential of being tuned to over 50 wavelength channels with bandwidths comparable

to that available with modern-day electronics. The chapter starts by reviewing some

of the basic concepts of dielectric mirrors and the Fabry-Perot interferometer before

the new device structure is introduced. Computer programs implementing the theory

of section 2.4 were used for this purpose. The new waveguide Fabry-Perot device that

is characterized by a single transmission peak with a very large free spectral range is

then proposed.

3.1 Thin Film Dielectric Fabry-Perot Filters

3.1.1 Characteristics of a Thin Film Dielectric Mirror

We begin by reviewing some of the properties of dielectric mirrors. Figure 3.1(a)
shows an alternating dielectric stack typical of bulk-optic dielectric mirrors. It was

stated in section 2.7.1 that this periodic structure can be used as a mirror if the

thickness of each layer is A/4. Using equation 2.79 with the following values used for

the refractive indices, n0 = 1, ns = 2.14, nL = 1.2, n# = 2.2, and with 4 periods, we

get R — rr* = 0.985 at the center wavelength. This is more reflectance than can be

achieved by uncoated silver or aluminum mirrors.

52
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Dielectric Stack
i T

n0 nii nL nn ni. nn ni. nn nL ns
1
R

Figure 3.1. Simple DBR consisting of a multilayer dielectric stack (a), and its re¬
flectance and transmission spectra (b). The parameters are no = 1, ns = 2.14,
nL = 1.2, nú = 2.2, and 4 periods.

A computer program is required to solve the matrix equations 2.62 for values

of the reflection at wavelengths other than the center wavelength. The reflection

spectra in figure 3.1(b) shows the result. In this case, the refractive index difference

between successive layers, An = 1. This large index difference not only contributes

to a high reflectance with a small number of periods but also makes the full width

half maximum (FWHM) of the reflection peak very broad (803nm).

3.1.2 Characteristics of a Thin Film Dielectric Fabry-Perot Filter

When two mirrors are separated by a cavity, they form a Fabry-Perot interferom¬

eter. Such a device is shown in figure 3.2(a) using two of the mirrors just described
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a)

b) Wavelength

Figure 3.2. Fabry-Perot filter consisting of two multilayer dielectric stack DBRs
separated by a short waveguide cavity (a), reflectance spectra of the structure with
a cavity length of 10/xm (b). The parameters for each mirror are n0 = 1, ns = 2.14,
ul = 1.2, uh = 2.2, and 4 periods.

in section 3.1.1. In this case, they are separated by a waveguide cavity 10/xm in

length. Even with this very short cavity length, figure 3.2(b) shows that there are

many transmission peaks in the reflection band. To utilize the electro-optic effect to

make a tunable filter, the cavity length must be increased, but this causes the peaks

to become too close together and the reduced free spectral range will cause crosstalk

in a WDM system.

The reflection spectra in figure 3.2(b) was calculated with the methods presented
in chapter 2 with one more approximation. The structure was calculated as a planar
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multilayer structure with the mode index of the waveguide (shown as the cavity in

figure 3.2(a)) substituted in for the refractive index of the cavity. This was already

shown to be a good approximation in section 2.7.4. Here, we go one step further

by assuming the overlap between the mode field of the waveguide and the reflected

wave by the endface mirror is quite good. This approximation becomes better as the

total thickness of the mirror is decreased because the mode field is dispersed less by

the shorter structure. To make a thin mirror with high reflection, we require AN to

be large. A 4 period mirror with n¿ = 1.2, n# = 2.2, and a center wavelength A =

1534nm, is 1.98/un thick. The field divergence within these dimensions is negligible.

These values were only used to demonstrate the concept. For the mirrors used in this

work, uh = 3.5 and = 1.56 (which correspond the the refractive index of silicon

and AI2O3), and about the same reflection as for the mirror just illustrated can be

achieved in just 2| periods. Therefore, the total mirror thickness is reduced to just
0.82/im which makes the approximation made above is even more applicable to our

structures.

3.2 DBR Corrugated Waveguide Fabrv-Perot Filters

3.2.1 Characteristics of a DBR Corrugated Waveguide

In contrast to an endface mirror, a DBR corrugated waveguide has many (typically

thousands) periods and the mode index difference between the peaks and valleys is

very small (typically AN ~ 10-4). The structure is illustrated in figure 3.3 (a).

According to the theory in section 2.7.4, the solution of the reflection and transmission

spectra of this structure is essentially the same as the dielectric mirror with the mode

index difference used in place of the refractive index of a film.

To demonstrate the characteristics of such a grating, we find that to obtain about

the same reflection from a lossless grating structure as wé did for the dielectric mirror
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Figure 3.3. DBR corrugated waveguide (a), reflectance spectra (b). The parameters
used in the calculation are Nh = 2.1406 and = N0 = Ns = 2.14 and 10,000
periods. Loss of 0.35dB/cm is also included in the calculation.
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in section 3.1.1 with a mode indices of iV# = 2.1406 and NL = N0 = Ns — 2.14 for

the peaks and valleys, respectively (AN = 6x 10-4), we require 10,000 periods. For

a center wavelength of A = 1534nm, this device is 3.6mm long, and for the lossless

case equation 2.96 predicts that R = 98.5%.

We expect there to be some loss in the waveguide. Low-loss APE:LiNbÜ3

and Ti:LiNbÜ3 waveguides typically exhibit 0.1-0.2dB/cm loss. The loss in dB,

a[dB/cm], is related to the absorption coefficient, o:[l/cm] by

a[dB/cm]
a [cm 4] (3.1)10 log e

According to equation 2.36, these values for loss correspond to the imaginary part

of the refractive index, n¿, (in this case we are really talking about the mode index)
between 2.81 x 10-7 and 5.6 x 10-7. When there is loss, we need to use the computer

calculation of the matrices even for the reflection at the center wavelength. Figure 3.3

(b) shows the reflection spectra of this corrugated waveguide structure with a loss

of 0.35dB/cm (n¿ = 1 x 10-6). A somewhat higher loss was used because we expect

the grating to induce some additional loss on the waveguide. The peak reflection

is reduced from 98.5% for the lossless case to 97.5% for the case where we have

0.35dB/cm loss.

The distinct differences between the characteristics of the corrugated waveguide

reflector and a dielectricmirror are that the corrugated waveguide can have more than

three orders of magnitude shorter bandwidth (FWHM is 3.4Á in this case), and a

much longer length with orders of magnitude more grating periods is required for high

reflection. The difficulty in achieving high reflection from a corrugated waveguide is

maintaining low loss when the grating is formed. In this example, we showed that a

very low loss of 0.35dB/cm already has a noticeable effect on the peak reflectance.

This issue will be discussed many times throughout the rest of this dissertation.
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Figure 3.4. Fabry-Perot filter consisting of two DBR corrugated waveguides separated
by a short waveguide cavity (a), reflectance spectra of the structure (b).

3.2.2 Characteristics of a DBR Corrugated Waveguide Fabrv-Perot Filter

Figure 3.4 (a) shows a Fabry-Perot interferometer formed by introducing a short

cavity or a quarter-wave shift in the center of the grating. Figure 3.4 (b) shows the
reflectance spectrum of the device using two gratings with the same parameters as

were used in section 3.2.1 and with a quarter-wave shift between them. A single

transmission peak is observed in the center of the reflection band. Only one peak is

observed because the width of the reflection peak is narrower than the free spectral

range.
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The free spectral range (FSR) of a Fabry-Perot interferometer is given by

AAfer = (3>2)

where Ao is the free space wavelength, n is the refractive index of the cavity, and

Lc is the length of the cavity. A Fabry-Perot made with a mirror with a FWHM

of 3.4Á and a center wavelength of 1534nm will exhibit at most one transmission

peak if Lc < 1.6mm. However, if this device were to be used as a filter, inter-channel

crosstalk would still be a problem because the stopband itself is narrow and the

sidelobes exhibit extremely high transmission.

This device can make a good single frequency laser because there is only one

transmission peak in the reflection band. All the other Fabry-Perot peaks are in the

sidelobes where equation 2.86 cannot be satisfied. The sidelobes have little detrimen¬

tal effect on its performance (the only detrimental effect is that spontaneous emission
is allowed to pass through. However, a filter is adversely affected by the sidelobes as

light is allowed to pass through them almost as well as the Fabry-Perot transmission

peak.

3.3 Proposal: Asymmetric Fabry-Perot Filter

In this section, we propose the asymmetric Fabry-Perot (ASFP) filter that takes

advantage of the characteristics of both the dielectric mirror and the corrugated

waveguide DBR reflector. Asymmetric refers to the use of two mirrors differing vastly

in their reflection spectra. The DBR mirrors described in sections 3.1.1 and 3.2.1 are

two such examples where the one in section 3.1.1 has a reflection band FWHM over

2300 times that of section 3.2.1.
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CorrugatedWaveguide DBR

Figure 3.5. Asymmetric Fabry-Perot filter consisting of a DBR corrugated waveguide
with a dielectric mirror deposited on the endface.

3.3.1 Passive ASFP Filter

We recall that the Fabry-Perot made from dielectric mirrors had a broad stop-

band, but many transmission peaks within that stopband. The Fabry-Perot made

from corrugated waveguide reflectors had the opposite scenario where the stopband

was extremely narrow and there was only one transmission peak. A somewhat novel

approach would be to combine the favorable characteristics of both types of DBRs

as shown in figure 3.5. The dielectric stack deposited on the endface of a waveg¬

uide will provide a very broad stopband while the waveguide grating will provide

rejection of unwanted Fabry-Perot transmission peaks. When they are fabricated

in cascade, forming an asymmetric Fabry-Perot filter (ASFP filter), they provide a

single, very narrow transmission peak with an artificially 1 high free spectral range

(figure 3.6). The phase shift between the grating and the DBR is crucial to assure

that a transmission peak lies within the stopband of the grating.

In the calculations, typical values for the dimensions and indices of the two DBRs

were used and loss was included. The filter characteristics (shown in dB in figure 3.7)
are suitable for a wavelength channel with a bit rate of about 1 Gb/s and an inter¬

channel crosstalk of about -14 dB. The solid curve was calculated assuming a grating

xThe reason why this FSR is called “artificial” is because there are still many transmission peaks
within the stopband as the phase condition required for interference is met. However, the reflection
of the grating reflector is so low that little interference takes place and the peaks are not visible in
the graph.
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Figure 3.6. Transmission spectra of an asymmetric Fabry-Perot filter (a); expanded
view of the transmission peak (b). The parameters used for the dielectric mirror were
the same as those used for figure 3.1(b) and those used for the corrugated waveguide
were the same as those use for figure 3.3(b).
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Wavelength (nm)

Figure 3.7. Transmission spectra of an ASFP filter for a corrugated waveguide loss
of .35dB/cm (solid) and 3.5dB/cm (dotted).

loss of .35 dB/cm. However, the dotted curve shows that if the grating loss is 3.5

dB/cm, the filter response is broadened and the magnitude of the transmission peak

is comparable to the sidelobes making the device useless for a filter. Hence, the most

important technology for the realization of this and similar devices is the fabrication

of high reflectance waveguide grating mirrors with low loss. There is some redun¬

dancy in this statement in that a high reflectance waveguide grating mirror implicitly

implies low loss.

3.3.2 Tuning an ASFP filter

The device proposed in section 3.3.1 has the potential of being tuned to many

channels in a very simple and straightforward manner by utilizing the linear electro¬

optic effect with an appropriate electrode scheme (figure 3.8). The electro-optic effect
is used to change the mode index of the corrugated waveguide and the cavity (if one is

included). Small changes in the mode index are sufficient to shift the peak to another

wavelength channel. Unlike many other electro-optic devices, the total phase shift
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Electrodes Waveguide Grating
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Figure 3.8. Tunable ASFP filter.

can be much less than 7r. Therefore, the total device length can be very short. For

the device we are discussing, the length is merely 3.6mm.

To determine the amount of change in the mode index realizable, we recall that

the refractive index of the extraordinary wave in LiNbC>3 is dependent upon the DC

electric field along the optical axis (z), expressed as

n3
ne(Ez) =ne- -£rZ3Ez (3.3)

were ne is the extraordinary refractive index without applied field, Ez is the ap¬

plied field, and r33 is the appropriate Pockel’s coefficient which, for LiNbOs, 733 =

30.8 x 10“12m/V. LiNbOs breaks down with electric fields greater than 22-23kV/mm,
and hence Ez must be somewhat less than this. With these applied fields, the ex¬

traordinary index change An = 3.3 x 10-3. The change in mode index is related to

the change in refractive index by AN = TAn where T is called the fill factor. The

fill factor is basically the normalized overlap integral between the DC (modulating)
electric field and the optical field profiles. Electrode configurations that result in

r > 0.5 are easily achieved experimentally. The mode index change is further limited
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Figure 3.9. Transmission spectra of a Tunable ASFP filter for several values of the
mode index change.

by the breakdown of air, but either a polymer or an oxide overlay can help eliminate

this problem. All things considered, the upper limit for the mode index change is

about AN = 10-3.

To determine the range of tunability of the device, several transmission curves

with varying mode index change are plotted in figure 3.9. If the maximum mode

index change is AN = 10-3, the device is capable of tuning to 57 channels spaced at

3.2 GHz apart with a crosstalk of -14 dB. These results may be improved with lower

loss, higher reflection, and sidelobe suppression of the grating DBR. Furthermore, a

longer, but weaker, grating may be used to increase the number of tunable channels.

The number of channels can also be increased by fabricating an array of these

tunable filters with varying grating periods. Wideband prefilters, such Mach-Zehnder

interferometers, can be used to distribute the groups of wavelength channels to the



65

appropriate ASFP filters, or if power is not an issue, a simple star coupler can be

used to distribute the power to each ASFP filter.

In contrast to most other wavelength selective filters, the ASFP filter is much less

complex, extremely short (less than 4 mm), and tunable to many channels with a

single low power controller. Relatively few technologies are yet to be developed and

successful development will make this filter amenable to large scale production.

3.3.3 Tunable DFB laser

As we recall from section 1.2, the concept of using the ASFP structure as a

wavelength selective filter is new, but the device structure is not. Many practical

DFB lasers use the same resonator structure, but the purpose is different. The

purpose of the corrugated waveguide is essentially the same for the laser as it is for the

filter: produce narrowband reflection capable of selecting a single transmission peak.

The purpose of the endface mirror is different. The filter requires the broadband

mirror to produce a very broad stopband with very small transmission sidelobes. An

endface mirror is useful for DFB lasers because it usually causes the transmission

spectra to be asymmetric with a dominant transmission peak [74]. The use of a

single grating causes a DFB laser to exhibit dual wavelength operation at the two

dominate transmission sidelobes (shown in figure 3.3). An alternative method to

achieving single longitudinal mode operation is to use a quarter-wave shifted grating,

which is essentially the same as the structure in figure 3.4, but this is generally

more difficult to fabricate. Transmission sidelobes of the Fabry-Perot structure are

of no consequence with the laser since, when laser action begins, the spontaneous

emission in these sidelobes is greatly dwarfed by the high power laser emission from

the dominant mode.
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The ASFP filter functions as a DFB or DBR laser if enough gain is introduced

to the cavity and/or grating to overcome the losses. The conditions for lasing can

be determined by equations 2.86 and 2.87 if the gain is only in a cavity, but if there

is gain in the grating, an iterative calculation of the matrix method is necessary to

calculate the gain required for lasing.

The DFB and DBR lasers do not require a high quality grating to lase. Such lasers

have been experimentally demonstrated with erbium doped LiNb03 [23]. The lasers

were made with a 35mm erbium doped cavity and DBR corrugated waveguides 30mm

and 16mm in length. The 30mm grating exhibited a maximum of 80% reflection and

the 16mm grating exhibited a maximum of 55%. The device with the 30mm grating

was shown to lase even without an endface mirror (the LiNb03/air interface exhibits
R = 14.3%).

The ASFP laser can be tuned in the same way as its filter counterpart. The

wavelength shifts (shown in figure 3.9) are the same, but the linewidth of the laser is

much narrower. The theory in chapter 2 would predict infinitesimally small linewidths

for the laser, but several broadening mechanisms will produce a linewidth, probably

on the order of 1MHz.

The ASFP filter and laser complement each other. Both can be fabricated on the

same chip and designed to have the same tunability with the same applied voltage.

3.3.4 Summary

In this chapter, we presented the basics of endface dielectric and corrugated waveg¬

uide reflectors. Their application to a Fabry-Perot filter showed that neither arrange¬

ment was sufficient to act as a WDM filter alone, but when the benefits of both of

them are exploited in a cascaded arrangement, forming an asymmetric Fabry-Perot

filter, a much more useful filter is possible. This filter was then shown to have
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almost-ideal characteristics for many WDM applications: reduced complexity; ex¬

tremely short length (less than 4 mm); tunability to many channels with just a single

DC controller (low power); and amenability to large scale production. Most other

filters reported to date lack one or more of these characteristics. The same structure

can be used to make a laser (which has been reported elsewhere very recently). This
new filter has the potential of becoming an ideal companion device with a tunable

laser because they are fabricated with mostly the same steps, can be integrated to¬

gether on the same chip, and have the same tuning ranges with the same applied

voltage.

It was shown that the filter is much more demanding on the quality of the grating.

There are few reports of good DBR corrugated waveguides—none in LiNbOa. The

next chapter introduces a new waveguide geometry that has the potential to achieve

good corrugated waveguides for the first time in LiNbOa.



CHAPTER 4
A NOVEL WAVEGUIDE GEOMETRY

This chapter proposes a novel waveguide geometry that provides a potential solu¬

tion to an age-old problem: producing high reflectance DBR corrugated waveguides.

It is amenable to many existing waveguide technologies including those that are cur¬

rently used and most viable in the industry. In addition, it will be shown that it

offers a number of other benefits as well.

4.1 The Need for Better DBR Corrugated Waveguides

Presently, the only commercially viable use of reflection corrugated waveguides is

for DFB lasers. This is because the material systems used for DFB lasers is excep¬

tionally amenable to making good gratings (the reasons are presented in section 4.3),
and often high reflection is not required when the optical gain is very high. Con¬

sequently, as the loss in the grating decreases, the reflection improves. This is why

DFB lasers (lasers that have the grating in the active region) are generally better

than DBR lasers which use a passive grating outside the active region. Other devices

and material systems lack these conveniences.

The device proposed in section 3.3 is only one example where a good DBR cor¬

rugated waveguide is required. Describing all of the needs for such components is

analogous to defining all the uses of a bulk-optical dielectric mirror. With significant

technological advances, the proposed DBR corrugated waveguide can become a basic

building block for a broad array of IOCs, sharing in the success of directional couplers

and Y-branches.

68
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The characteristics of corrugated waveguide mirrors are clearly unique. First, they

have a very narrow reflection band (~ 1Á). This is useful for narrow bandpass filters

such as the one proposed in section 3.3 and others proposed in references [33, 25, 26,

27]. The fact that they do not require the use of an endface make them very attractive

for IOC devices. Many gratings with varying periods may be placed anywhere on the

chip. Generally, with endface mirrors, all waveguides exiting the same facet as the

ones with mirrors must be polished perpendicular to the waveguide. This prevents

the use of one of the most common methods to prevent unwanted backreflections:

angle polishing.

4.2 Corrugated Waveguide Technologies (Previous Work)

Much research has been devoted to periodic waveguide structures ever since their

first few demonstrations in DFB lasers [36, 86, 87] and filters [16, 19]. Since then, the

use of corrugated waveguides has excelled, providing low threshold and high power

single longitudinal semiconductor lasers. However, passive devices have not shared

that success.

Ironically, there have been many reports of high reflectance corrugated waveg¬

uides, but many of them used ambiguous measurement techniques that are not de¬

pendable. There have been several claims of almost 100% reflectivity, even 99%, but

very few reports support the claims with indisputable results. To the best of our

knowledge, the best indisputable results to date were produced in silica waveguides

by Adar et al. [2]. They measured 69% of the light back into a fiber using a 2 x 2

fiber coupler. Their measurement was calibrated by butt coupling the fiber to a ma¬

terial of known reflectance. Furthermore, they made a reasonable claim that the light

undergoes two fiber-waveguide coupling losses that could total a value near 1.6dB.
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Therefore, it is quite reasonable that their DBR corrugated waveguide produced re¬

flectance > 95%.

4.2.1 Investigations of DBR Corrugated Waveguides

This section briefly summarizes the most important results of the other efforts on

passive DBR corrugated Waveguides, from their first demonstration to present. Many

of the results reported were not properly substantiated by indisputable measurement

techniques.

Most of the early investigations were carried out on planar glass waveguides [19,
67, 84, 30, 10]. They all used a prism coupler (section 6.3) to measure the reflected

power and reported better than 80% reflection. An absolute determination of the

amount of light that is coupled in and out of the waveguide is generally impossible.

If they were able to accomplish this, the details were not reported. Therefore, the

measurements are somewhat ambiguous.

A planar DBR corrugated waveguide was demonstrated in InGaAsP/InP in ref¬

erence [4]. 99% reflectivity was reported, but not measured. Only the transmission

was measured and they used R = 1 — T to calculate the reflection. This assumes

there is no loss. The Fabry-Perot device, later made by the same group, indicated

that loss was indeed a problem [5]. Ridge DBR corrugated waveguides have been

reported in GaAs/AlGaAs as well [83].
There have been several studies of higher order gratings [69, 68, 64, 65, 9, 10].

Shinozaki et al. [69, 68] reported DBR reflectors in LiNbOa with periods of 10/ma

and above, using proton exchange. One was used for a marginally improved second

harmonic generation (SHG) device and another was used for feedback of both an

external cavity laser and SHG.
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Polarization independent DBR corrugated waveguides have also been reported [1].
This was achieved by etching trenches along the sides of the waveguides to practically

eliminate the strain-induced birefringence. The two transmission peaks coincided

when the two orthogonal mode indices were equal.

Low loss Bragg reflectors have also been reported. A technique to measure the

scattering loss from the surface roughness of a corrugated waveguide was demon¬

strated by Lee et al. [38]. The transmission characteristics of a SÍ3N4 channel cor¬

rugated waveguide were observed with and without an index-matching fluid on the

grating surface. The index matching fluid eliminates the scattering loss as well as

the reflection peak. By comparing the passband response of the sample for the

two cases, they determined that the incoherent scattering loss of their structure was

~ 0.2dB/cm. Reflection measurements were not reported.

4.2.2 Passive DBR Corrugated Waveguide Devices

This section summarizes most of the passive DBR corrugated waveguide devices

that have been demonstrated. None have proven to be quite practical yet. However,

with the improvement of waveguide grating technology, many of these devices may

gain acceptance.

There are several reports of Fabry-Perot interferometers of two DBR corrugated

waveguides separated by a cavity (figure 3.4). A planar corrugated waveguide in

glass with a wedge etched out of the center, was used to demonstrate a filter that

is tunable by positioning the beam [34]. A quarter-wave shifted grating resonator

with a 7dB transmission peak 1Á wide in the center of the narrow reflection band

(AA ~ 10Á) was demonstrated in InGaAsP/InP [5]. The most impressive result is

found in reference [28]. They used a SÍ3N4 channel waveguide for their quarter-wave

shifted grating resonator. Their measurement setup was similar to the one shown
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in figure 6.3, but they did not report the absolute reflectivity of the device. An

electro-optically tunable Fabry-Perot filter using waveguide gratings has also been

demonstrated [48, 49].
Other corrugated waveguide devices previously demonstrated have been the res¬

onant optical reflector [53], the folded directional coupler [3], and the narrow-band

channel-dropping filter [39] (see figure 1.6). None of these exhibited commercially

acceptable passive characteristics, but the resonant optical reflector was used as an

external-cavity reflector of a laser. 5mW of optical power and a linewidth of 135kHz

was observed. Simple corrugated waveguides have been used for the same purpose

to achieve a 1MHz linewidth [54].

4.3 Difficulties in Achieving High Reflectance

The theoretical calculations of a corrugated waveguide in section 3.2.1 indicate

that it is possible to achieve 97.5% reflection in a corrugated waveguide of 10,000

periods, a AN = 6 x 10-4, and a loss of 0.35dB/cm. This corresponds to a grating

length of only 3.59mm. Even higher reflection can be expected for a larger number

of periods, larger AN, or lower loss.

Unfortunately, many difficulties have prevented the realization of such high reflec¬

tion corrugated waveguides in any material. The best results of previous work (section

4.2) have produced gratings of better than 95% reflection in glass waveguides. Re¬

ports of reflection from corrugated waveguides in LiNbC>3 and related electro-optic

materials are very scarce. Perhaps this is because it is more difficult to make a high

reflectance corrugated waveguide in LiNbC>3 than in other common materials used

for IOC technology. Several factors significantly complicate the fabrication of high

reflection DBR corrugated waveguides in LiNbOs. These will now be discussed.



73

First, the chemical reactivity of LiNb03 is poor. Device shaping using aqueous-

acid and other solutions is almost impossible [58]. Solutions of HF and HNO3 have

generally been useful only for identifying domain polarity and crystal defects. Reac¬

tive Ion Etching (RIE) is usually ineffective because the etch rate is very low and the

process causes damage to the crystal (see section 5.1.1). Since etching of LiNb03 by

wet-etching, RIE, ion milling, or by other means, have generally proven far inferior

to the etching technology of SÍO2, semiconductors, polymers, and other materials,

gratings in the LiNb03 crystal itself cannot easily be made deep. Therefore, making

waveguide gratings by etching LiNb03 directly is not a promising approach for high

reflectance devices.

Second, most practical low-loss waveguides in LiNb03 have mode indices very

close to the substrate index. This fundamentally limits the mode index difference,

AN, that can be achieved by etching a grating directly on LiNb03. Etching com¬

pletely through the waveguide creates very high AN at the expense of high scattering

losses.

Third, LiNb03 has a relatively high refractive index (compared to glass and poly¬

mers). This poses two problems: conventional holography is more complicated, and

perturbation of the optical field by a corrugated buffer layer is lower. These will now

be explained in more detail.

Holography is more difficult due to more intense reflections from the bottom

surface of the substrate. Glass and polymers have lower refractive index, so that the

reflection from substrate-air interfaces is about a third less than in LiNb03. Even

more important is that their is a multitude of suitable index matching fluids available

for glass and polymers to match the substrate to a prism, absorber, or other beam

diversion element. Index matching fluids for LiNb03 are usually highly absorptive in

the visible and UV wavelength range and are thus much more reflective than LiNb03.
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Most buffer layers used for LiNb03 waveguide devices have a low refractive index.

(Usually SÍO2 is used which has a refractive index of about 1.45 at A = 1.5/zm, whereas

the index of LiNb03 is about 2.14.) The field profile of the guided wave in LiNb03

exhibits a very small evanescent tail in such a buffer layer. As a consequence, a

periodical perturbation in the buffer layer thickness produces little perturbation to

the optical field. According to equation 2.96, this is needed to achieve high reflection

within a reasonable number of periods. For the same reasons, polymers generally do

not produce good corrugated waveguides on LiNb03.

4.4 Proposal: Channel Waveguides With High-Index Overlays

A high refractive index film on top of a planar or channel waveguide (figure 1.9),
in the place of a lower refractive index buffer layer, can be used as a medium in which

a high perturbation grating can be formed. When the refractive index of the film is

greater than the mode index, the solution of the field in the film is no longer evanes¬

cent and the film becomes part of the guiding media. It will be shown in section 4.7

that this overlay causes the guided mode index to become more dependent on the

thickness of the film. This is useful in making high reflectance gratings (figure 4.1 (a))
because the difference in the local normal mode index between the peaks and valleys

of the corrugated waveguide (figure 4.1 (b)) can be very significant—much more so

than by etching a grating on a low-index buffer layer or the waveguide itself.

This may initially appear to present detrimental effects. First, if a significant

portion of the optical mode is guided in the overlay, the electro-optic effect is reduced

since most overlay materials would exhibit little electro-optic effect. Second, for

relatively thick overlays with very high refractive index the optical field is expected

to be drawn out of the low-index material and yield a smaller mode size. This would

present problems with coupling to other waveguides, particularly fibers. Third, a
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Figure 4.1. Longitudinal cross section of a graded-index waveguide with an overlaying
film grating (a); local normal mode index profile along the propagation direction (b).
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significant portion of the field in the overlay may result in increased loss, especially

due to radiation. However, these problems do not necessarily exist. Some common

misconceptions of similar structures will be addressed in section 4.6.

The term “overlay” as opposed to “buffer layer” is used because the intent is

to perturb the guided optical mode rather than buffering the field at the surface.

Since the field in the overlay is significant, in practical devices, a buffer layer should

be used on top of the “overlay” to reduce surface scattering and provide spacing

from electrodes. In discussions that follow, the term “mode index” is used to refer

to the local normal mode index which is the mode index of a ^-invariant (along
the propagation direction) waveguide with a transverse cross section identical to the

waveguide in question at a particular local position.

There is some similarity between this proposal and the work in reference [2]. Fig¬

ure 4.2 (a) shows the structure they used. In that work, they deposited a higher-index

material (SÍ3N4) on the vertical walls of a glass grating. Their reasoning was that cov¬

ering the vertical groove walls would form highly reflecting interfaces perpendicular

to the guide axis. However, a more precise interpretation would be the same as that

for our structure. That is, the high-index material helps create a high mode-index

difference between the two half-periods of the waveguide. As shown in figure 4.2, the

former interpretation led to a comparatively complicated structure where the mode

index variation in the propagation direction has spikes. Because they are so thin,

and the optical mode overlap in that region is small, they can be expected to produce

little perturbation to the mode. However, the thin layer of SÍ3N4 in the valleys of

the grating can be expected to create a significant perturbation because it resides

directly on the surface of the guiding layer and there is significant overlap.

The solid curve in figure 4.2 (c) represents the mode index profile in the propaga¬

tion direction if the SÍ3N4 were placed only in the valley of the grating. The dotted
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Figure 4.2. Corrugated waveguide structure used by Adar et al. [2] (a); Local normal
mode index profile of the structure along the propagation direction (b); Local normal
mode index profile of the structure with SÍ3N4 only in the valleys of the grating (solid)
and with no SÍ3N4 at all (dotted) (c).
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curve represents the mode index profile of just the glass grating without adding SÍ3N4.

Comparing the two, we see that by putting SÍ3N4 in the valley, the mode index profile

becomes inverted with a much larger differential, improving the reflection.

When considering such extreme changes in the local normal modes associated

with the structure in figure 4.2, one must also consider some assumptions that were

made with the step transition method we used to derive equation 2.96. The paraxial

approximation requires that the overlap between the fields on each side of a discon¬

tinuity be good. This is not so for the spikes in the mode index profile of figure 4.2

(b). Consequently, it is expected that these spikes will have relatively little effect on

the mode field as it propagates through the structure. The main perturbation comes

from the film of SÍ3N4 in the valleys of the grating. More rigorous calculations are

necessary to determine their effect exactly, but this is beyond the scope of this work.

With this insight, the structure in figure 4.2 (a) is determined to be much more

complicated than necessary due to the presence of the glass/SÍ3N4 grating. Only a

grating of SÍ3N4 is needed, or even beneficial.

4.5 Benefits of Silicon as a High-Index Overlay On LiNbOs

We found silicon to be very suitable to demonstrate our concept of a high refractive

index overlay. There are many reports in the literature of devices made from deposited

films of LiNbOs on silicon for non waveguide applications, but there are few reports

that would relate its use as a waveguide device. These few relevant references are

discussed briefly below.

4.5.1 Previous Reports of Waveguides with Silicon Overlays

The work of reference [70] suggests that by putting a semiconductor film on the

surface of a LiNbOs waveguide device, the pyroelectrically-induced bound surface

charges can be screened out as they are being generated by slow thermal variations.



79

The capacitive loading of the electrodes causes the potential of the electrodes to

change much less than the the potential of the rest of the z surface. The potential

difference between the electrode and the surrounding area leads to significant drift.

The addition of a semiconductor film on the surface to reduce the potential difference

has been used to reduce drift in experimental devices [52, 51]. These references state

that a “thin semiconductor film” was used, and do not specify the material.

Silicon was used in reference [66] for the electrodes of a parallel-plate electro¬

optic waveguide modulator. 0.23/xm of RF sputtered lithium niobate films were

sandwiched between a 0.165//m layer single crystal silicon on a sapphire substrate

and a 0.18/xm layer of vapor-deposited hydrogenated amorphous silicon. The device

loss was calculated to be about ldB, but the loss of the experimental device was not

reported.

Most research on optical waveguides on silicon substrates has concentrated on

the use of deposited layers on oxidized silicon substrates. However, some recent work

has focused on silicon-on-insulator (SOI) waveguide structures. Moderately low-loss

silicon waveguides (2 dB/cm) have been reported [18]. These studies have shown

that ridge waveguides with very thick films of silicon can be single-moded. A further

discussion will follow in section 4.6.

The emission properties (coupling of the guided modes into radiation modes) of

corrugated waveguides with a metal or semiconductor coating was studied in refer¬

ence [7]. To overcome the problem of the unwanted emission of light from a grating

to cladding orders, they used a highly reflecting barrier on one side of the corrugated

waveguide, with and without a buffer layer spaced between them. The purpose of

this reflecting layer was to redirect the light from the unwanted orders back into the

substrate. Their conclusion was that the best emission properties could be achieved
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by using a highly reflecting metal with a buffer layer. A structure using an aluminum

grating was demonstrated to couple out 81% of power from the waveguide.

4.5.2 Additional Benefits of Silicon on LiNbCb

The only previously-reported benefit of a silicon overlay on a waveguide device

as it pertains to this work is its use towards the screening of the bound charges gen¬

erated by the pyroelectric effect [70]. For the purposes of our proposed structure,

silicon exhibits a number of other benefits as well. Separate sections of this disserta¬

tion will discuss each of the following benefits in detail. The high refractive index of

silicon (~ 3.5, appendix A) is suitable to achieve a large AN corrugated waveguide

(section 4.7). The use of silicon greatly simplifies the fabrication process because it

is easily deposited by e-beam evaporation (section 5.5), it is easily etched by a num¬

ber of well-developed processes (section 5.1.1), and its high absorption in the visible

spectral region makes it very useful for greatly reducing substrate backreflections

during holography (section 5.3). Based on our studies, there is no appreciable dif¬

ference in loss between waveguides with and without relatively thick layers of silicon

(section 6.2.2).

4.6 Misconceptions of Guiding in Thick-Film Structures

The purpose of this section is to alleviate some common misconceptions of guid¬

ing in channel waveguides. This is necessary because,in cases such as the proposed

waveguide geometry in figure 1.9, there is a vast contrast between the results of

some standard theories used to solve channel waveguides, namely the effective in¬

dex method [61], and more accurate analysis. In these cases, only rigorous compu¬

tational methods, that do not utilize the separation of variables when solving the

two-dimensional wave equation, can yield accurate results. Even though this has

been shown several years ago, it is not commonly known, perhaps because an elegant
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analytical technique to adequately solve these types of problems is not available and

the former, simplified theory is more often used in textbooks. For the purpose of this

section, rather than using elaborate methods to draw the same conclusions as pre¬

viously reported for simpler structures, we will describe those conclusions in detail,

comparing with the use of the effective index method; and then use the similarity

between the structures to argue that the same principles apply to our structure.

Richard Soref et al. investigated single mode silicon-based ridge waveguides [73].
It was shown that, although a planar silicon waveguide becomes double moded with

thicknesses greater than 0.3//m, contrary to analysis of the effective index method,

single-mode ridge waveguides can be made with the planar portion several microm¬

eters thick! This implies that by removing the ridge portion of a single mode guide,

the remaining planar waveguide can support multiple modes. This seems to be a

contradiction; but the fallacy here is that in one case we have one dimensional con¬

finement, and in the other we have two dimensional confinement. They cannot be

related in such simple terms.

It is sometimes assumed that for a single-mode ridge waveguide, its cross-sectional

dimensions must be close to the thickness of a single-mode planar waveguide of the

same material. Perhaps this erroneous assumption stems from the misuse of the

effective index method for solving 2-D structures. The analysis in reference [29]
shows that the effective index method has a tendency to overestimate the mode

indices—especially near cutoff. Therefore, it predicts the presence of modes below

their actual cutoff. Even so, if the results of reference [29] are accepted to be true

for the general case, we get a false impression that the number of modes predicted

by the effective index method is accurate within 1 or 2.

To demonstrate that even this assumption is incorrect, figure 4.3 shows a sim¬

ple ridge waveguide structure that has been previously shown to exhibit only one
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Figure 4.3. Simple ridge waveguide structure used to illustrate a case were the effec¬
tive index method gives the wrong number of modes. This waveguide is single mode,
but the effective index method predicts five modes.

mode [73]. This structure is analyzed by the effective index method [61, 37] by

determining the mode indices of the waveguide at each position, y, as if it were a

vertically confined planar waveguide with those dimensions. In this case, there are

only two different regions with film thicknesses of D and H. They are depicted in

figure 4.4 (a) and (b), respectively. The equivalent horizontal confinement is a planar

waveguide with an index profile derived from the mode indices of the vertical confin¬

ing waveguide at each position, y. In this case, it is a symmetric planar waveguide

(figure 4.4 (c)).

Using the parameters given in figure 4.3 at a wavelength of 1.3/¿m, we find that

each of the planar waveguides in figure 4.4 (a) and (b) support three TE modes

with approximate normalized propagation constants [35] of bn = -93, .73, .42 and

&d = 0.9,0.6,0.2, respectively, where

N — ns

nf - ns
(4.1)
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a) b)

Figure 4.4. The effective index method is applied to the waveguide structure in
figure 4.3 by finding the mode indices of asymmetric planar waveguides with film
thicknesses of D (a) and H (b). These mode indices are applied to a symmetric
laterally confined planar waveguide (c). The mode indices of the waveguide depicted
in (c) are generally accepted to be equivalent to the mode indices of the structure in
figure 4.3.

ns is the substrate index (n3) and rif is the film index (712). The corresponding mode
indices are Nh = 3.36,2.95,2.31, and ND = 3.30,2.68,1.86, respectively. By paring

these numbers together to form the horizontally confined waveguide in figure 4.4 (c),
we get the normalized parameters of v = 2.0,3.9,4.3 where

v = yW\/N2h - Nd (4.2)
Using the normalized b-v diagram in reference [35], we find that the first value for v

supports one mode while the other two each support two modes. In all, the effective

index method predicts five modes for this structure. However, reference [73] shows
that this structure supports only a single mode! In fact, structures several times

larger support only one mode. In these cases, the effective index method would

predict even more modes.

The waveguides of interest in this work (figure 1.9) are quite different to the one

just illustrated (figure 4.3). However, some similarity is apparent when the structure

of figure 1.9 is viewed upside down as shown in figure 4.5. Instead of having a rect¬

angular ridge of the same refractive index as the planar layer, the proposed structure



84

Graded-index High-index
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Figure 4.5. Viewing the proposed structure (figure 1.9) upside down, we see some
similarity between it and the structure in figure 4.3. In this case, the rectangular
ridge is replaced by a lower refractive index strip load with larger cross section.

is strip loaded with a lower refractive index material with a graded profile and larger

cross section. Although the index of the planar section is much higher compared to

the graded index strip loading, the structural similarity between figures 4.5 and 4.3

still exists. This comparison helps us to draw the conclusion that the effective index

method may not reliably predict the modes of our proposed structure in the same

way that it failed to accurately model the former ridge waveguide structure. In ad¬

dition, it is possible that an overlay with a thickness capable of supporting multiple

planar modes may not produce multiple modes in the channel waveguide. This will

be shown true, experimentally, in chapter 6.

Unfortunately, the only available means to accurately model our proposed struc¬

ture require rigorous computation. For the purpose of this dissertation, it is important

that we to provide physical insight rather than accurate numerical results. In the

next section, we will present a rough comparison between the two structures, taken
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Figure 4.6. High-index strip-loaded waveguide structure used for spectral index cal¬
culations.

a step further, enabling us to apply a relatively simple method to determine the de¬

pendence of the mode indices on the thickness of the overlay and the width of the

waveguide.

4.7 Properties of LiNbCh Waveguides With Varying Silicon Overlay Thickness

The intent of this section is to use a relatively simple calculation for a qualitative

understanding of the dependence of waveguide mode index on the thickness of the

overlay and the width of the waveguide for the structure in figure 1.9. Since this

structure requires a fairly rigorous modeling technique, some substitutions will be

made so that the spectral index method (section 2.8) can be used for this purpose.

Since the spectral index method is limited to the modeling of homogeneous strips

on top of a planar waveguide structure, we will use the structure shown in figure 4.6.

Here, the graded-index channel waveguide with a planar silicon overlay in figure 1.9

is approximated by a step-index planar waveguide with a silicon strip on top. In this

case, the lateral confinement comes from the high-index silicon strip rather than a lat¬

erally graded index embedded channel waveguide. The vertical step index waveguide

is chosen with dimensions and indices that would represent a good approximation
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Figure 4.7. Dependence of the mode index of the device in figure 4.6 on silicon strip
thickness for several strip widths.

to a graded-index planar waveguide (eg. APE:LiNb03). The structure in figure 4.6

represents an excellent approximation to the proposed structure for wide embedded

channel waveguides (large W in the equivalent structure in figure 4.6) as they become
identical for infinite widths, except for the lack of a graded-index planar waveguide.

We expect figure 4.6 to continue to be a good representation of the proposed waveg¬

uide structure for sufficiently small widths.

The values used in the calculation correspond to a planar step-index waveguide in

LiNb03 with a silicon strip on top. They are n\ = 1, — 2.144, n3 = 2.14, = 3.5,

and D = 5.0/un. Figure 4.7 shows the dependence of the mode index on silicon strip

thickness, H, for several strip widths, W. Considering only the planar waveguide and

using the normalized method of predicting the mode index [35], we find that for this

planar waveguide, v = 2.7 and b = .325 which corresponds to a mode index of about

N = 2.1413. As expected, figure 4.7 suggests that for all waveguide widths, W, the
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mode index of the channel waveguide approaches this value when the silicon thickness

is very thin. As the silicon becomes thicker, the mode index of channel waveguides

continues to remain very close to the LiNbC>3 planar waveguide mode index value for

a reasonably thick silicon film and then starts to rise sharply. The planar waveguide

(approximated with W = 1000/im) exhibits a much larger variation for thin silicon

films. The spectral index method could not converge with thin and narrow silicon

strips. This is why the curves in figure 4.7 are truncated for small H.

The sharp rise in the propagation constant is attributed to the guiding of light in

the silicon film independent of the LiNbC>3 planar waveguide film. Below the cutoff

of the independent silicon waveguide, the LiNb03 planar waveguide film continues

to guide and uses the silicon for lateral confinement. Above the cutoff of the silicon

waveguide, the mode index rises sharply. When the mode index rises above the

refractive index of the LiNbC>3 cladding layer, the optical field in the LiNbÜ3 region

becomes evanescent and, as the silicon thickness becomes larger, the mode is pulled

out of the LiNbC>3 waveguide and into the silicon ridge waveguide. At this point,

the spectral index method can no longer be used since it requires that the structure

below the ridge also be guiding. Furthermore, the accuracy of the method breaks

down just before the point where the silicon starts to independently guide because,

like the effective index method, the spectral index method separates the horizontal

and vertical field equations in the ridge structure. As with the effective index method,

this can have a tendency to overestimate the mode index. Therefore, the sharp rise

in the mode index in figure 4.7 is expected not to be as steep.

For our purpose of DBR corrugated waveguides, we need three characteristics: a

large mode-index/overlay-thickness differential, most of the light should be guided

by the LiNbC>3 layer, and minimum mismatch between the two local normal modes.

Of the three, the mode index differential is quite essential to make a high reflectance
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grating with a reasonable device length. However, the light needs to be guided in

the LiNbC>3 to utilize the electro-optic and other crystal properties, as well as to

minimize the additional loss. The mode mismatch should also be low to achieve a

low-loss device.

Obviously, the first requirement that the mode index differential be high is in

conflict with the other two. Therefore, a compromise must be determined to yield

the best performance. Working in a region near the elbow of the curve in figure 4.7

should suffice for most purposes. In this region, a good mode index differential with

respect to silicon thickness exists. Furthermore, wider waveguides exhibit higher

mode index differentials. Since, in this region, the optical field still has oscillatory

solutions in the LiNbC>3 film, most of the mode remains in the LiNb03 and the mode

mismatch in a corrugated waveguide is rather low.

4.8 Summary

DBR corrugated waveguides have the potential to serve a basic element of com¬

mercial IOC devices. Although their development has been studied for over two

decades, research efforts have failed to produce high reflectance corrugated waveg¬

uides in most material systems. Furthermore, several characteristics of LiNbOs and

related materials such as LiTa03 make it more difficult to make a high reflectance

grating in them than in most other materials. It was proposed that by placing a

high refractive index material on top of a channel waveguide, a high efficiency grat¬

ing may be made. Although this principle is applicable in any material system, it

is particularly attractive for LiNbOs where there are hardly any other solutions to

achieve an efficient grating reflector. Simple calculations were made to gain a qual¬

itative understanding of the effect. The following chapters present the experimental

demonstration of the concept.



CHAPTER 5
DEVICE FABRICATION TECHNIQUES

To realize the device proposed in section 3.3 several fabrication steps are neces¬

sary: 1) fabricate the waveguides, 2) make the grating, 3) fabricate the electrodes, 4)

polish the endfaces, and 5) deposit an endface DBR mirror. These processes will be

described in this chapter, although, not necessarily in that order. First, we will start

by defining the RIE process because it is used periodically throughout the waveguide

device fabrication. Next, the details of the proton exchanged lithium niobate waveg¬

uide fabrication will be presented, followed by the grating fabrication process. Then,

a special technique for polishing the endfaces will be described. Finally, the e-beam

deposition process for the endface mirrors will be described. The deposition process

for silicon will be described also.

5.1 Reactive Ion Etching

The RIE process is complex. It is a multidisciplinary problem in which a high

kinetic energy beam of particles are involved in a chemical reaction. In addition, it

involves matter in its fourth state—plasma. It is beyond the scope of this work to

define the physics in detail, but a few general observations help us to better use RIE

as a tool. First, the energy discharge from the source creates a plasma of ions and

radicals from the process gases. Even though the applied energy is RF, a negative DC

self-bias forms between the cathode (the sample holder) and anode (the chamber and

shower head) with an ion sheath between. There is space between the ion sheath and

the electrodes, called dark space, in which the probability of finding ions or radicals

89
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Figure 5.1. Schematic illustration of the voltage drop across a plasma discharge.

is small. Most particles in this region are neutral. This is because there is a large

voltage drop across this region and hence, charged particles are accelerated through

it (see figure 5.1). The ions are neutralized at the anode and cathode by a transfer of

charge, sometimes associated with a chemical reaction. There is a very small voltage

drop across the ionic sheath because it is a good conductor. The thicknesses of the

dark spaces and the corresponding voltage drops are proportional to the area of the

corresponding electrodes.

We can build on these insights to help us design our equipment and define our

processes. Generally, we want anisotropic (vertical) etching. We can use the self¬

generated DC bias to accomplish this. If the pressure is low (< lOmT), the DC bias

is usually several hundred volts and the dark space over the cathode is about 2cm.

Also, as the pressure becomes low, the mean free path of the ions traveling through

the dark space becomes high and they gain considerably more velocity in the vertical

direction. The directional, high kinetic energy “beam” of reactive ions and radicals

in the vertical direction is the principle driving mechanism of RIE. The use of non¬

reactive gases such as argon would constitute only sputter etching, which, although



91

Figure 5.2. RIE machine used for etching the devices in this work.

they are impingent on the sample vertically, they generally do not produce vertically

etched profiles because of redeposition. By using gases that form radicals that are

reactive with the substrate, a reaction occurs on the surface. If the products are

volatile, the process can be followed by either a self-desorption, or a sputter assisted

desorption. In some cases, there is a fine line between RIE and sputter etching if the

process gases do not form volatile products with the substrate. These non-volatile

products have to be removed by physical ion bombardment and can result in non¬

vertical etching by redeposition.

A properly designed system will have a very large anode area compared to the

cathode. This results in a thinner dark space along the perimeter of the anode with

a small voltage drop between it an the plasma sheath. This is beneficial because it

is desirable to reduce the amount of physical bombardment of ions on the parts of

the chamber, thus, eroding the chamber and contaminating the process. For a more

detailed explanation of the RIE process, the reader is referred to reference [46].

Figure 5.2 shows a picture of the home-built RIE machine used for etching the

devices in this work; figure 5.3 shows a simplified schematic of the system. The RIE
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Figure 5.3. Diagram of the RIE system pictured in figure 5.2.
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system accommodates a five inch wafer and uses a 13.56MHz RF (radio frequency)

power source. It is a retrofit from a Plasma Inline 701 plasma etcher made by Tegal.

Although much of its original appearance remains, the operation is quite different.

Some of the major changes are the following:

• The vacuum hardware and valves were replaced with much larger (4-inch diam¬

eter and greater) components to accommodate high volume pumping at lower

pressures.

• A turbo pump, ionization gauge, and appropriate valves were added to the

system for low pressure operation and monitoring.

• The inside of the chamber was retrofitted to accommodate a “shower head” to

disperse the gas because it was necessary to provide enough room for the gas

to flow around it and out to the pump.

• The RF power supply and matching network were replaced.

• A computer control/data acquisition system was added and programmed to

automate the RIE process.

• The Aluminum chamber was anodized to prevent etching of the aluminum by

the corrosive gases.

5.1.1 Cl? Reactive Ion Etching

Most of our RIE processes use CI2 as the process gas. We initially chose CI2

because it produces very good results with GaAs. Figure 5.4 shows a trench that

was etched in GaAs 3/mi wide by 9/¿m deep and figure 5.5 shows a grating etched

into GaAs with a period of 1/mn. Because it it highly reactive, CI2 etches many other

substrates, forming volatile products, as well. In some cases, however, Cl2 does not
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Figure 5.4. A trench 3/un wide by 9/im deep, etched in GaAs.

Figure 5.5. A 1 /irn period grating etched into GaAs by CI2 RIE.
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Material Flow Rate
SCCM

Pressure
mT

RF Power

W/cm2
Etch Rate

Á/min
Profile

GaAs 3.2 .5 .47 3000 Vertical
e-Beam Si 3.2 .5 .47 420 Vertical
Si (Crystal) 3.2 .5 .47 380 Vertical
Photoresist 3.2 .5 .47 ~ 600

LiNb03 3.2 .5 .63 50 Trapezoidal
LiNb03 3.2 .5 1.6 100 Trapezoidal
Tantalum 3.2 .5 .47 470
Titanium 3.2 .5 .47 ~ 160

Table 5.1. Etch rates of selected materials in the RIE (figure 5.2) with Cl2.

form volatile products. In these cases, since Cl2 has a comparatively high atomic

weight (35.4), it acts almost as efficiently as Ar (39.9) to physically remove the non¬

volatile products. Good etch rates can be achieved with this physical process, but

redeposition usually results in non-vertical profiles. One drawback of using Cl2 is

that, because of its large atomic weight, it sputter etches the mask. Multilayer mask

structures can be used to help reduce this problem (see section 5.1.2).

Table 5.1 shows some results from our system using Cl2 as a process gas. These

results are comparable to those reported using commercial systems [57, 58, 59]. None

of these have been optimized with respect to etch rate. This is because we are most

often concerned with getting vertical etch profiles. Although higher etch rates can be

obtained at higher pressures, but this will decrease the mean free path of the reactive

species which will produce more isotropic etching.

The etch profiles are dependent on the integrity of the mask. The profiles indicated

in table 5.1 assume that the mask is not eroded. If it is eroded and the etch profile

indicated in table 5.1 is vertical, the mask profile is transferred to the substrate,

starting at the bottom with a new aspect ratio depending on the ratio of the etch

rates. Section 5.1.2 will show how to fabricate a thick, vertical photoresist profile



96

which, since it is itself vertical, a vertical profile can be transferred to the substrate

even though the mask is eroded.

Reactive ion etching of LiNbCb is not generally attractive for optical waveguide

devices. The etch rate is very low and damage to the crystal can be expected [58].
It is believed that the lithium forms non-volatile compounds with chlorine that can

only be removed by sputter etching.

The use of CI2 is a good general-purpose RIE process gas, but when optimum

results are required for a specific material system, other reactants may be better.

There are a wide variety of gases available for several material systems [46, 57, 58, 59].
Some of the most common are flourocarbons and SF6. Mixtures of SFg and O2 or

SF6 and Ar have been used to obtain etch rates of silicon greater than 6000Á/min in

RIE systems.

5.1.2 O9 Plasma Ashing

Polymers, such as photoresist, can be etched (ashed) very effectively with 02. This

process is very essential to microlithography because it has a variety of applications.

First, most solvents are ineffective in completely removing all of the photoresist.

There usually remains a monolayer of polymer material on the substrate. This can

be removed by 02 ashing. Second, since many RIE process gases erode the mask,

it is essential to have a vertical mask structure to get a vertical etch profile in the

substrate. O2 ashing of a multilayer mask structure (defined below) can be used to

achieve this result.

Higher pressures yield better ash rates, but low pressure yields vertical etch pro¬

files in most polymers. In our system, we found that pressures between 10 and

20mT yielded optimum results for vertical photoresist profiles and was also useful

for general purpose ashing. Our standard process uses a flow rate of 8.3 SCCM of
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Patterned Photoresist

350Á Titanium

Thick Photoresist

1000Á Si02

b)

Figure 5.6. Schematic of a multilayer mask that can be used for very deep RIE or
thick lift-off. a) shows the structure just after developing the imaging layer and b)
shows the completed structure.

O2, 0.47W/cm2 (60W) of RF power, at a pressure of 13mT. This produces vertical

etching at a rate of about 1000Á/min.
Figure 5.6 shows a diagram of a completed multilayer mask structure that we

found to be very effective. The process for the mask is as follows:

1. Deposit 1000Á of SÍO2 on clean sample by e-beam deposition.

2. Coat with Shipley 1400-33 photoresist with a spin speed of 4,000 RPM. This

produces a layer of photoresist about 2.2/rm thick.

3. Bake at 90°C for 30 minutes. Then bake again at 115°C for 30 minutes.

4. Deposit 350Á of titanium by e-beam deposition.
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Figure 5.7. Picture of the multilayer photoresist mask from an optical microscope.

5. Pattern mask. A typical process for this is to spin Shipley 1400-17 at 4,500

RPM, bake at 90°C for 30 minutes, expose at llmW/cm2 for 2.5 seconds, and

develop in Shipley 319 MIF for 40 seconds. A postbake is usually unnecessary.

6. Etch the thin titanium layer using the Cl2 RIE process in table 5.1 for 150

seconds.

7. Etch the thick photoresist layer using 02 RIE (8.3 SCCM of 02, 60W of RF

power, at a pressure of 13mT) for 45 minutes.

8. Etch the Si02 layer in buffered oxide etch (BOE) 6-1 for 10 seconds by immer¬

sion at room temperature. (The etch rate for the Si02 under these conditions

is about 128Á/s.)

Figure 5.7 shows a picture of the completed photoresist mask. The resist is thick

enough to endure the Cl2 etching for more than 30 minutes even at high RF power.

Since no high temperature process is involved, the resist is still suitable for lift-off.

The purpose of each layer is as follows:
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• The top photoresist layer is used to generate the desired image. This can be

accomplished by a variety of means including standard photolithography or

holography.

• The titanium acts as an etch barrier for the O2 etching of the bottom photoresist

layer. It is almost impervious to the oxygen RIE because it does not form

volatile products with oxygen and, since oxygen has a relatively small atomic

weight, cannot be sputtered easily by oxygen.

• The thick bottom photoresist layer acts as an etch barrier for any number of

processes including the Cl2 processes in table 5.1. It is also useful for the lift-off

technique.

• The SiO'2 layer is useful to clean the substrate from any contaminates generated

from the RIE process. This layer was found to be particularly helpful for

removing the polymers that are redeposited on the substrate surface during

the end of oxygen RIE process. These deposits are hardly visible in an optical

microscope under high magnification, but they are very resistant to 02 and

Cl2 RIE [56]. As a consequence, after etching the substrate, their effect is

dramatic. Figure 5.8 shows an optical microscope picture of the result of etching

GaAs using a multilayer structure without the Si02 layer and non-optimized

O2 etching parameters. Very small puddles of residue resulted in the etching

of poles in the GaAs so thin that they started to curl, giving the appearance

of grass. These poles are very long (9pm in this case). We believe that the

residue itself is not responsible for the masking. The residue is responsible for

getting the etching of the poles started, but an electric charge on the tips of

the poles deflect the chlorine ions. The wet-etching technique used to remove
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Figure 5.8. SEM picture the result of etching GaAs using a multilayer structure
without the SÍO2 layer and non-optimized O2 etching parameters.

the SÍO2 layer is not effective for very small dimensions (< 1/un) because the

under-etching can lift off the mask.

5.2 Waveguide Fabrication

Waveguides can be fabricated by locally exchanging the lithium in the LiNbCb

crystal with hydrogen. The process, first reported by Jackel et al. [32], is very simple:
the lithium niobate sample is immersed in a proton-rich melt, such as benzoic acid,

at a temperature suitable for the exchange. We use the term exchange rather than

diffusion because it is a process in which the lithium must diffuse out before hydrogen

can diffuse in. The process quickly becomes a one-to-one mechanism. The result of

the exchange is a step-like refractive index profile with an increased index in the

regions allowed to undergo the exchange. Planar waveguides are formed by allowing

the whole LiNb03 substrate surface to come in contact with the melt and channel
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waveguides can be formed by masking off the whole surface except for thin (typically
less than 10/xm) stripes.

Several observations have been made regarding the properties of proton exchanged

waveguides. The proton exchange process has a tendency to greatly reduce the

electro-optic effect [11]. Proton exchange using pyrophosphoric acid [82] has been

shown to yield lower-loss waveguides than benzoic acid [15], however, a post-annealing

process can produce low-loss waveguides made with benzoic acid and recover the

electro-optic effect [76]. Proton exchange produces a significant refractive index in¬

crease (An ~ 0.1 for unannealed waveguides) only for the extraordinary refractive

index. There is little change to the ordinary refractive index. Thus, the waveguides

can only support a single polarization—TM for z-cut and TE for x- or y-cut. The

refractive index change is not linearly dependent on the proton concentration. How¬

ever, this dependence has recently been defined for annealed waveguides exchanged

in benzoic acid [13]. Proton exchanged waveguides are more damage resistant than

titanium indiffused waveguides [31]. The many benefits and the simple fabrication

process of annealed proton exchanged (APE) LiNbC>3 waveguides has resulted in their

wide acceptance and success in the industry.

Figure 5.9 illustrates the steps of a fairly standard fabrication process used to

fabricate APE:LiNb03 waveguides. The steps are as follows:

1. Clean the sample with standard solvents such as acetone and methanol and use

an O2 ash (section 5.1.2) to remove any remaining polymers.

2. Deposit 1000Á of tantalum by sputtering (a).

3. Define waveguide device pattern by photolithography (b). This can be ac¬

complished by spinning Shipley 1400-17 at 4,500 RPM, baking at 90°C for
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tZ
LiNbÜ3 Substrate

a) Deposit 1000 A Ta b) Define Pattern by
Photolithography

c) RIE Etch Ta, Strip PR d) Proton Exchange in
Pyrophosphoric Acid
200°C ~70 min.

e) Remove Ta, Anneal
350°C ~7 hr.

Figure 5.9. Standard fabrication process for annealed proton exchanged LiNbOy
waveguides.
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30 minutes, exposing the sample through a reticle with ultra-violet light at

llmW/cm2 for 2.5 seconds, and developing in Shipley 319 MIF for 40 seconds.

4. Etch in Cl2 RIE (section 5.1.1) for 180 seconds (c).

5. Remove photoresist with cleaning procedure in step 1.

6. Individually heat the sample and a pyrophosphoric acid melt to 200°C, then

transfer the sample to the melt. After about a 70 minute exchange, remove the

sample and melt from the oven and allow them to cool together (d).

7. Rinse the pyrophosphoric acid off in deionized (DI) water and immerse in tan¬

talum etchant until the tantalum is completely removed (about 5 minutes).

8. Anneal the sample in an ambient atmosphere by ramping the temperature to

350°C over two hours, holding the temperature for 7 hours, and ramping down

to room temperature in two hours (e).

5.3 Grating Lithography and Transfer

Holographic gratings can be made by a variety of means [8, 17, 85]. Usually, they
are formed using two collimated beams in which one has undergone two reflections.

However, this configuration is difficult to adjust for a desired period. Figure 5.10

illustrates the very simple, yet effective grating lithography setup that was used for

our devices. A spatial filter was use to produce a clean wavefront of argon laser light

(A = 457.9nm). The beam was not collimated. A mirror placed immediately next to

the sample at 90° provides division of the beam into two. The two waves impingent

on the sample interfere to form a high frequency grating. The use of an uncollimated

beam resulted in a more uniform exposure over a large area, but yielded a chirped

grating. However, the grating chirp was measured to be only 0.18nm/cm; that is, a
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period shift of 0.18nm along 1cm of the grating. Assuming a planar wavefront, the

grating period, A is related to the angle of the sample, 9, by

A =
A

2 sin# (5.1)

This setup permits very precise adjustments to the grating period because the optics

are placed on a single motorized rotation stage with an angle accuracy of 1/1000
of a degree and, for a grating with a period of A = 358.55nm (# = 39.683°), the

grating period is slowly dependent on the angle, as shown in figure 5.11. Therefore,

the gratings are reproducible with average periods accurate to better than 1Á.
The grating period was verified and the chirp determined by measuring the angle

of the first order Bragg reflection of a HeNe laser beam back into the laser (fig¬
ure 5.12). The relationship between the angle and grating period for this case is the

same as for the exposure (equation 5.1) except the wavelength is now A = 632.82nm.

The procedure for producing a grating is as follows:

1. Spin a 1:1 mixture of Shipley 1400-17 photoresist and Shipley TTA photoresist

thinner on the sample at 5,000 RPM and softbake at 90°C for 30 minutes.
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Figure 5.11. Plot of equation 5.1.

Figure 5.12. Setup used to verify the period and measure the chirp of the gratings.
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Figure 5.13. SEM picture of an etched grating on a silicon substrate.

2. Place the sample on the vacuum chuck next to the mirror. Care should be taken

to make sure the edge is parallel to the mirror (which should be perpendicular

to the waveguides) so the grating lines are close to 90° from the waveguide.

3. Make sure the stage is at the correct angle and expose for about 1 minute. (We
used a total power of about 0.5W of light exiting the pinhole.)

4. Develop in a 8:1 ratio of Shipley 319 MIF and DI water, respectively, for about

15 seconds.5.The pattern can be transferred to the substrate by CI2 RIE (section 5.1.1). The
resist should endure the Cl2 plasma for about two minutes.

Figure 5.13 shows an SEM picture of an etched grating on a silicon substrate. The

silicon wafer is a lot easier than LiNb03 to make a grating on because there are no
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backreflections from the bottom surface of the sample. Although the LiNb03 samples

were coated with about 1,800Á of silicon, backreflections still cause degradation of

the exposure. Standing waves produced by the high reflection at the silicon surface

also reduce the quality of the grating, but this problem is not as severe.

5.4 Polishing

A good endface polish is essential for low coupling losses. For this research work,

we developed a polishing process that yields very good results. In particular, we were

interested in measuring the optical intensity in the thin silicon layer on the surface

of the LiNb03 waveguide. To this end, we needed to be able to polish the edge of

the sample with more quality than is usually required.

To achieve a very high quality endface polish with no chips or edge-beveling, we

coated the sample with about 2pm of Si02 by e-beam deposition. Next, we waxed

the sample onto a silicon wafer and mounted them on a polishing jig. Because the

ends of the sample were cut and well aligned in the polishing jig, lapping was not

necessary and we went directly to the polishing stage.

The sample was allowed to rotate freely on a polishing wheel with 1pm diamond

paste on a nylon polishing cloth. After the sample was polished evenly, we advanced to

a finer, 0.25pm diamond paste. Figure 5.14 (a) shows a picture of the resulting polish

taken from an optical microscope with maximum contrast to show the scratches. This

polish is usually regarded as adequate, but the next step greatly enhances the result.

Excellent finishes can be obtained with a short final polish with an alkaline silica

sol [20]. We used Ultra-Sol 201A/280 (a colloidal alumina polishing compound man¬

ufactured by Solution Technology, Inc.) on a Buehler Microcloth. After polishing for

about five minutes, the sample as taken off the wheel and immersed in an alkaline

solution (a few pellets of NaOH dissolved in DI water) before it could dry. This is
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necessary to prevent a glassy film from developing on the LiNb03. Figure 5.14 (b)
shows the final result. Figure 5.14 (c) shows that it is not necessary to make the wax

layer very thin to achieve a good result.

5.5 Endface DBR Fabrication

Most of the films in this work, including the endface DBRs, were deposited by e-

beam. Figure 5.15 shows a diagram and picture of our home-built e-beam deposition

system. It includes a dual crystal thickness monitor with shutter to measure the

thickness of each dielectric material accurately. It is equipped with a cryopump to

produce a clean base vacuum of 2 x 10-8 Torr. It has a four-pocket water-cooled

copper crucible, each with a capacity of 4cc, and a 4kW power supply.

For a detailed description of the e-beam deposition process, the reader should

refer to reference [21]. Other references that are helpful, particularly for describing

the evaporation behavior of various materials are [77, 40].
Our endface mirrors were made from 2| periods of silicon and A1203, silicon

being the first and last layers. To make a mirror with the reflection peak centered

around A = 1530nm, we used about 1180Á of silicon (n = 3.23) and 2450Á of A1203.

The mirrors were deposited on the LiNb03 endfaces and on glass microscope slides

for testing. Figure 5.16 (a) shows the measured transmission of two mirrors which

are in excellent agreement with the theory, especially at the wavelength of interest.

Since this match is so good the calculated curve of the reflectance in figure 5.16 (b)
should also be accurate although it was not measured. The reflection is about 97% at

wavelengths around 1530nm. The transmission and reflection curves were calculated

using the measured dispersion data in appendix A.

The aluminum oxide is very easy to deposit and gives consistent results under a

wide range of conditions, but the deposition of silicon is a different matter entirely.
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SiliconWafer

Wax
SiO
Si

Substrate

Figure 5.14. Picture of two stages of an LiNb03 endface polish. After polishing with
0.25pm diamond paste (a), and after using a colloidal alumina polishing compound
(b,c). The LiNb03 substrate (bottom) with a thin silicon layer on top of it, followed
by a 2pm thick layer of SÍO2. The silicon layer is barely visible in the picture. Above
the SiC>2 layer is a thin layer of wax, which is thick enough to be visible only in (c),
that does not polish well. A silicon polishing block is on the top. The picture was
taken by an optical microscope with the contrast enhanced to show any scratches.
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a) b)

Figure 5.15. Diagram of the sample holder/shutter assembly (a), and picture (b) of
the e-beam deposition system.

Silicon is difficult to evaporate because it reacts with any crucible material. The

best way to deal with this problem is to put it in a water-cooled crucible so that

the cold silicon in contact with the cold crucible acts as its own container [40]. We

used this method in the copper crucible in our system. We found that if the crucible

is not cleaned thoroughly after each run, the next time the silicon is heated, it can

pop violently. Another problem with silicon is that it forms SiO at pressures above

4 x 1CT6 Torr [77]. This problem is avoided in our system by pumping it down to at

least 1 x 10-7 Torr before beginning the evaporation. The 02 partial pressure is on

the order of 10-9 Torr.

5.6 Summary

In this chapter, the details of the processing of our waveguide devices were de¬

scribed. RIE using Cl2 as a process gas was found to be a very good general purpose

etching tool; a table produced for easy reference to the etch rates and process condi¬

tions for several materials was included. 02 ashing was found to be useful for cleaning
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a) Wavelength (nm)

Figure 5.16. Calculated and measured transmission of two dielectric mirrors deposited
by the system shown in figure 5.15 (a) onto glass microscope slides, and calculated
reflection of the same structure (b).
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substrates and making very thick, vertical photoresist masks. The fabrication steps

for making APE:LiNb03 waveguides were described. The method used to produce

holographic gratings was discussed and the results showed that a simple setup can

be used to produce accurate gratings. An improved polishing technique that can

generate near-perfect edges was described. Finally, results of an e-beam deposited

dielectric mirror were shown to be in excellent agreement with theory.



CHAPTER 6
EXPERIMENTAL RESULTS OF THE NEW WAVEGUIDE GEOMETRY

This chapter presents the experimental results of the characteristics of graded-

index channel waveguides with high-index overlays. This demonstration was per¬

formed using APE:LiNb03 channel waveguides fabricated by the processes outlined

in chapter 5 with overlays of silicon deposited by e-beam evaporation. This chapter

discusses the results associated with three basic waveguide parameters: loss, mode

field profile, and propagation constant. These parameters are required for the design

of most waveguide devices and will form the basis from which corrugated waveguide

and other devices can be designed.

6.1 Near Field Profile Measurement

The determination of the mode field profile is important for several reasons. It

is needed to calculate the coupling loss due to a mismatch between the mode field

profiles of the waveguide and the input and output fibers. This estimated value can

be subtracted from the total insertion loss to determine the waveguide propagation

loss. The mode field profile is of particular interest in this work because the main

concern one would have in placing a high refractive index material on top of a graded

index waveguide with much lower refractive index is how much of the guided optical

field is in the overlay.

Perhaps the most straightforward method of determining the mode field profile

is to measure the near field intensity profile. This section will present the technique

and measured field profiles of APE:LiNbC>3 channel waveguides with silicon overlays.

113
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Figure 6.1. Near field measurement setup.

6.1.1 Measurement Technique

Figure 6.1 shows a diagram of the near field setup used to make mode field profile

measurements. A laser emitting at a wavelength of 1.3/un was selected because

a 1.5//m laser was not available at that time and the 1.3/im laser was capable of

emitting several miliwatts of optical power. The single longitudinal mode laser was

pigtailed to a single mode optical fiber by the manufacturer. A short piece of single

mode fiber was used between the laser and the device. By mounting the laser on the

translation stage with a short input fiber, noise due to polarization fluctuations in the

single mode fiber were reduced. It was possible to position the arrangement so that

the output of the fiber was TM polarized. This was verified by a Glan-Thompson

polarizer. The output of the fiber was coupled into the test waveguide by means of

micropositioners. This task was facilitated by the use of a stereo microscope.

The image of the waveguide output was initially focused onto a video camera

equipped with a vidicon tube sensitive to light of wavelength beyond 1.5/im. A mirror

was used to direct the waveguide output to the video camera which was positioned
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so that the optical path between the camera and the lens was about the same as

between the lens and the pinhole, attached to a germanium detector. This provided

an easy way to make rough alignments. Then the mirror was removed to allow the

light to be focused onto the 25/«n pinhole positioned 38 inches away from the 40X

objective lens. No optical elements (such as polarizers or mirrors) were used between

the lens objective and the pinhole because multiple reflections in such elements can

result in a distorted profile measurement.

Several final adjustments are critical to assure an accurate scan—particularly the

focus. The image is focused onto the pinhole properly when the peak of the intensity

profile is maximized. This is done by positioning the pinhole at the peak, both

horizontally and vertically, and maximizing the photodetector output by adjusting

the longitudinal micropositioner of the objective lens. These two steps must be done

repetitively because the peak can shift transversely if the objective is not precisely

centered with respect to the beam. This could give an appearance of a decrease in

the peak intensity. It is best to pre-align the waveguide output end, lens, and pinhole

along a straight line to minimize this effect.

The near field intensity was sampled by sequentially scanning the pinhole both

horizontally and vertically across the entire cross section of the mode image and

recording the amount of light detected by a germanium photodiode located just be¬

hind the pinhole. The output of the photodiode was preamplified by a calibrated

optical power meter, and a digital multimeter was used to interface the analog out¬

put of the power meter to a computer via an IEEE-488 bus. A lock-in amplifier

was not required for these measurements because the source was stable and emitted

several miliwatts of optical power. Hence, the signal-to-noise ratio did not need to

be improved. A computer was used to control the position of the pinhole and pho¬

todiode by means of linear-drive stages equipped with stepping motors with 0.1/zm
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increment. A program was written to make horizontal, vertical, and two-dimensional

field profile measurements. To avoid the consequences of mechanical backlash, mea¬

surements were made in a unidirectional fashion by returning the motorized driver

to a value several microns below the starting value and approaching that value in

the same direction in which the scan was made. This was especially important when

making two dimensional measurements.

The magnification was determined two ways: both theoretically and experimen¬

tally. The magnification of an objective lens is most often given by [55]

M =

j (6.1)
where M is the magnification marked on the lens, / is the focal length of the lens,

and the number 25 is chosen by convention to define the magnification of a lens by

the apparent size of its virtual image compared to that of an object 25cm from the

eye. The thin lens equation,
1 1 1
- + — — 7s s' f

combined with the magnification of the image (m = —s'/s), we find that

'Ms'

(6.2)

m =

25 (6.3)

For the objective and length we used (40X objective at a distance of 96.5cm from the

pinhole) we find the magnification to be —153.4, where the negative sign refers to an

inverted image.

Alternatively, we measured the magnification by positioning the pinhole at the

maximum intensity of the near field image. Then, without making any adjustments

to the waveguide or objective, the fiber was moved to an adjacent waveguide located

75/rni away. The pinhole and detector assembly was moved to the new location of

the image peak with the use of the horizontal driver of a micro-controller and the
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number of steps recorded. Each controller step corresponds to 0.1/im. For the above

setup, the two peaks were found to be 117,670 steps apart, which corresponds to a

lateral movement of 11767/im. The magnification, given by the ratio of the lateral

movement to the waveguide separation, was therefore measured to be -156.9. This is

in agreement to the theory above within about 2%. (Given that the lens is expected

to exhibit spherical aberration, this is an excellent agreement.) This number was

used to determine the x and y dimensions of the intensity profiles.

A 25/im pinhole was used because it allows more light to fall on the detector. The

larger pinhole diameter does not cause any loss in the resolution because diffraction

limits the resolution of the near field profile to about the wavelength of light. Ne¬

glecting diffraction, this pinhole size with the above magnification would be able to

resolve a 0.16/nn spot, which is well below the diffraction limit. Therefore, nothing

is gained by using a smaller pinhole with this setup.

The near field intensity profile of the fiber alone was also measured. The waveguide

sample was removed and the fiber positioned in the focal plane of the objective

without moving the objective, to maintain the same magnification.

A good approximation to the electric field profile of a single mode waveguide can

be determined from the near field intensity profile by

(6.4)

where P(mx, my) is the optical power passing through the pinhole and measured by

the detector. Electric field profiles of multimode waveguides can be determined if only

one mode is excited. A change in sign of the profiles of higher-order modes would have

to be inserted manually. This is generally not done because of the difficulty involved

in exciting only the higher-order mode. In addition, one of the approximations of

using this method is the assumption of no diffraction. Diffraction prevents zeros from
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being measured in the field profile; therefore an insertion of a change in sign at an

intensity minimum would create a small step in the profile. This can be a valuable

means of measuring the resolution of the setup (which is expected to be about the

wavelength of light in air).

The mode mismatch loss can be calculated by maximizing the overlap integral of

the electric fields with respect to the lateral position:

_ [Ho f-oo Ef{x,y)Eg(x -x0,y- yQ)dxdy]2
77 °’y°

[l-ooI-ooEf(x,y)dxdy] [jTQO!ZoEl{x,y)dxdy\
where Ef(x,y) and Eg(x,y) are the mode field profiles of the fiber and waveguide,

respectively. The mode mismatch loss is given, in dB, by 10log77 [dB]. The measured

intensity and electric field profile are related by equation 6.4. The other constants

contained in equation 2.34 need not be considered here because they would be divided

off in equation 6.5.

6.1.2 Field Profile Results

The nearfield measurement, just described, was used to measure the field pro¬

files of a waveguide sample, proton exchanged in pyrophosphoric acid at 200°C for

71 minutes, annealed at 350°C for 7 hours, and with 1775Á of e-beam-deposited

silicon on top. To make sure any mode field present in the silicon could be seen at

the endface, a very thick layer of SÍO2 was deposited on top of the silicon so that,

when polished, both the waveguide and the silicon overlay were nicely polished (see

figure 5.14). Figure 6.2 shows the contour plots of the field profiles of the fiber, and

waveguides made with mask opening widths of 10, 7, 5, 4, and 3.5/un. The plots are

shown with the field present in the LiNbC>3 on the bottom and the field in the buffer

layer on the top. This measurement does not provide a method of determining the

position of the top surface of the LiNbC>3, but it is expected to be ~ 1/un above the
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peak of the profile. The fundamental mode was found to be cutoff for waveguides

made from mask widths below 3.5/¿m. The first higher-order mode (observed by

laterally offsetting the single mode fiber) was cutoff below 7.5/¿m.

The somewhat surprising result is that there is negligible difference between the

intensity field profiles of these waveguides and those of similar waveguides with¬

out the silicon overlay. Planar waveguide theory shows that a silicon overlay on

the LiNbOs substrate without any proton exchanged waveguide will guide light at

A = 1.55/xm with silicon thicknesses over 0.14/un, and becomes double-moded above

0.42/nn. Furthermore, based on planar waveguide theory, the field profile is expected

to vary sharply across the silicon layer. However, this is not the case as seen from

the channel waveguide contour plots in figure 6.2.

One initial hypothesis for this was that the silicon is oxidized and the refractive

index is actually quite low. However, the refractive index was verified to be very

close to that of single crystal silicon (3.5 at A = 1.53/un). This is reported in ap¬

pendix A. Another explanation may be that there is actually another interface of low

index material (again, probably oxidized silicon) between the silicon and the LiNbC>3.

However, if this were the case, the planar theory would still predict significant field

intensity in the silicon layer.

In section 4.6 we showed that there is a fundamental fallacy involved with indis¬

criminately applying the planar waveguide theory and the effective index method,

which is based on planar waveguide theory, to channel waveguides. The theory in

section 4.7 used a simple calculation to partially rectify the situation. Since the so¬

lution it provides in the high-index strip loaded section is based on the separation of

variables and thus again on planar waveguide theory, it also is lacking in describing

the correct solution for thick silicon overlays. However, it was somewhat useful in

bridging the gap between the misconceptions and reality.
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Figure 6.2. Contour plots of the optical intensity profiles for the fiber (upper left)
and waveguides of several mask widths with a 1775Á silicon overlay.
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Figure 6.3. Experimental setup used to measure reflection, transmission, and loss of
waveguide device samples.

More rigorous calculation methods such as the finite element method [60] need
be considered to arrive at an accurate numerical solution to this problem. This is

beyond the scope of this work, and is currently under investigation.

6.2 Loss Measurement

The waveguide loss is of particular interest in this work because low loss waveg¬

uides are necessary to obtain high reflectance DBR corrugated waveguides for high

finesse Fabry-Perot filters and low threshold lasers. First, this section describes the

setup used to measure the total insertion loss. The same setup is also used to measure

the reflection and transmission spectra in chapter 7. Therefore, it will be presented

here for both purposes. Then, this section will present the loss measurements of

APE:LiNb03 channel waveguides made with varying mask opening widths and with

varying thicknesses of silicon overlays.

6.2.1 Waveguide Device Reflection and Transmission Measurement

Figure 6.3 depicts the experimental setup used to measure the reflection, transmis-
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sion, and loss of our waveguide device samples. The output of an HP8168A tunable

laser source was fed through a polarizing (PZ) fiber to polarize the output of the

laser. A polarization maintaining (PM) fiber coupler was used to permit detection of
the backreflected light from the sample. A dual-detector lightwave multimeter was

used to simultaneously collect measurements of both the transmitted and reflected

light from the device under test. Reflected light did not cause stability problems with

the laser because the HP8168A is equipped with an optical isolator. A computer con¬

trolled the instruments and recorded the data via an IEEE-488 bus. This is a very

convenient setup to measure the reflection and transmission spectra as well as the

total insertion loss and waveguide propagation loss. In some cases, the propagation

loss can be determined by measuring the contrast of the Fabry-Perot peaks with

respect to wavelength. Using the contrast, the reflection coefficient of the endfaces,

and the length of the waveguide, the propagation loss can be determined.

Another way to extract just the coupling loss is the cut-back method. This is

done by measuring the total insertion loss of the sample, cutting a section off to

make it shorter, and remeasuring the loss. The propagation loss is determined as

the difference between the two. This was the method used in this work. The sample

was polished very well both times and very careful measurements were made using

an index matching fluid to achieve consistent coupling, eliminating the Fabry-Perot

interference between the fiber and the device.

6.2.2 Loss Results

Loss measurements were performed on waveguides fabricated on the z+ surface of

a LiNbC>3 sample that was proton exchanged in pyrophosphoric acid at 200°C for 71

minutes, and annealed for 7 hours at 350°C. Initially, the sample was 0.65cm long and

then was cut back to 0.31cm after the first set of loss measurements was made. The
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Figure 6.4. Loss measurements of 2-cut APE:LiNb03 waveguides proton exchanged
in pyrophosphoric acid at 200°C for 71 minutes, and annealed for 7 hours at 350°C
for two sample lengths.

total insertion loss for each sample length is shown in figure 6.4. The results show

that the propagation loss is comparable to the measurement error (about 0.2dB/cm).
To determine the effect of the silicon overlay on the propagation loss of the waveg¬

uide, measurements of the same set of waveguides were conducted after successive

depositions of silicon. First 4120Á was deposited. Then 4080Á was added for a

total of 8200Á; and then 8000Á was again added for a total of 1.62/un. The results

of the first two are shown, along with the previous measurements without the overlay

in figure 6.5. The loss of the waveguides with up to 8200Á are shown to exhibit lower

loss than the waveguides without silicon. This result does not necessarily mean that

the propagation loss has become lower. Lower coupling loss or better fiber alignment

could have contributed to this small decrease in loss. It does mean that the these

thicknesses of silicon contribute very little to the loss.

In contrast, the loss measurements of the waveguides with a 1.62/xm silicon overlay

gave quite different results. The APE:LiNb03 waveguide made from a 10//m wide

mask opening exhibited about lOdB loss. The explanation is simple. The bulk loss of
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Figure 6.5. Loss measurements of 2-cut APE:LiNb03 waveguides proton exchanged
in pyrophosphoric acid at 200°C for 71 minutes, and annealed for 7 hours at 350°C
for three thicknesses of silicon: none, 4120Á, and 8200Á.

the e-beam deposited silicon is very high compared to LiNb03. This large thickness

(1.62/im) guides a more significant portion of the optical mode and the loss increases

as a result.

This result further supports the claim that has been made several times through¬

out this dissertation: that a significantly thick silicon overlay (less than ~ 1/un) does

not necessarily adversely affect the optical field of the embedded LiNb03 channel

waveguide. This result is not surprising in light of the argument that was made in

section 4.6. Section 6.1.2 verified that an overlay thick enough (0.18/tm) to support

a planar guided mode in the independent silicon layer did not affect the mode field

profiles of the channel waveguides enough to be measured. Now, we have shown

that silicon overlays thick enough to support multiple modes, independent of the

embedded channel, do not adversely affect the propagation loss.

These results are very encouraging for the purpose of using this overlay for mak¬

ing low-loss corrugated waveguides. Given that silicon is very easily etched, it is
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Figure 6.6. Schematic diagram of the prism coupler.

conceivable that a low-loss corrugated waveguide can be made from this waveguide

geometry.

6.3 Mode Index Measurement

6.3.1 Prism Coupler Technique

The prism coupler has been a fundamental tool for characterizing waveguides for

over two decades [78]. Figure 6.6 shows a diagram of the setup used in this work.

The principle of the prism coupler is quite simple. It can be explained in the same

way as Snell’s law (equation 2.39). It was argued that if the tangential fields along

a boundary are to be continuous for all time, the components of the propagation

constants in the direction of the boundary must be equal across that boundary.

Coupling is maximized when two conditions are satisfied:

1. The horizontal components of the propagation constants are equal (phase match¬

ing condition).
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2. The spacing between the prism and the waveguide is small (of the order of A/4).

The first requirement is satisfied by

N = np sin 9 (6.6)

where N is the mode index of the waveguide and np is the refractive index of the

prism. Therefore np must be larger than N for a real angle 9 (and thus a trans¬

verse propagating wave) to exist. The second condition is satisfied by clamping the

substrate tightly against the prism creating a thin film of air between them. Using

simple geometry, and Snell’s law again at the prism/air boundary, we find that

N = np sin , ■ -l (sin 9ia + sin
V nv ,

(6.7)

where is the exit (or incident) angle of the light from the prism. Results from this
method are presented next.

6.3.2 Prism Coupler Results

This section uses the method just described to measure the mode indices of

APE:LiNb03 waveguides without silicon overlays and those with overlays of different

thicknesses.

A rutile prism with a refractive index of 2.4646 at A = 1.31 and 2.4505 at A = 1.535

and an angle a = 45.13° was used for the measurements. The sample was clamped

tightly against the prism and light from an optical fiber was efficiently coupled into the

waveguide under test. The mode indices of the individual waveguides was calculated

using equation 6.7 with the measured angles of the light exiting the prism.

The measured results (figure 6.7) exhibit small increases in the mode index with

silicon thickness. Once again, the experimental data support the claim that a thick

silicon overlay on APE:LiNb03 channel waveguides hardly affects the waveguide char¬

acteristics. Here, it is shown to increase the mode index only slightly. The average
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Figure 6.7. Measurements of the mode index of APE:LiNbC>3 waveguides with silicon
overlays of different thicknesses.

increase in the mode index between a waveguide with 8200Á of silicon and one with

no silicon is AN = 1.8 x 10-4.

When comparing this result to the approximate calculations from the spectral

index method (section 4.7, figure 4.7) we find good agreement only for small silicon

thicknesses (< 0.12/xm). This is because the spectral index method is only accurate

when the field in the high-index ridge is small. For a sufficiently thick silicon ridge,

the spectral index method breaks down because, like the effective index method, it

uses separation of variables to solve for the field in the ridge region. Consequently,

it predicts a sharp rise in the mode index when the thickness of the silicon is large

enough to support a planar mode. These experimental results indicate that the mode

index does not rise sharply in the low-loss region of silicon thickness below 1.6/un.
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6.4 Summary

In this chapter, the characteristics of the new waveguide geometry were estab¬

lished experimentally. Waveguides formed in APE:LiNbC>3 with considerably thick

overlays of silicon were shown to have very similar properties as those without the

overlays. This creates an ideal situation for making high reflection DBR corrugated

waveguides because the waveguides are very low loss, and the field profile is not mea¬

surably affected by the overlay. The small changes in the mode index from different

thicknesses of silicon are measurable. This dependence is sufficient to make a high

reflection corrugated waveguide. Chapter 7 will present the results of corrugated

waveguide devices using this technology.



CHAPTER 7
EXPERIMENTAL RESULTS OF GRATING FILTERS IN LiNb03

Chapter 3 showed very good theoretical results ofWDM filter devices from low-

loss, high-reflection corrugated waveguides with dielectric mirrors deposited on the

endfaces. Chapter 4 proposed a new waveguide geometry with characteristics particu¬

larly favorable to making good corrugated waveguides. The details of the fabrication

processes were given in chapter 5. Chapter 6 presented astounding results of this

new geometry in APE:LiNb03 waveguides with thick silicon overlays. This chapter

establishes the fact that the technology is indeed very promising for grating devices.

First, reflection and transmission results of first-order DBR corrugated waveguides

in three types of waveguides (APE:LiTa03, APE:LiNb03, and Ti:LiNb03) will be

presented. Then, results of ASFP filters similar to the one proposed in chapter 3 will

be presented, followed by a discussion of the same.

7.1 Waveguide Grating Results

This section presents results from five of our DBR corrugated waveguide samples.

These were selected because each exemplifies unique characteristics: the results of

the first attempts in APE:LiTa03, APE:LiNb03, and Ti:LiNb03; and two of the best

results achieved to date—one representing the best match to theory, and the other

representing the highest reflection measured. Table 7.1 gives the processing details

and summarizes some of the results.

129
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DBR

#1
DBR

#2
DBR

#3
DBR

#4
DBR

#5
Substrate z+ LiTaC>3 LiNbOa LiNbOa *+ LiNbOa 0+ LiNbOa

Propagation y y y y y

Exchange
Time/Temp

260°C
18 min

200°C
60 min

Ti Diffused
700Á Ti
1025°C
6 hr

200°C
75 min

200°C
71 min

Anneal

Time/Temp
300°C
30 min

350°C
7 hr

367°C
7 hr

350°C
7 hr

Si Thickness see text 1785Á 1785Á 17851 1935Á
Etch Depth see text 490nm 245nm 8751 69ÜI
Period ~359.2nm 358.84nm 358.55nm 358.56nm 358.55nm

Length ~6mm ~8mm ~8.8mm 1.96mm 3.7 mm

# Periods ~17,000 ~22000 ~25000 5470 10,300
Single Mode 3.5-8.5/xm 4.5-8/xm

Mask Width of
Best Result 5.0//m 8.5/xm 5.5/mi lQfim 10/un

Peak
Reflection 54% 80%
AN 3.7 x 10~4 3.0 x 10~4

FWHM 7Á <2A 3.55Á
Center A 1525.8nm 1536. lnm 1534.3nm 1534.67nm 1534.86nm

Table 7.1. Process parameters of selected DBR corrugated waveguides samples. Some
additional information/results are summarized below the double line.



131

7.1.1 The First Sample: APErLiTaOs

The success of this new technology is exemplified by the fact that we obtained

good results with the very first sample fabricated. A sample of LiTaC>3 with annealed

proton exchanged channel waveguides already fabricated on the surface was selected

for the first demonstration (see table 7.1, DBR#1).
At present, since only very rigorous numerical methods are able to accurately

predict the characteristics of these corrugated waveguide characteristics, the problem

was addressed experimentally. First, 500Á of silicon was deposited by e-beam on the

surface of the APE:LiTaC>3 sample. A first-order grating pattern of photoresist was

produced by holography on the surface using the process defined in section 5.3 to serve

as an etch barrier. The grating was etched by RIE approximately 175Á deep, the

photoresist was then removed, and the transmission characteristics measured. Very

little wavelength dependence and little change in the transmission were observed

as compared to the waveguides before adding silicon. Therefore, we concluded that

thicker silicon was necessary to perturb the waveguide mode more. This problem was

rectified quickly without etching the silicon off, redepositing a new layer of silicon,

and fabricating a new grating, by depositing silicon on top of the whole structure.

The quality of the grating is expected to decrease by doing this, but the procedure

is adequate for quick optimization of the silicon thickness. 230Á of silicon was

deposited on top of the original grating. A larger decrease in transmission at the

expected reflection wavelength was observed. Successive depositions of 670Á, 460Á,
and 340Á were made with the results continuing to improve each time except after

the last deposition. The optimum results were regained by etching 70Á back off

of the whole structure by RIE. Figure 7.1 shows the final results of a 5/un wide

waveguide.
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Figure 7.1. Transmission spectra of a 5/im wide APE:LiTa03 waveguide on the first
DBR corrugated waveguide sample (DBR #1), fabricated with the high-index overlay
technology.

Only the transmission spectra for this sample was measured because the polar¬

ization maintaining fiber coupler was not available at that time. The broad stopband

and very low transmission in the stopband is indicative of a very good grating cou¬

pling to the reverse propagating mode. As expected, the overall transmission on the

short wavelength side of the stopband is lower than on the other side. This is because

the grating can couple the light into substrate radiation modes at wavelengths just

below the stopband. There should be no out-coupling of light from the waveguide

above the stopband because, if the guided mode exhibits the largest propagation

constant, no other modes can satisfy the phase requirements.

7.1.2 The First APErLiNbO-* Sample

The first APE:LiNb03 Sample (DBR#2 in table 7.1) exhibited seemingly better

results (figure 7.2). A stopband with about a 5nm width is shown centered about

A = 1542nm. If this were due to reflection into the backward-traveling waveguide

mode, it would imply that the silicon overlay created a mode index shift of AN =

8 x 10-3. In addition, as it was just discussed, the large drop in transmission should
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Figure 7.2. Transmission spectra of an 8.5/mi waveguide on the first APE:LiNb03
DBR corrugated waveguide sample (DBR #2).

not be caused by coupling to radiation modes because they cannot meet the phase

requirements with the first order grating. Therefore, one might be inclined to believe

that this is due to reflection into the reverse-traveling guided mode. However, this

was later proven not to be the case by the measurement of the reflection using a

polarization maintaining fiber coupler. There was very little reflection measured over

this wavelength range, but there was a large reflection peak at A = 1536. l//m—the

location of the narrow peak to the left of the wide transmission stopband in figure 7.2.

To justify this seemingly contradictory result, we recall that the solution of the

mode index of the planar waveguide can be found exactly (see section 2.7.3). Fig¬

ure 7.3 shows the result. The planar silicon film can support guided modes when its

thickness is greater than 0.14/mi. This is about the same thickness as the remaining

silicon film after etching the grating. For silicon thicknesses slightly above 0.14/mi,

figure 7.3 shows that the mode index of the planar waveguide becomes larger than

the measured mode index of the channel waveguide (compare with the measured

result in figure 6.7). Now out-coupling of the LiNbC>3 channel guided wave by the

first order corrugated waveguide is possible at wavelengths longer than those of the
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Figure 7.3. Exact solution of the mode index of the first three modes of a planar
waveguide with a cladding index of 1.0, a film index of 3.5 (silicon), and a substrate
index of 2.14 for varying film thicknesses at a wavelength of 1534nm.

reflection band. Since the geometry of the grating does not allow sufficient off-axis

momentum transfer to the material, coupling is limited to a small band of angles,

and thus wavelengths, around the reverse direction (see figure 7.4). With other cor¬

rugated waveguide technologies, where there are no high-index radiation modes, a

first order grating can only couple light into backward-traveling radiation modes at

wavelengths below the reflection band.

The measurements in section 6.3, the exact planar waveguide theory (figure 7.3),
and the results of figure 7.2 conclusively prove that the high-index overlay provides

a planar waveguide that has mode indices far above the mode indices of the channel-

guided modes. This contradicts popular belief that radiation modes must have lower

mode indices than guided modes.

To summarize, the transmission characteristics in figure 7.2 can be understood

and are completely explained as follows:
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Back-Reflected Channel
Guided Wave

Back-Reflected 1-D Radiation
Into PlanarWaveguide

Figure 7.4. The grating not only causes coupling between the forward and reverse

guided modes, but also between the forward guided mode and reverse radiation
modes. The planar high-index overlay allows for one-dimensional radiation with
mode indices above those of the channel waveguide.

• The narrow stopband at A = 1536. lnm is caused by reflection into the backward

traveling guided mode. This reflection can be detected using the measurement

setup described in section 6.2.1.

• The decrease in transmission for A < 1536. lnm is caused by coupling into

the substrate radiation modes. As the wavelength continues to decrease, the

transmission increases because the coupling into radiation at larger off-axis

angles and the grating geometry is such that it does not allow for enough

transverse momentum transfer between the material and the wave.

• The wide transmission stopband centered around A = 1542nm is caused by

grating-coupling between the forward channel-guided mode and reverse planar-

guided modes. This occurs over a small band of angles (thus wavelengths) where
the transverse momentum is small. The high absorption in the silicon (see

appendix A) prevents this from being detected when measuring back-reflection

in the fiber.
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Figure 7.5. Transmission spectra of the TM mode of a 5.5/irn waveguide on the first
Ti:LiNb03 DBR corrugated waveguide sample (DBR #3).

7.1.3 The First ThLiNbCR Sample

Titanium indiffused LiNb03 waveguides present an additional complexity to mak¬

ing gratings. The indiffusion process creates swelling so that the waveguides have

ridges about 2000Á high. The thin photoresist layer needed for the grating mask

(also about 2000Á thick) does not spread evenly as a result. Consequently, the tops

of the ridges have thinner resist. Despite these difficulties, a grating was made on

a titanium indiffused sample. Figure 7.5 shows the result. A very strong reflection

peak is observed at A = 1534.3nm. Again, as with the previous sample, a large

transmission stopband is found at wavelengths longer than the reflection wavelength.

Titanium indiffused waveguides support both TE and TM modes with very dif¬

ferent propagation constants. Thus this device technology can also be used to serve

as a polarizer. In this specific device, the TE mode is expected to be reflected by the

grating around A = 1586nm (which was outside the tunability range of our laser). In
the TM stopband, the TE wave is not affected. The opposite situation is expected to

take place at the TE stopband. These results demonstrate 14dB extinction between
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Wavelength (nm)

Figure 7.6. Transmission spectra of a 10pm waveguide on a DBR corrugated waveg¬
uide sample with a shorter period. After these measurements, the silicon grating was
removed and a new one fabricated on the sample (DBR #4).

the TE and TM modes, but higher extinction may be achieved by optimizing several

parameters (20dB out-coupling is shown in figure 7.2).

7.1.4 Short Period DBR Corrugated Waveguide

Figure 7.6 shows the transmission spectra of a DBR corrugated waveguide with

a period of 330.49nm (not listed in table 7.1). It exhibited a FWHM of 31Á at a

center wavelength of 1416. lnm. The silicon grating was then etched off and a new

grating was formed on the surface (listed as DBR #4 in table 7.1).

7.1.5 The Best Reflection Measurements

In this section, we present the best reflection measurements achieved in this work.

Figure 7.7 shows the best match between an experimental device and theory. Equa¬

tion 2.96 can be manipulated to give

Nl 2M
1 + 'J~R

(7.1)Nh \| ^(1 - VR)
Using the measured value of R and the number of periods fabricated on the sample

(within about 100) in equation 7.1, we find that AN — NH — NL = 3.7 x 10-4 for
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Figure 7.7. Reflection spectra of a 10/rm waveguide on an APE:LiNb03 DBR corru¬

gated waveguide sample (DBR #4).

mode indices of about 2.14. This value was used for the calculation in figure 7.7. A

square, 50:50 grating was assumed. The calculation shows an excellent match with

the measured FWHM. This indicates that grating chirp and film thickness uniformity

are not a problem.

The reflection results for a highly reflecting structure (DBR #5), after correcting
for a 0.7dB mode mismatch loss at each endface, are shown in figure 7.8 for a 10/irn

waveguide. This waveguide exhibits an 80% reflection and, again the experimental

results are in good agreement with theory. The theoretical calculations shown in the

figure used the same number of periods (that is, within about 100), AN = 2.8 x 10-4,
A = 358.55nm, and a 50:50 duty cycle. Figure 7.9 shows an SEM picture of the silicon

grating over the APE:LiNb03 waveguide.

These high reflection measurements represent an advancement in the state-of-

the-art for DBR corrugated waveguides in this material system. This improvement is

attributed to the improved AN achieved by the new technology proposed in chapter 4

and demonstrated for the first time in chapter 6. Section 7.3 presents a discussion

on the further improvement of these results.
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Figure 7.8. Calculated and measured reflection and transmission of a DBR corrugated
waveguide with ~ 10, 300 periods, AN = 2.8 x 10-4, A = 358.55nm, and a 50:50
duty cycle (DBR #5).

Figure 7.9. SEM picture of a grating over an APE:LiNb03 waveguide.
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ASFP ASFP

#1 #2
Substrate z+ LiNbOs z+ LiNbOs

Propagation y y

Exchange 200°C 200°C

Time/Temp 75 min 71 min

Anneal 367°C 350°C

Time/Temp 7 hr 7 hr
Si Thickness 1785Á 1935Á
Grat Period 358.55nm 358.55nm

Grating
Etch Depth 875nm 690nm

Grating 1.14mm 3.7mm

Length M = 3179 M = 10,300
Cavity
Length 1.68mm 3.04mm

Table 7.2. Process parameters of experimental ASFP devices.

7.2 ASFP Filter Results

This section reports results of the first ASFP filters. We believe this is the first

realization of ASFP filter concept in any material system. Table 7.2 summarizes the

fabrication parameters of the devices. Device ASFP #1 is the longer half of a sample

that was cut into two pieces after the grating was formed. Device DBR #4 is the

other half. ASFP #2 is the same sample as DBR #5 reported in section 7.1 after

further processing.

7.2.1 Results of ASFP #1

Results By Butt-Coupling an External Mirror

These first results came from a sample with an inferior gratings that exhibited high

loss. Furthermore, design parameters for the grating have not been optimized for use

with a buffer layer and electrodes. Therefore, to temporarily avoid putting electrodes

over the grating, a somewhat different configuration than what was proposed in
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Grating Length: 1.92 mm
Cavity Length: 1.72 mm

Figure 7.10. Structure of sample ASFP #1. The cavity is of sufficient length to add
electrodes.

section 3.3 was fabricated. Instead of having a zero-cavity structure, a cavity of

sufficient length to add electrodes not covering the grating was added (figure 7.10).

The theory indicates that this additional cavity length results in multiple peaks in

the grating reflection band.

Figure 7.11 shows the reflection spectra of the grating mirror before adding the

endface mirror. Even without the endface mirror, the reflection from the endface

of the waveguide on the cavity side was sufficient to cause spurious peaks in the

reflection spectrum.

An external dielectric mirror was butt-coupled to the device as shown in fig¬

ure 7.12. As expected, figure 7.13 shows that the peaks became much more pro¬

nounced. However, the broadband reflection was not as high as expected (> 80%).

This is because of high butt-coupling loss between the external mirror and the waveg¬

uide. Figure 7.14 shows the measured and calculated transmission of the device

(ASFP #1).
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Figure 7.11. Reflection spectra of the sample configuration depicted in figure 7.10.

External Butt-Coupled Mirror

Figure 7.12. An external dielectric mirror was index matched and butt-coupled to
the device of figure 7.10.
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Figure 7.13. Reflection spectra of the sample with an external butt-coupled mirror
as depicted in figure 7.12.

Wavelength (nm)

Figure 7.14. Measured and calculated transmission of the device in figure 7.12.
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Figure 7.15. ASFP #1 after fabricating the electrodes.

Tunable Cavity ASFP Results

Electrodes were fabricated on the same device (ASFP #1) in the manner shown

in figure 7.15. The silicon was etched off the sample in the region under the electrodes

and an SÍO2 buffer layer was used. As may be seen in figure 7.16, the transmission

spectra may be electro-optically shifted. The two sets of results for OV and 30V

bias demonstrate the reproducibility of the measurement. The device exhibits an

on-off ratio of 6dB at a wavelength of 1535.18nm. Correlating the results with theory

indicates that a mode index shift of 5 x 10~5 was created with the bias of 30V. These

results are comparable to those of a similar device made in a material system that

is easier to make a grating in [48, 49]. The efficiency can, in general, be improved

by optimizing the electro-optic interaction and making sure the crystal nonlinearity

(used for the linear electro-optic effect) is completely recovered by annealing.

7.2.2 ASFP Filter Results with Endface-Deposited DBR Mirror on ASFP #2

Finally, a dielectric mirror was deposited directly on the endface of a device as

shown in figure 7.17. Figure 7.18 shows that the mirror deposited directly onto
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Figure 7.16. Two sets ofmeasured results for OV and 30V for the device in figure 7.15.

Figure 7.17. A dielectric mirror was deposited on the end of a device as shown.
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Figure 7.18. Calculated and measured reflection spectra for the device in figure 7.17.

the endface exhibited a much higher broadband reflection back into the waveguide

than that which was achieved with the external mirror (figure 7.13). However, the

processing steps used to fabricate the endface mirror caused a visible haze to develop

on the grating. This film increased the loss of the device dramatically. No electro¬

optic tuning was attempted with this sample because the transmission spectra were

not significantly better than what we had already achieved in figure 7.16.

7.3 Prospects for Improvement

Although the results presented in sections 7.1 and 7.2 represent an advancement

in the state-of-the-art for DBR corrugated waveguides in this material system, further

improvements must be made if a usable device such as the one proposed in section 3.3

is to be realized. Correction of the deficiencies in our device processing offers much

hope for accomplishing this task.
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Figure 7.19. SEM picture of the grating profile produced on a silicon substrate by
RIE.

7.3.1 Improvement of Grating Fabrication

Considering the crude holography setup used (described in section 5.3), figure 7.9

shows a very nice result. However, by taking additional steps by modifying the setup

and further refining the process, much better results can be expected.

Figure 7.19 shows a highly magnified view of an SEM picture of a grating profile

produced on a silicon substrate. This sample was prepared accomplished by cleaving

the silicon sample after etching the grating and removing any residual photoresist.

In general, it is more difficult to cleave LiNbC>3, therefore it was not attempted in

this work. This figure illustrates two deficiencies of the grating: it does not have a

50:50 duty cycle, and the profile is not square. In this case, the photoresist was over

exposed when producing the grating. Proper exposure is expected to correct the duty

cycle while a modified etching process or thicker photoresist may be useful to produce

more square gratings. To illustrate the effect of a smaller duty cycle, figure 7.20 shows

a calculation of the reflection spectra for a 30:70 duty cycle structure and compares

it to a comparable 50:50 structure.
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Figure 7.20. Calculated reflection spectra of a DBR corrugated waveguide with a
30:70 duty cycle.

The longitudinal mode index profile in figure 7.21 (a) (obtained by assuming a

linear relationship between the mode index profile and the grating profile determined

from the SEM photograph of figure 7.19) was used used for the calculation of the

reflection spectra shown in figure 7.21 (b).

Even though the back side of the LiNbÜ3 substrate was lapped and blackened, and

a silicon overlay backreflections of the argon laser light still caused exposure problems

with the holography process. This was possible because the silicon layer was thin

(~ 1800Á). Furthermore, a nonuniform photoresist thickness was produced on the

Si overlay on the LiNbOs sample because it was spun on samples with dimensions

typically less than 1cm2. High efficiency gratings were only obtained on a small

area of each sample, always less than 2mm2. Large, high efficiency gratings were

produced very easily on the silicon substrates because photoresist was spun on an

entire wafer before it was cleaved into smaller pieces and exposed. This produced very

uniform photoresist thickness. Figure 7.22, although on a silicon substrate, shows

what happens to the grating when the exposure/photoresist-thickness parameters
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Figure 7.21. A grating with a curved longitudinal mode index profile (a) was used to
calculate the effect of a non-square grating on the reflectance spectra (b).

Figure 7.22. SEM picture of an etched grating on a silicon substrate produced by
under exposure.



150

Figure 7.23. Reflection spectra of a chirped DBR corrugated waveguide.

are not correct. This was taken from an area of a large sample that was under

exposed. Waveguides with gratings such as these were found to exhibit higher loss

than those with clean grating lines. Perhaps the best way to solve these problems

would be to use a thicker film of silicon (~ 1/zm) to absorb more of the holography

laser light and also to process a whole LiNbC>3 wafer rather than small pieces.

As mentioned in section 5.3 the grating chirp produced by the uncollimated ex¬

posure was 0.18nm/cm, that is, the grating period changes by 0.18nm across an area

of the sample 1cm long. Figure 7.23 shows a calculation of the reflectance spectrum

from a DBR corrugated waveguide with this amount of chirp as well as for 0.1nm/cm.
We see that the chirp also decreases the maximum reflectance. The chirp may be

reduced by collimating the holography exposure beams.

In addition to improving the grating fabrication as suggested above, there is a

variety of other methods to produce a grating. Several groups have demonstrated

much better gratings using methods such as e-beam and x-ray lithography, phase

mask exposure, and holography with a shorter wavelength laser. These, as well as

other methods, including contact grating reproduction, should be considered.
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7.3.2 Optimization of APE:LiNbQq Waveguides

This work did not involve a detailed study of the annealed proton exchanged

waveguides. The loss measurements (section 6.2) indicated that the process used

was less than optimum because the lowest coupling loss came from a multimode

waveguide. Furthermore, the best grating results came from the large waveguides.

It is necessary to investigate the dependence of the coupling loss, propagation loss,

and grating coupling on waveguide width and annealed proton exchange conditions.

If the best grating results continue to come from multimode waveguides, adiabatic

tapers should to be used to ensure fiber coupling into only the fundamental mode.

The proposed tunable ASFP filter requires the linear electro-optic effect. Proton

exchange in LiNb03 greatly reduces this effect, but it can be recovered by annealing

the substrate. The dependence of the waveguide properties along with the recovery

of the electro-optic effect on the annealing parameters needs to be determined so that

a large refractive index change, and hence, wide tuning range is possible.

7.3.3 Optimization of the Silicon Thickness

The dependence of the waveguide parameters on silicon thickness needs to be

investigated in detail. A large AN with respect to silicon thickness is desirable, but

the loss must also be low. The silicon overlay was shown to exhibit almost no change

in loss for a non-corrugated waveguide, even for very thick film thicknesses. However,

the efficient coupling of the light into the silicon planar waveguide must be avoided

by using thicknesses that the grating cannot couple into the silicon mode. This does

not necessarily imply thin silicon. The channel waveguide mode can only couple into

those silicon waveguide modes with mode indices near that of the channel waveguide

mode. Referring to figures 7.3 and 6.7, we see that this occurs only when each of the

silicon waveguide modes are near cutoff. For other thicknesses, the mode indices of
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the silicon planar waveguide have very different values than the mode index of the

channel waveguide and, therefore, can not couple. This is exemplified by the results in

figures 7.2 and 7.5 where the broad stopband corresponds to the matching of the mode

indices of the channel waveguide with the silicon planar waveguide. We believe that

thicker silicon would have caused this peak to shift towards longer wavelengths and

another would follow as the thickness of the silicon is increased enough to support two

modes. Another way the coupling to the silicon planar waveguide may be reduced,

or even eliminated, is by etching a silicon ridge over the channel waveguide to make

a silicon-grating ridge over the embedded waveguide.

The optimum etch depth must also be determined. Small etch depths have lower

scattering losses, but large etch depths create a large AN. An optimum is expected

to exist between these two.

7.3.4 Optimize Structure With Buffer Laver

The tunable ASFP filter requires the use of electrodes. For ^-cut LiNbOs, one of

the electrodes must be placed on top of the waveguide to achieve maximum overlap

between the DC (modulating) and optical electric fields. Since most electrodes absorb
the optical mode, a buffer layer must be used to separate it sufficiently from from

the waveguide. The effect of the buffer layer on the grating performance needs to be

investigated so that the structure can be optimized for use with a buffer layer.

7.4 Summary

This chapter presented many first results of DBR corrugated waveguides using

the waveguide geometry proposed in section 4.4 and demonstrated in chapter 6. The

gratings were incorporated into ASFP filter devices (proposed in chapter 3). The

results of these devices demonstrated the feasibility of the ASFP device for electro-

optically tunable wavelength selective filters. The results from the two structures
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made were matched with theory. This showed that loss is a problem in these test

structures. We believe that by optimizing the process parameters and improving the

fabrication techniques, the loss can be decreased by an order of magnitude. This is

more than sufficient to make a useful ASFP device.

For the initial measurements, only transmission measurements could be made.

These measurements were shown to be misleading if interpreted by a common as¬

sumption in the literature (R = T — 1). These results were even more misleading

as they were consistent with a simplified theory. That is, by making theoretical

comparison between a two-dimensional cross-section structure to a comparable one¬

dimensional structure. Since there is not an adequate explanation as to why light

can be coupled out of a waveguide by a first-order grating at wavelengths above the

reflection band, transmission measurements alone could indicate that a very large

mode index shift is caused by the high-index overlay which shifts the reflection band

to longer wavelengths and causes it to become broad. This assumption was shown to

be wrong when reflection measurements were also made. The corrugated waveguides

only reflected light into the reverse-traveling channel guided mode at wavelengths

very close to those that would be expected if the mode index was changed very little

by the silicon overlay.

A discussion of these results followed. It was shown that the discrepancies between

results and the simplified theory were due to using erroneous analogies between the

theory of planar waveguides and channel waveguides. Most researchers use planar

waveguide theory as a basis of understanding waveguiding in channel waveguides

because simple relationships (which are theoretically exact) are available to define

most any possible case of the former. However, except for a few geometries that

exhibit cylindrical symmetry, simple relationships for channel waveguides do not

exist. Consequently, most new concepts are generated with these relationships in
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mind. The original ideas of this work were formulated in the same manner, but when

the experimental results defied the planar waveguide theory, it had to be abandoned.

In particular, planar waveguide theory predicts that the fundamental mode of a

structure has the highest propagation constant and the radiation modes have lower

mode index than all of the guided modes. Our experimental results in chapter 6

showed that a silicon overlay with sufficient thickness to support multiple guided

planar modes increased the mode indices of the channel waveguides only slightly

from their original values without the overlay. Exact theory, however, indicates that

the mode indices of the independently guided planar modes in the silicon overlay

are much higher. Actually, the only truly guided modes in this structure are in

the channel waveguide. The independent silicon planar waveguide modes are one-

dimension radiation modes. Our structure, then, is one that supports guided modes in

a continuum of radiation modes. (The radiation modes have longitudinal propagation

constants that start from zero for 90° off-axis propagation to some maximum value

above the guided mode propagation constant.) The guided mode cannot couple to the
radiation modes unless there is an appropriate perturbation to satisfy the requirement

of conservation of transverse momentum. These concepts were exemplified by the

first experimental results in corrugated LiNbOa channel waveguides as the grating

provided a means for the guided channel mode to couple into a narrow band of planar

modes.

We believe this to be the first time this phenomena has been observed and ex¬

plained. It has a negative impact on fabricating high reflection gratings, but can

be easily avoided by using a proper thickness or etching a ridge structure to elimi¬

nate the radiation modes. However, other devices can benefit from this effect. The

Ti:LiNbÜ3 device acts as a polarizer with 14dB extinction ratio. This could prob¬

ably be improved. Grating assisted directional couplers can also benefit from this
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phenomena as they need not be close together. The wave can travel in the planar

overlay, even cross other waveguides (without gratings) without coupling, and couple

into a waveguide with a similar grating somewhere else on the sample.

These new observations have gone beyond the original intention of this research

effort—making high reflection corrugated waveguide devices; yet, the results of this

chapter are favorable towards our original purpose as well. With minimal design

optimization, one of our preliminary corrugated waveguides exhibited the highest

reflection from a corrugated LiNbÜ3 channel waveguide to date. Only very recently

has comparable high reflection results been reported [23], but those devices required

an order of magnitude longer length and did not match the theory well. Our results

show well-matched, predictable characteristics.



CHAPTER 8
CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

This research work has resulted in a new waveguide technology with significant po¬

tential for IOC devices. The advancement of IOC devices is of paramount importance

as they continue to find niche applications in the evolution of optical communication

systems towards high bandwidthWDM networks. The preliminary results presented

here are encouraging. We expect a quick acceptance of the concept by the scientific

community on account of its desirable benefits that have been badly needed for a

long time as well as the many new design opportunities it offers. Particular emphasis

is placed on the LiNbC>3 material system as it appears to be the most promising

material system for IOC waveguide devices in the immediate future. However, the

technique is amenable to most other planar-processed waveguide technologies as well.

Results show an advancement of the state-of-the-art in corrugated waveguide tech¬

nology. This technology is used to demonstrate a new tunable wavelength selective

filter based on an asymmetric Fabry-Perot (ASFP) concept for the first time.
The following is a list of the major accomplishments:

1. A novel waveguide geometry that consists of a buried channel waveguide with

an overlay of high refractive index material is proposed (sections 1.3 and 4.4)
that is used to enhance DBR corrugated waveguides.

2. Striking characteristics of the new waveguide geometry are observed using a

silicon overlay on 2-cut APE:LiNb03 channel waveguides. When compared to

156
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waveguides without the overlays, the new geometry exhibits very low loss and

little change to the optical field profile even with silicon thicknesses capable

of supporting multiple planar waveguide modes. That is, most of the optical

power remains in the LiNbOs! Small differences in the silicon thickness result

in small, but significant changes in the mode index (chapter 6).

3. Silicon is found to be an excellent overlay material for it facilitates grating

holography, it can be used to screen pyroelectrically generated bound charges,

it is easily deposited, and it is easily etched. In addition, its material properties

are well known (section 4.5).

4. DBR corrugated waveguides axe demonstrated with the new waveguide geom¬

etry. Preliminary results exhibit the highest measured reflection reported so

far (80%), from a short channel DBR corrugated waveguide (3.7mm long) in

LiNbÜ3. Furthermore, the results are consistent with theory (section 7.1).

5. An ASFP filter is proposed and shown to be useful as a tunable WDM wave¬

length selective filter for WDM (sections 1.2 and 3.3). Its narrow passband

(0.05Á), wide stopband (> 800nm), good extinction (~ —14dB), short length

(< 4mm), simple control scheme (a single bias controller), low power require¬

ment (~ /¿W), wide tuning range (> 50 channels), and straightforward fabrica¬

tion process with standard planar processing make it an attractive alternative

to existing devices.

6. An ASFP tunable filter comprising of a dielectric endface mirror and a corru¬

gated waveguide mirror separated by a short electro-optically tunable cavity

is demonstrated for the first time in LiNbC>3 (section 7.2.1). The preliminary
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results exhibit 6dB extinction. Comparison with theory shows that waveguide

loss is the primary reason for not achieving better results.

All of the aspects of this research work support a common theme as they repre¬

sent a complete and detailed study and development of a new device—the tunable

ASFP filter. Theory is used to determine the performance of the device versus the

performance of the individual components. Given that a demonstration of a cor¬

rugated waveguide exhibiting high enough reflection to make a usable device is yet

to be reported, a new waveguide geometry that circumvents many of the problems

associated with conventional corrugated waveguides is presented. The theoretical

and experimental investigation of the new waveguide geometry show it to be comple¬

mentary to the fabrication of corrugated waveguides. Corrugated waveguides made

with the high-index overlay prove the concept and represent an advancement in the

state-of-the-art in corrugated waveguides. The proposed device is demonstrated for

the first time using the high-index overlay corrugated waveguides.

Given that this research effort represents a first-demonstration, the results are very

good. However, commercial systems are very demanding upon device characteristics.

Since there is no indication of a fundamental limit to the reflectance of the corrugated

waveguide, it is reasonable to conclude that by optimizing the fabrication parameters

a device suitable for a WDM communication system should be achievable.

8.2 Future Work

Much research remains to be done in the investigation of the properties and uses

of this new waveguide geometry—much more than could be achieved within the scope

of this dissertation. A continued study of the waveguides themselves will generate

the data necessary to design optimum devices. This data will certainly be useful in
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determining the optimum parameters for DBR corrugated waveguides and serve as a

basis for advanced, high performance IOC devices.

8.2.1 Detailed Study of Waveguides With High-Index Overlays

A detailed study of how several characteristics (such as the mode index, the field

profile, and the propagation loss) of the high-index overlay waveguide structure, in

general, are affected by a variety of parameters and fabrication techniques is needed.

This information is useful to optimize the waveguide characteristics as they apply to

a particular device. This study must include the development of numerical methods

to model this geometry more accurately. A full vectorial analysis using the finite ele¬

ment method [60] can be use for this purpose, but it would be most helpful if analytic
normalized expressions can be derived to gain qualitative insight and approximate

solutions (which is usually all that is needed). The study must also include experi¬

mental measurements to verify the theory.

The following is a list of some areas worthy of investigation both theoretically and

experimentally.

1. A detailed study of the dependence of the mode index, the field profile, and

the propagation loss on overlay thickness. In particular, accurate results are

required for overlay thicknesses near the point where it pulls the optical power

out of the channel waveguide and how this is affected by different waveguide

fabrication conditions.

2. Effects that various buffer layers and metal contacts have on the high-index

overlay waveguides.

3. Effects of silicon doping on the overlay waveguide loss.

\
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4. Properties of waveguides with stripe overlays (as opposed to the planar overlays

presented in this work).

5. Properties of other waveguide types, such as Ti:LiNb03, and different overlay

materials or deposition techniques.

These studies will help to establish reliable numerical models and a database that

will be helpful for fine tuning the characteristics of the waveguides for the various

devices. Clearly, it would be very time consuming to consider every combination

in this multivariate problem, but the more that is known, the better it will help

engineers to quickly design a variety of useful, optimized devices. This is particularly

important for commercial devices as it will define how tightly each parameter must

be controlled in the fabrication process.

8.2.2 Optimization of Grating Performance

A major issue in continued research is to design better corrugated waveguides for

higher reflection. It is usually desirable to have very high reflection with low sidelobes.

The sidelobes can be suppressed by using a grating structure with harmonics. There

are three basic parameters that must be varied for each material system to achieve

the highest reflection: overlay thickness, etch depth, and number of grating periods.

Two opposing characteristics result when optimizing these parameters: waveguide

loss and mode index differential. Therefore, tradeoffs exist that will, in general, be

dictated by the particular requirements of each device design. The interdependence

of the grating characteristics on the fabrication parameters make the tradeoff design

rules somewhat obscure. For example, a large etch depth produces a larger mode

index difference that can help to produce a higher reflectance grating with a shorter

length, but it also causes more radiation loss which counteracts its potential for higher

reflectance. Therefore, a good set of design guidelines need to be developed to enable
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engineers to cut through this obscurity and to design optimized corrugated waveguide

devices.

8.2.3 High Performance IOCs

The information gained by studying the fundamentals of the new waveguide geom¬

etry and DBR grating technologies will enable researchers to produce advanced IOC

devices for a broad array of applications—particularly WDM systems. The extremely

short lengths (< 4mm) of the devices demonstrated in this work are quite encourag¬

ing and build to the promise of increased packing density. These new technologies

have great potential applications for arrays of tunable lasers, filters, modulators, in¬

terconnecting waveguides, and other components on a single chip. A few examples

follow.

Asymmetric Resonant Optical Directional Coupler

The advantage of the RODC, discussed in section 1.1.3, over the filter demon¬

strated in this work is that it does not reflect the unfiltered wavelengths back to the

source, but instead passes them to the next device. However, its narrow stopband

(comparable to the reflection band of the gratings) limit its use as a WDM device.

The ASFP structure can be applied to the RODC to give it a broad stopband in

the same way as it does for the filter demonstrated in this work. Figure 8.1 shows a

diagram of the modified structure that exhibits a broad stopband.

Erbium-Doped Integrated DFB Lasers in LiNbO^

Adding gain to the ASFP filter demonstrated in this work can be used to make

a tunable DFB laser (figure 8.2). Erbium-doped waveguide amplifiers and lasers in

LiNb03 has become a very hot topic recently [72, 75, 23]. Recently, tunable lasers

have been demonstrated using an acousto-optical device [75] and a DBR laser has



Figure 8.1. Conceptual drawing of an ASFP directional coupler.

Dielectric Mirror Grating Waveguide

Figure 8.2. A tunable Er:LiNb03 single longitudinal mode laser.
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Figure 8.3. Application of high index overlay strips to reduce radiation loss at waveg¬
uide bends.

been demonstrated using a 16mm long grating [72], The higher reflection from the

extremely short corrugated waveguides in this work is a very promising candidate

for lower-threshold single longitudinal mode lasers in Er:LiNb03. This device is

attractive because it can be monolithically integrated with a broad array of passive

elements, can be easily tuned by the electro-optic effect, and has the potential to

provide an inexpensive alternative to semiconductor lasers emitting at wavelengths

of about A = 1.55/rm.

Waveguide Bends

Traditionally, much of the real estate of an IOC chip is consumed by bends because

of the large radius of curvature required to keep radiation losses low. Figure 8.3 shows

how a high-index overlay could be used to help confine the optical mode through

a bend of small radius of curvature. In simple terms, by loading the side of the

waveguide on the side towards the center of curvature, it helps to pull the mode away

from the outside edge of the curve where it is radiated. Heavy loading is required to

yield a reasonable improvement in bend losses.
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Figure 8.4. Conceptual drawing of a WDM Mux/Demux Chip.

A WDM Mux/Demux Chip

All of the optical components for one of the subscriber nodes of theWDM ring net¬

work illustrated in figure 1.3, except for the pump source and the detector, can be fab¬

ricated on a single chip. A conceptual drawing of an integrated WDM Mux/Demux

chip is shown in figure 8.4. The device consists of an integrated laser and wavelength

selective filter that are both tunable over the same wavelength spectrum. The tun¬

able laser is a single longitudinal mode Er:LiNb03 laser pumped by an inexpensive

high power multilongitudinal mode semiconductor laser mounted on the endface of

the chip. Its output is modulated by an electro-optically controlled waveguide Mach-

Zehnder interferometer. Light from the input fiber is filtered and sent to the detector.

The unfiltered light is routed to the output fiber so it can be passed on to the next

subscriber on the network. The modulated light from the tunable laser (i.e., the new

signal) is also routed to the output fiber.
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Other Uses for the New Technology

There are many other applications for the concepts demonstrated in this work

that are worth noting:

1. Second harmonic generation (SHG) using a quasi-phase-matched LiNb03 waveg¬

uide in a resonant structure [69, 68].

2. Matching of TE and TM mode velocities.

3. Increasing the bandwidth of traveling-wave electrode modulators by decreasing

the velocity mismatch between the optical and RF waves [6, 24].

4. Mode shaping for reduced fiber-waveguide coupling loss.

5. Vertically stacked waveguide couplers.

6. Grating-folded devices [3].

7. Grating assisted asymmetric directional couplers [42, 41].

This research work is so fundamental to waveguide technology that it bodes many

other uses as well. The use of the high-index overlay waveguide and grating in

commercial IOC devices is expected to help give them the performance boost they

need to provide practical alternatives to the devices currently used in communication

systems.



APPENDIX A
DISPERSION OF SILICON

In all of the experimental demonstrations of overlay waveguides in this disserta¬

tion, silicon is used as the overlay material. The knowledge and verification of its

optical properties (in particular, the real and imaginary components of the refrac¬
tive index) is of paramount importance to support the claims and match theory to

experiment. It is also used as the high-refractive-index material for the dielectric

waveguide endface mirrors.

Refractive index data for single crystal silicon is well known. However, since e-

beam deposition results only in amorphous films, use of the data of single crystal

silicon may be erroneous. In addition, silicon is very susceptible to oxidation during

the deposition process as it easily forms many oxides, SiO^. This oxidation can drasti¬

cally reduce its refractive index (n(Si)~3.5, n(SiO)~2.0, n(SiC>2)—1.445). Therefore,
it is necessary to determine to what degree oxidation is a problem in our situation.

This appendix describes the method used to determine the complex refractive index.

The results are also presented.

Silicon films of known thicknesses (determined by a DekTak IIA surface profiler)
were deposited on glass microscope slides and the transmission spectra was measure

by a Perkin Elmer Lambda-9 spectrophotometer. The theory, outlined in section 2.4,

was used to calculate the transmission spectra of the film on a glass slide using

the published dispersion data for single crystal silicon. The back side of the slide

exhibited about a 4% decrease in the transmission spectra and that interface was

not included as an interface in the multilayer theory because the coherence length

166
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Figure A.l. Match between the measured and theoretical transmission through an
8050Á thick silicon film on a glass microscope slide after iteration of the dispersion
curves.

of the spectrophotometer is shorter than the thickness of the glass slide. To include

this effect in the calculation, the calculated results were reduced by 4% to match

with the measured results. A match between the theory and experiment was found

by iteration, changing the dispersion data until a fit with the measured results was

obtained. The matched curves are shown in figure A.l for a silicon film 8050Á
thick. This plot, in itself proves nothing since by changing the refractive index at

each wavelength, almost any curve can be produced! However, the results match the

dispersion of single crystal silicon very well as shown in figure A.2. To demonstrate the

reproducibility of the deposition process, another silicon film, this time 4210Á thick,

was deposited on a glass slide and the transmission results were compared with theory

using the dispersion curves determined from the first sample. A very good match

was again obtained (figure A.3).
The experiment was repeated once more for a 4180Á thick silicon film (figure A.4).

The discrepancy between the two is believed to have been caused by oxidation of the

Si film which was caused by evaporating SÍO2 immediately prior to the Si evaporation.
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Figure A.2. Comparison between the known dispersion curves of single crystal silicon
and the e-beam deposited 8050Á film.

Wavelength (nm)

Figure A.3. Match between the measured and theoretical transmission through a
4210Á thick silicon film on a glass microscope slide using the e-beam Si dispersion
curves in figure A.2.
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Figure A.4. Match between the measured and theoretical transmission through a
4180Á thick silicon film on a glass microscope slide using the e-beam Si dispersion
curves in figure A.2. The poor result is attributed to oxidation of the Si film caused
by evaporating SÍO2 immediately prior to the Si evaporation.

(Our e-beam deposition system is used for deposition of many materials.) The other

two films were deposited in the same system, but the SÍO2 was cleaned off of the

gun and electrodes first. SÍO2 is one of the worst materials to be used in an e-beam

evaporation system because residual films of SÍO2 degas. The degassing problem is

so bad that arcing between the high voltage electrodes is a common occurrence. Still,

the information from this sample is useful because we want to know how much the

dispersion curves of silicon are affected by the contamination. The result of reiterating

the dispersion curves for the contaminated sample is included with the former result

in figure A.5. The dispersion data of an uncontaminated e-beam deposited silicon

film is provided in table A.l for convenience.
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Figure A.5. Comparison of the dispersion curves of single crystal silicon, uncontam¬
inated e-beam deposited silicon, and contaminated e-beam deposited silicon.

Wavelength (nm) n k
4000 3.1 0.001

2500 3.15 0.001

1850 3.19 0.004

1700 3.207 0.002

1500 3.23 0.02

1300 3.258 0.006
1120 3.31 0.01

1000 3.36 0.02

950 3.371 0.018

900 3.428 0.035
875 3.475 0.029
850 3.518 0.038
825 3.55 0.06
800 3.582 0.07
750 3.681 0.11
700 3.851 0.17

650 3.992 0.3
600 4.065 0.5
550 4.251 0.7
500 4.486 1

Table A.l. Tabulated data of the dispersion of an uncontaminated e-beam deposited
silicon film.



APPENDIX B
DISPERSION OF LITHIUM NIOBATE

The dispersion of the ordinary and extraordinary refractive index of LiNb03 is

given in table B.l for convenience.
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Wavelength (nm) ne n0
1600.0 2.1367 2.2096
1590.0 2.1369 2.2099
1580.0 2.1372 2.2102
1570.0 2.1375 2.2106
1560.0 2.1378 2.2109
1550.0 2.1381 2.2112

1540.0 2.1384 2.2116
1530.0 2.1386 2.2119
1520.0 2.139 2.2123

1510.0 2.1392 2.2126
1500.0 2.1395 2.213
1150.0 2.1519 2.2225

1060.0 2.1561 2.2323

840.0 2.1719 2.2507
693.4 2.1909 2.2726
632.8 2.2028 2.2866
530.0 2.2355 2.3247
514.5 2.2422 2.3326
501.7 2.2486 2.3401
496.5 2.2514 2.3434
488.0 2.2561 2.3489

476.5 2.2627 2.3568
472.7 2.2652 2.3597

465.8 2.2699 2.3653
457.9 2.276 2.3725
441.6 2.2887 2.3875

Table B.l. Tabulated data of the dispersion of the extraordinary and ordinary re¬
fractive index of LiNbC>3.
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