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Continued and rapid growth expounded by the bandwidth explosion in the area of

dense-wavelength-division-multiplexed (DWDM) telecommunication and information

networks, like the internet, has been and continues to be met by the global deployment of

optical fiber. In turn, this has resulted in the unprecedented demand for the integrated-

optical components used in these fiber networks. Of particular interest is devices fabri¬

cated in ferroelectrics, most notably lithium niobate (LiNb03) and lithium tantalate

(LiTa03). Although current demands are being met by LiNb03, its brethren LiTa03

exhibits a much higher threshold for optical damage, providing the opportunity to fabri¬

cate devices, such as lasers and modulators, with much higher output and throughput lev¬

els than currently obtainable with LiNb03. In addition, LiTa03 has a shorter wavelength

ultra-violet (UV) absorption edge (280nm) than LiNb03 (350nm), permitting nonlinear

conversion by frequency doubling to shorter wavelengths with less absorption.

IX



A number of obstacles, however, prevent the large-scale development of optical

devices in LiTa03. The various processes of waveguide formation have not been com¬

pletely investigated or characterized. For instance, the annealed proton exchange (APE)

technique is known to exhibit a number of anomalies which to date have not been under¬

stood, the most significant being the temporal instability of the waveguide index incre¬

ment. Additionally, no work has been performed to characterize the impact of Er-

indiffusion, necessary for the fabrication of 1.5p,m lasers.

In this dissertation, the above issues are addressed. Conditions for the indiffusion

of Er in LiTa03 are identified. Fluorescence and Raman spectroscopy are used to identify

energy transfer upconversion (ETU) between neighboring clusters of Er3+ ions as the

dominant mechanism of upconversion, leading to increased photorefractivity, a gain-limit¬

ing factor for lasers. Upconversion is then decreased through a novel Li-treatment process

to reduce clustering, with results showing a significant advantage over LiNb03. Addition¬

ally, the structural phase diagram for APE:LiTa03 waveguides is constructed and used to

explain the previously observed anomalies associated with this process in LiTa03. The

stability of waveguides fabricated by various techniques is also examined, resulting in the

determination that instability does not depend on fabrication conditions, as it does in

LiNb03, but rather it is inherent to the crystal, the likely result of an immature growth pro¬

cess. Finally, to demonstrate the potential of LiTa03 and indicate the desire for higher

quality crystals, a high-speed traveling-wave modulator is fabricated and its measured

results compared to theory. This work hopefully will inspire crystal growth companies to

arrive at a growth process which produces crystals with better crystal stoichiometry, desir¬

able for improved device performance.



CHAPTER 1
INTRODUCTION

A discussion leading to the motivation for this dissertation is presented in this

chapter. Ever increasing demand for bandwidth in telephone, computer network, and

internet applications has resulted in the ever increasing demand worldwide for fiber net¬

works, and explosive growth in the associated integrated-optical devices for these net¬

works such as lasers, filters, and high-speed modulators. The demands imposed by these

devices are considered before presenting possible materials to be used in their fabrication.

Among the suitable materials, consideration of their properties reveal that lithium tantalate

(LiTa03) possesses a number of distinct advantages, particularly a higher optical damage

threshold and a shorter wavelength ultra-violet (UV) absorption edge.

Use of LiTa03 as a host for the fabrication of integrated-optical devices faces a

number obstacles. For instance, the characteristics of Er-indiffusion for laser fabrication

have not yet been studied in this material. Additionally, much work needs to be done on

the characterization of different waveguide fabrication techniques. The most common

technique, annealed proton exchange, is known to exhibit a number of anomalies prevent¬

ing it from being used in the production of reliable devices, the most significant anomaly

being the instability of waveguide index profiles over time. As for the other methods of

waveguide formation, no data characterizing relevant issues associated with each process,

such as stability, has been reported.



In this dissertation, the process of Er-doping in LiTa03 is characterized in order to

examine its impact on the optical and physical properties of the material, and gauge its

usefulness for the development of high-power infrared lasers. Additionally, the different

processes of waveguide formation are characterized with an aim towards determining the

feasibility of identifying fabrication conditions that will produce stable waveguides, and

hence reliable devices, in LiTa03.

1.1 Integrated-Optical Devices and Ferroelectric Materials

Demand for broadband information and communication services for telephone,

cable television (CATV), and computer network applications, such as the internet, contin¬

ues to increase significantly year by year. As illustrated in Fig. 1.1, for the telecommuni¬

cation industry alone, this trend toward rapidly increasing bandwidth demand is expected

year

Fig. 1.1 Relative trend in the demand for telecommunication net¬
work bandwidth.
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to nearly quadruple in the next five years. Because of the large bandwidth it offers, optical

fiber has been employed as the transmission medium to meet this demand, operating at

wavelengths around 1.5pm because of its decreased loss and low dispersion at this wave¬

length. In addition, wavelength division multiplexing (WDM) in highly-dense networks is

often employed to take further advantage of the fiber’s generous bandwidth.

It follows that a large surge in the production of integrated-optical devices for use

in broad-band fiber-optic networks, as well as other commercial and military applications,

is clearly evident. Some of the most promising devices include the following: traveling-

wave modulators, high-output 1.5pm lasers, and high-speed optical switches for use in

fiber-optic communications systems [Alf84], wavelength-selective tunable filters for use

in WDM systems [Hus95], optical parametric oscillators (OPO) for generation of coher¬

ent, long wavelength (2.5-4pm) radiation for use in spectroscopy and laser radar, non-lin¬

ear frequency doublers for blue-light generation needed in optical storage applications

[Áhl94a, Áhl94c, Nak90], and high-frequency, broad-band surface acoustic wave (SAW)

filters for use in optical spectrum analyzers and television applications [Xu91].

In order to fabricate these devices, we must find a suitable material whose charac¬

teristics are such that it is able to meet the demands imposed by each device. In particular,

it must be transparent in the wavelength regions of interest, for both difference frequency

generation of infrared (as in OPOs) and in the visible, for blue-light generation by nonlin¬

ear frequency doubling. It should be capable of producing waveguides with low propaga¬

tion loss and must possess a large electro-optic coefficient, desirable in the fabrication of

electro-optic modulators and switches. It must also possess a large nonlinear coefficient

and be capable of satisfying the phase matching condition so that difference frequency



generation and second-harmonic generation (SHG) of blue light are possible. It should

have low acoustic losses to allow the fabrication of SAW devices such as filters. It must be

able to serve as a host for the indiffusion of rare-earth materials such as Er, which pro¬

duces lasing emissions near 1.5pm when optically pumped. Finally, it must be commer¬

cially available with high optical quality and at low cost.

The ferroelectric materials lithium niobate (LiNb03), lithium tantalate (LiTa03),

and potassium titanyl phosphate (KTP) are three of the most promising candidates which

satisfy the above conditions and have received widespread use in the fabrication of the

aforementioned devices [Áhl94a, Áhl94c, E1H95, Miz92, Nak90, Xu91]. In the next sec¬

tion, we will compare these crystals and demonstrate why LiTa03 is the favored choice for

the fabrication of most devices.

1.2 The Advantages of LiTaQ3

Historically, considerable effort has gone into the fabrication, characterization, and

modeling of channel waveguides in LiNb03 [Cao92, Paz94, Yam91a], On the other hand,

LiTa03, which is isomorphous to LiNb03, has received much less attention although it has

been shown to possess many advantages over LiNb03. LiTa03 is harder and demonstrates

a photorefractive damage threshold of 1500W/cnr at 514.5nm and room temperature,

about forty times higher than the 40W/cm2 value of LiNb03 [Gla72, Mat92b, Miz91,

Miz92, Saw91, Spi83]. This improved photorefractive resistance should provide better

power handling capabilities of devices fabricated in LiTa03 [Bur93, McW92, Miz91],

making it advantageous for the development of high-throughput modulators and filters, as

well as high-output 1.5pm sources with output power levels far exceeding those attainable



in LiNb03. In addition, LiTa03 has a shorter wavelength UV absorption edge (280nm)

than LiNb03 (350nm), permitting nonlinear conversion by frequency doubling to shorter

wavelengths with less absorption.

Though LiTa03 has a large nonlinear coefficient d33 and an electro-optic coeffi¬

cient r33 as large as that in LiNb03 [Miz92, Yuh92], it exhibits a low birefringence, mak¬

ing it unattractive for birefringent phase matching [Ahl91, Mat92b]. However, nonlinear

applications, such as second harmonic generation (SHG) of blue light, can be achieved in

LiTa03 with the aid of quasi-phase matching (QPM). Hence, LiTa03’s higher optical

damage threshold and low propagation loss make it an ideal material for QPM-SHG of

blue light, capable of output power levels far exceeding those of LiNb03 [Áhl91, E1H95,

Yam91b, Yam92],

The more mature growth technology of LiTa03 allows the use of larger size crys¬

tals at a more reasonable cost than is possible with KTP. In addition, KTP’s much higher

conductivity may result in large leakage currents, complicating the application of DC bias

voltages which are essential in many electro-optic devices.

It is clear, therefore, that there is an established advantage to using LiTa03 for the

fabrication of integrated-optical devices. However, significant research still remains to be

done, especially on the characterization and modeling of waveguides formed in LiTa03.

In the next section, some of the techniques used for the fabrication of waveguides in

LiTa03 will be presented and a few of the currently unresolved issues relating to this sub¬

ject will be discussed, leading to the motivation and focus for this work.
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1.3 Fabrication Processes in LiTaQ3

Several methods exist for the formation of waveguides in ferroelectric materials.

For LiTa03 in particular, there are at least three recognized procedures. They are Ti metal-

indiffusion, Zn vapor-indiffusion, and annealed proton exchange (APE). Additionally,

indiffusion of rare-earth materials, such as Nd and Er, have been examined for the produc¬

tion of laser sources. Though these techniques are all described in greater detail in subse¬

quent chapters, they are introduced here briefly to point out some of the limitations and

anomalies associated with each and therefore develop the motivation for this work.

In order to create an active gain region for the facilitation of a laser source or

waveguide amplifier in LiTa03, a rare-earth material such as Nd or Er needs to be indif-

fused. Nd, when doped in a host material and optically pumped, is known to produce las¬

ing emissions near l|im [Nou95, San92], For communication applications, however, it is

desirable to have emissions near 1,5(im, to take advantage of the decreased loss and low

dispersion of optical fiber at this wavelength. Er-doped material when optically pumped is

known to produce lasing emissions near 1.5|im [Gil96]. Though previous work has con¬

centrated on the characterization of Er-indiffusion in LiNb03 for the fabrication of

waveguide amplifiers and lasers [Ami96, Bau96, Hua96], little or no work has been

reported on the indiffusion of Er into LiTa03. As a result, further research is needed to

determine the conditions for indiffusion of Er into LiTa03, identify optimum levels of

Er3+ concentration, investigate the effects of Er-doping on the optical properties of the

crystal, and explore the various methods for waveguide fabrication after Er-doping to

determine the most ideal technique in terms of laser and amplifier performance.
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Of the three methods for waveguide fabrication outlined above, APE is presently

the most common. Compared to the other techniques, APE offers the advantages of sim¬

plicity, flexibility, high index increment, and low propagation loss. In addition, APE can

be performed at temperatures below the Curie point of the crystal (610°C), assuring that

this technique does not disrupt the monodomain structure of the crystal and so no post¬

fabrication repoling process is needed.

However, a number of anomalies are known to exist for APE waveguides in

LiTa03. For instance, it has been shown that the peak extraordinary index increment

increases during the initial stages of annealing [Áhl94c, Mat92b] and that the index

decreases with H proton concentration as proton concentration exceeds a certain point.

These facts suggest a nonlinear dependence of index increment on proton concentration

and the possibility to form buried refractive index profiles [Áhl95, Dav95, Mar96a], Such

a buried profile has recently been directly observed [Mar96b] and is exhibited in Fig. 1.2.

Though buried index waveguides

can provide the advantages of

improved fiber-to-device coupling

and reduced scattering losses at the

substrate-air interface, they seri¬

ously undermine the adequacy of

previous theoretical studies, most

of which relied on the indirect pro¬

file reconstruction technique of

inverse WKB and the assumption

Fig. 1.2 Refractive-index profiles of extraordi¬
nary polarization for various anneal¬
ing times measured at 1=0.633p.m.
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Fig. 1.3 Temporal changes in the index
profile (extraordinary polarization)
measured at ^=0.633pm
immediately after fabrication and 4
weeks later.

of a monotonically decreasing

index profile. Most important from

a practical standpoint, APE

waveguides in LiTa03 have been

shown to exhibit temporal instabili¬

ties [Áhl94c, Mar96b, MarOO],

manifesting themselves in the form

of significant index profile modifi¬

cations for both short and long

periods after fabrication. An

example of this is depicted in Fig.

1.3, showing the extraordinary index profile of a waveguide measured immediately after

fabrication, and again four weeks later. These instabilities are believed by some to be due

to the presence of multiple crystal phases within the proton exchanged region [E1H95,

Kor96], though it has not been directly confirmed. This fact prevents LiTa03 from being

used in the fabrication of practically viable, that is, temporally stable waveguides for

device applications. As a further point, it is known that the introduction of H+, through

proton exchange, into a rare-earth doped region leads to significant quenching of laser

action, or a reduction in excited state lifetime, thereby reducing laser efficiency. As such,

additional methods for waveguide fabrication need be explored.

As stated earlier, the other two recognized techniques of waveguide formation in

LiTa03 are Ti metal-indiffusion and Zn vapor-indiffusion. While a small amount of work

has been reported in the literature about the success of these techniques, they have not



9

been as seriously investigated as has APE. While it is likely that these techniques may be

better suited for the production of waveguides in Er-doped regions because they won’t

contribute to H+-induced quenching, they have the drawback of needing to be performed

at temperatures above the Curie point, thus requiring the additional step of crystal repoling

to return the sample to a monodomain state. Additionally, no investigations have been

reported as to the temporal stability of waveguides fabricated using these techniques.

From the above discussion, it is clear that additional research still remains to be

performed on the characterization of the different waveguide formation processes used in

LiTa03, as well as the characterization of Er-doping and its effect on the crystal’s optical

properties, before reliable, high-throughput integrated-optic devices can be fabricated in it.

This need for continued research formulates the motivation for this work which is outlined

in the next section, along with a short outline of the steps to be taken in order to complete

this work.

1.4 Motivation and Objectives

As stated earlier, LiTa03 offers the advantages of high power handling capability

and a shorter wavelength UV absorption edge. However, the feasibility of fabricating low-

loss, temporally stable waveguides for use in reliable, high-throughput integrated-optical

devices such as modulators, filters, and lasers has not yet been demonstrated. To this end,

considerable research needs to be performed to characterize both the process of Er-indiffu-

sion and the various methods of waveguide fabrication in LiTa03. This forms the basis of

the motivation for this work, with a specific interest in determining whether fabrication

conditions exist which will produce temporally stable waveguides.
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To begin, an extensive study on the conditions of Er-doping needs to be performed.

Fabrication conditions such as Er thickness before indiffusion and temperature and time

of indiffusion need to be determined. Er3+ concentration should be at an appropriate level

so as to provide significant gain and Er3+ concentration profiles should be at least as deep

as waveguide index profiles so that the optical mode has good overlap with the gain

medium. The effect of Er-doping on the physical and optical properties of the crystal need

also be examined; in particular: how doping effects the photorefractive property of the

crystal as well as how much upconverted emission from Er3+ clusters, which reduce gain

[GÍ196], is present and how to reduce it.

Next, a complete characterization of the APE process of waveguide formation is

desired to facilitate the understanding of the associated anomalies and identify fabrication

conditions leading to temporally stable waveguides. The aforementioned anomalies have

pointed to a nonlinear dependence of refractive index on proton concentration. As such,

the structural phase diagram for APE:LiTa03, relating waveguide surface index increment

to proton-induced lattice strain at the surface, needs to be constructed in order to explain

these anomalies. Because instability is speculated to be due to the presence of multiple

phases within the proton exchanged region, the compilation of this diagram would also aid

in the identification of fabrication conditions yielding lower concentration, possibly sin¬

gle-phase waveguides which are believed to be more stable. Once fabricated, the stability

of these waveguides needs to be quantified and monitored over time.

Finally, characterization of waveguides formed by Ti metal-indiffusion and Zn

vapor-indiffusion needs to be performed. Fabrication conditions leading to the formation

of single-mode waveguides at 1.5pm need to be identified. Since these processes cause no



additional lattice strain, as does APE, there is no structural phase diagram to be con¬

structed. However, the stability of waveguides formed by each process needs also to be

quantified and monitored over time, so that it may be compared to that of APE

waveguides.

1.5 Chapter Organization

In Chapter 2, the various methods of waveguide fabrication used in this research

are discussed. A description of the APE process is provided followed by some of the fea¬

tures and anomalies of this process in LiTa03. Then the actual conditions used for the fab¬

rication of APE waveguides are given. Next, a description of the waveguide formation

processes of Ti-indiffusion and Zn vapor-indiffusion is presented. Again, some of the fea¬

tures associated with each process are provided along with the actual fabrication condi¬

tions used. The rest of the chapter details some additional processing steps involved in

waveguide and device fabrication such as crystal repoling, end-face polishing, the applica¬

tion of anti-reflectivity coatings, and electroplating of thick gold electrodes.

Chapter 3 examines the process of rare-earth Er-doping in LiTa03, a first step in

the fabrication of a 1.55(im active waveguide laser. Some background information related

to the process of Er-doping in LiNb03 is presented. Then the limitations associated with

the use of LiNb03 are presented, opening the door for the use of LiTa03 as a host material

for Er-doping. Next, the actual conditions used for the doping of LiTa03 with Er are out¬

lined, after which, characterization is performed by means of Raman spectroscopy and flu¬

orescence measurements to examine the effect of Er-doping on the photorefractive



property of the crystal. Lastly, a two-photon model of the photorefractive effect is used to

explain how upconverted light caused by Er-doping enhances photorefractivity.

The issue of waveguides in LiTa03 is returned to in Chapter 4, where waveguide

characterization and measurement techniques are discussed and applied. First, a near-field

measurement technique is used to examine the region of single-mode operation, in terms

of waveguide channel width, for waveguides designed to be single-mode at 1,55|im. Next,

a modified prism coupling technique, which exhibits improved accuracy over the conven¬

tional technique, is introduced and applied to measure the mode effective indices for

waveguides at several different wavelengths. Waveguide loss is examined next, where

measurements of total insertion loss and waveguide propagation loss are made, the latter

by a Fabry-Perot technique. Then, the electro-optic coefficient r33 is measured directly

using a unity-overlap technique which does not require the estimation of an electrical-opti¬

cal field overlap factor. To demonstrate the superior photorefractive resistance of LiTa03

waveguides near 1.5|im, plots of output power versus input power are measured next and

compared to similar structures in LiNb03. Finally, the methods of direct index profiling

and X-ray diffraction rocking curve analysis are explained and applied for the direct deter¬

mination of surface index increment An and proton-induced lattice strain e"3 at the sur¬

face of APE waveguides. These figures are necessary for the construction of the structural

phase diagram for APE waveguides performed in Chapter 5.

In order to explain the anomalies associated with the APE process in LiTa03, the

structural phase diagram for this material needs to be constructed. This is done in Chapter

5 where several waveguides with different values of surface concentration are fabricated

by APE and measured using the techniques of direct index profiling and rocking curve
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analysis. Resulting values of surface index increment An and lattice strain e"3 are plotted
to construct the structural phase diagram. The diagram is then used to explain the previ¬

ously observed anomalies associated with the APE process in LiTa03 and the effect of

crystal phases on the shape of the waveguide index profile is also examined, with exam¬

ples of measured profiles from different regions of the structural phase diagram. Lastly,

proton exchanged (PE) waveguides fabricated in a dilute source are examined, exhibiting

advantages over APE waveguides. These waveguides are characterized by the same direct

measurement techniques used on APE waveguides and by Raman spectroscopy to deter¬

mine the presence of an additional single-phase region of the structural phase diagram

obtainable only by PE in a dilute source.

Chapter 6 examines the stability issue of waveguides in LiTa03. APE waveguides

are inspected by rocking curve analysis to track changes in lattice strain e"3 over time.
For a more quantitative analysis, directional couplers are fabricated from different regions

of the phase diagram and changes in measured coupling length are related to correspond¬

ing changes in index increment 8(An) through computer simulation of a directional cou¬

pler. Results indicated that stability is not caused by the presence of multiple phases, as

previously assumed. To determine if stability depends on fabrication conditions, the sta¬

bility of Ti-indiffused and Zn vapor-indiffused are also measured, showing no improve¬

ment in stability, unlike LiNb03. Suspecting inferior growth technology to be the reason

for the instability, crystals from several different growers worldwide, both SAW and opti¬

cal grade, are obtained and compared in terms of stability only to find that all are similar

and unstable.



Though critical advancements are needed in the growth technology for LiTa03, a

demand for high-quality optical grade crystals must exist before time and money will be

spent on such an effort. To this end, the potential of LiTa03 for integrated-optical compo¬

nents is demonstrated in Chapter 7 with the design, fabrication, and testing of a symmetric

Mach-Zehnder interferometer (MZI) traveling-wave electro-optic modulator. First, the

fabrication conditions for the device are provided. Next, some microwave characteristics

of the device are examined, including measurements of the microwave loss coefficient,

microwave effective index, and characteristic impedance. Then, the DC response of the

device is measured in order to obtain the extinction ratio and half-wave voltage. The

power handling capability of the modulator is examined next by plotting output power ver¬

sus input power near 1.5|im. Additionally, the frequency response of the device is mea¬

sured and compared to theory.

Finally, Chapter 8 presents the conclusions for this dissertation and outlines some

future work. A summary of the research performed is stated and the important contribu¬

tions resulting from this work are emphasized. Some future work to be performed in this

area, some of it currently under way, is then outlined.



CHAPTER 2

FABRICATION OF PFANAR AND CHANNEFWAVEGUIDES IN LiTa03

Planar and channel waveguides are formed by creating an area of higher refractive

index in a dielectric material such as LiTa03. Unlike planar waveguides, channel

waveguides confine the optical wave in two dimensions. Most processes result in a

roughly semi-elliptical, graded-index profile that decreases monotonically from the sub¬

strate surface [Ram88]. Such a guide is schematically represented in Fig. 2.1, where the

propagation direction of the optical wave is also shown. These waveguides form the basis

for a multitude of devices in the integrated-optic embodiment, in particular, amplitude

modulators used in communication systems, high-speed optical switches, non-linear fre¬

quency doublers, and optical parametric oscillators.

substrate

Fig. 2.1 Depiction of a channel waveguide.
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This chapter describes the methods used in the creation of optical waveguides in

dielectric substrates. Particular attention is paid to the proton exchange and annealed pro¬

ton exchange techniques, as well as to the methods of Ti metal-indiffusion and Zn vapor-

indiffusion, used to fabricate waveguides in LiTa03. Several distinct features and anoma¬

lies attributed to each of the processes are discussed. Specific fabrication parameters are

given in order to cover completely the fabrication methods used in this research, and a few

additional processing steps are also described.

2.1 Waveguide Formation by the APE Process

Waveguides in LiNb03 and LiTa03 can be formed by using several methods, the

most popular of which are by metal indiffusion at high temperatures, and by the exchange

of Li+ ions in the substrate by H+ ions supplied by an acid source — proton exchange or

annealed proton exchange method [Ram88, Sym92], In this section, the annealed proton

exchange method of waveguide fabrication is discussed. The features of waveguides fab¬

ricated by this process in LiTa03 are then described, followed by some of the associated

anomalies observed. Finally, the actual fabrication conditions used to produce

waveguides by this technique are given.

2.1.1 The PE/APE Process

As discovered by Jackel, Rice, and Veselka in 1982, the proton exchange (PE) pro¬

cess results in a large increase of the extraordinary refractive index of LiNb03 [Jac82].

The technique was later shown to also be effective in forming waveguides in LiTa03 by

Spillman, Sanford and Soref [Spi83], Though the PE process initially causes a reduction



of the electro-optic effect, the r33 coefficient can be almost completely recovered through
o

post-exchange annealing of the substrate [Ahl94c, Yuh92], This entire process of ion

exchange followed by annealing is referred to as the annealed proton exchange (APE)

technique. Annealing causes further diffusion of the H+ ions into the substrate, expanding

the area of the waveguide and decreasing the propagation loss [Kan94], In the case of

LiTa03, its extraordinary index increment Ane after proton exchange has been shown to be

lower than that of LiNb03. However, annealing causes an anomalous index increase in

LiTa03, compared to an anticipated decrease for LiNb03 [Áhl94c, Mat92b, Yuh92], This

distinct feature ofAPE in LiTa03, along with others, will be more thoroughly discussed in

the Section 2.1.2.

The APE technique is among the most suitable for not only the fabrication of chan¬

nel waveguides in LiTa03, but also for the formation of domain-inverted regions

[Áhl94b]. These areas of inverted domain are necessary in the fabrication of integrated

devices intended for nonlinear optical applications, like blue light generation by frequency

domain inverted

Fig. 2.2 Depiction of an APE channel waveguide laid
across regions of domain inversion, also formed by
APE.
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doubling of infrared, where quasi-phase matching (QPM) is required [Áhl94c, Nak90],

For this case, the APE waveguides and domain inverted regions are fabricated on the c'

surface of LiTa03 (as opposed to the c+ surface for LiNb03) since domain inversion

seems to be initiated on the c" surface [Nak90, Saw91]. When using patterns of domain

inversion, such as in QPM, the waveguides are oriented perpendicular to the existing

inverted regions, as in Fig. 2.2. Since proton exchange and post-exchange annealing for

waveguide fabrication can be done at temperatures well below 450°C, they do not affect

the existing inverted regions which have also been created by APE, but annealed at tem¬

peratures near the Curie temperature of about 600°C [Fin88, Miz94],

The exchange setup of the APE process is depicted in Fig. 2.3 for channel

waveguides. The substrate is first covered by a metal masking layer (usually A1 or Ta), in

Fig. 2.3 Schematic of the proton exchange process.
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which narrow stripe patterns are delineated by photolithography, exposing regions of the

substrate where the exchange is to take place. In the case of planar waveguides, no mask

is needed and the entire bulk surface is subjected to proton exchange. The substrate is

then immersed in a hot melt of high H+ concentration, usually benzoic or pyrophosphoric

acid, where Li+ diffuses out of the substrate and is replaced by H+ from the acid source.

As a result, an exchanged layer of HxLii_xTa03 (HxLÍ!_xNb03 if LiNb03 is used

as the substrate) is formed at the surface with the thickness dependent on the melt temper¬

ature T and exchange time t. On the other hand, the refractive index change is practically

independent of T and t, being determined largely by the choice of the proton source (acid).

Pyrophosphoric acid is normally preferred as the H+ source since it has a larger diffusion

coefficient D(t) and results in an increase in the extraordinary index Ane which is 15%

higher than what is attainable with benzoic acid [Ahl94c, Kan94], In addition, pyrophos¬

phoric acid does not boil at typical exchange temperatures (it is liquid up to 300°C) and

has a low vapor pressure, allowing work at high temperatures where diffusion is rapid.

The higher H+ concentration also allows for more control over the diffusion depth and

uniformity of the exchanged layer than is possible with benzoic acid [Miz92], However,

when using pyrophosphoric acid, Ta must be used as the mask since the pyrophosphoric

acid will attack and cause pitting in an A1 mask.

The APE process in LiTa03 results in an increase in the extraordinary index only,

allowing for the propagation of solely TM modes in a z-cut crystal, as illustrated in Fig.

2.4. For the case of x and y-cut crystals, only TE modes will propagate. Additional fea¬

tures characteristic of the APE process in LiTa03 are described in the next section.
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nc TM

>■ TE

Fig. 2.4 Increase of ne only due to proton exchange causes the
propagation of solely TM modes in a z-cut crystal.

2.1.2 Features of the APE Process in LiTaQ3

As stated earlier, the APE process of waveguide fabrication holds many advantages

over other methods, such as simplicity and high index increment. Specifically, in compar¬

ison with the method of Ti or Zn- indiffusion, the APE process supports only one polariza¬

tion and can be performed at much lower temperatures, below the Curie point where no

crystal repoling is necessary. Additionally, the waveguide loss is low [Mat92a], and it is

less susceptible to photorefractive damage [Mat92a, Mat92b]. We describe here many of

the characteristics and peculiarities of the APE process in LiTa03, making comparisons to

the well characterized APE process in LiNb03 whenever applicable.

The proton exchange process is known to cause an increase in the extraordinary

index ne, and a decrease in the ordinary index n0 [Áhl94c, Áhl95]. This is advantageous



in applications where a single polarization is desirable, since only light polarized in the

direction of ne will be propagated.

In APE:LiTa03, there are at least four mechanisms contributing to the total index

change An [Ahl95], which, thus, can be expressed as

An = AnP + AnM + AnV + Ane (2-1)

The AnF term is caused by a change in the spontaneous polarization Ps via the Kerr elec¬

tro-optic effect. After substitution of H+ for Li+ during proton exchange, H+ is known to

occupy positions within the oxygen planes rather than the Li+ sites, reducing the contribu¬

tion of Li+ to Ps. The AnM term is due to the difference in the molar polarization of Li20

and H20 brought about by the substitution of one for the other in proton exchange. The

Anv term is caused by the change in molar volume due to an expansion of the unit cell

upon exchanging. Finally, Ane, due to exchange-induced stress, contributes via the elasto-

optic effect. Previous studies [Fed94] have observed that H:FiTa03 waveguides on Z and

X-cut substrates have only one non-zero component e33 of the deformation tenser. The

Anz term is proportional to the deformation value e33.

The depth de of the refractive index change after proton exchange is related to the

exchange time te by [Áhl94c, Dav95]

de = <2'2>

where De(Te) is the temperature dependent diffusion coefficient for the proton exchange

process and Te is the exchange temperature. This diffusion coefficient follows the Arrhe¬

nius law [Áhl94c, Dav95],

VkBTe)A<r4 = AoexP (2-3)
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where Ee is the activation energy for the proton exchange process, De0 is the exchange dif¬

fusion constant, and kB is Boltzmann’s constant. Similarly, for the annealing process at

temperature Ta and duration ta, the following annealing diffusion coefficient Da(Ta) and

increase in depth da are found [Dav95]

(2-4)

(2-5)

where Ea is the activation energy for the annealing process. The total depth dT of the

waveguide fabricated by the APE process can then be approximated by [Dav95]

drj, - d„ + d„1 e a (2-6)

The profile of the index change in the proton exchanged region is known to be

step-like [Ahl94c, Kan94], The APE process in LiTa03 is known to result in an increase

of the extraordinary index and a decrease of the ordinary index. Therefore, only TM

modes will be supported in a Z-cut crystal. In the case of X and Y-cut crystals, only TE

modes propagate. Upon increasing the relative proton concentration x, the crystal structure

of the exchanged layer may transform into another crystal phase as has been indicated by

rocking curve measurements of exchanged samples [Fed94], These transformations are

reversible in the sense that the initial phase can be restored upon post-exchange annealing.

Post-exchange annealing at elevated temperatures (higher than that of exchange) then

causes further diffusion of H+, smoothing out the index profile and expanding the

waveguide area while decreasing the propagation loss [Miz92], Since there is no proton

source at the surface, the local concentration within the exchanged layer may decrease to
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the value corresponding to the phase transition. Annealing also serves to recover the

electro-optic r33 and nonlinear d33 coefficients within the exchanged region, known to

have been seriously degraded during the exchange process [Áhl93, Áhl94a, Ahl94c,

Cao92, Mat92b],

Every phase transition results in a change in the refractive index. The value of pro¬

ton concentration at which a phase transition occurs is determined by the specific material,

as is the dependence of refractive index on proton concentration between the phase transi¬

tions. In other words, the dependence of refractive index on proton concentration is spe¬

cific to the material and is identified as the structural phase diagram of this material. As

will be shown below, knowledge of the structural phase diagram is crucial in understand¬

ing the properties and anomalies of APE waveguides.

2.1.3 Anomalies of APE Waveguides

Many anomalies exist which are characteristic of the APE process in LiTa03.

Though some research on these peculiarities has been done, they are not yet fully under¬

stood. First, the extraordinary index increase Ane that can be achieved by APE in LiTa03

is as much as an order of magnitude less than that in LiNb03 [Áhl94c, Mat92b, Yuh92], It

has been suggested that this difference is the result of a larger value of spontaneous polar¬

ization in LiNb03 [Ahl95], which is related to index increment through Eq. (2-1). As for

the magnitude of the ordinary index decrease An0 in APE LiTa03, it has been found to be

many times larger than the extraordinary index increase Ane [Áhl94c, Mar96b], as

opposed to being of nearly the same value or smaller for the case of APE in LiNb03

[ÁW95].



Second, is the anomalous behavior of waveguide profiles upon annealing. It has

been demonstrated that the refractive index increment increases during short annealing

times for the APE process in LiTa03, vastly increasing the area under the index profile

[Áhl94c, Mar96b, Mat92b, Yuh92]. In addition, studies performed by varying the H+ con¬

centration in the exchange source indicate that above a certain concentration, index incre¬

ment actually decreases with increasing H+ concentration [Ahl94c], These peculiarities

suggest a nonlinear dependence of the refractive index increment on H+ concentration and

the possibility of forming waveguides with buried refractive index profiles [Ahl94c,

Áhl95, Dav95, Mar96a], Such profiles have recently been confirmed by direct measure¬

ment [Mar96b], using a reflectivity profiling technique to be described in Chapter 4, and

are exemplified in Fig. 2.5. This is in direct opposition to the case of APE in LiNb03,

where the index increment is known to decrease upon annealing, maintaining a more or

less linear dependence on H+ con¬

centration [McW91].

The third, and most signifi¬

cant peculiarity, is that APE

waveguides in LiTa03 have been

found to exhibit significant tempo¬

ral instabilities, appearing in the

Fig. 2.5 Refractive-index profiles (for the
extraordinary polarization) for vari¬
ous annealing times measured at
^=0.633|im.

refractive index increment for both

short and long periods after fabrica¬

tion [Áhl94c, Áhl95, MarOO,



Mat92a], For certain fabrication

conditions, in the initial hours after

fabrication, a large decrease in Ane

has been shown to occur, followed

by a much smaller, gradual decrease

in Ane over the next few months

[Áhl95], The total decrease in

refractive index after several

months can be of the order of 10'3

[MarOO, Mat92a], Preliminary

measurements have demonstrated

large temporal changes on the same order, as illustrated in Fig. 2.6. These changes can be a

serious problem for devices which are extremely sensitive to index variations and require

long-term stability, such as directional-couplers and QPM waveguides used for frequency

doubling (to a specified wavelength).

The structural phase diagram for APE LiTa03 is invaluable for understanding the

properties of APE waveguides fabricated in this material. In particular, knowledge of the

structural phase diagram of LiTa03 would shed light on the origin of the aforementioned

anomalies, as well as serve to identify fabrication conditions that produce stable, possibly

single-phase waveguides. These waveguides could be utilized in the fabrication of reliable

integrated-optic devices which exploit the previously described advantages of LiTa03.

In the next section, the actual conditions for the fabrication ofAPE waveguides in

Fig. 2.6 Temporal changes in the index profile
(for the extraordinary polarization)
measured at X=0.633(lm immediately
after fabrication and 4 weeks later.

LiTa03 are presented.
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2.1.4 APEWaveguide Fabrication Parameters

Using the APE process, channel waveguides were formed on the -X surface of X-

cut LiTa03 and the c' surface of Z-cut LiTa03 with the aim of single mode operation at a

wavelength of 1.5p.m. In this context, c~ and c+ will be used to refer to the negative and

positive surfaces of a Z-cut crystal, respectively. We defer the characterization of these

waveguides until chapter four, but present here the exact parameters used in their fabrica¬

tion. Additionally, the fabrication parameters of planar waveguides in X-cut LiTa03 are

presented. These waveguides will be used for reflectivity profiling and rocking curve

analysis, to be described later in chapter four.

The c+ and c~ surfaces of raw Z-cut LiTa03 crystal wafers can be identified by tak¬

ing advantage of the piezoelectric effect of the ferroelectric substrates. Fig. 2.7 demon¬

strates how a voltmeter was used to quickly press down and release on the surface of the

substrate. Because of the internal field set up by the spontaneous polarization of the crys¬

tal, free charges exist on the surfaces to counteract this field and maintain electrical neu¬

trality. For example, the c+ and c" surfaces have negative and positive free charges,

respectively. By rapidly pressing on the crystal and releasing, the internal field due to

polarization is momentarily reduced and the voltmeter can read the potential due to the

now unbalanced surface charges, so the individual positive and negative surfaces can be

identified. These Z-cut wafers were next diced into rectangular samples of various dimen¬

sions, depending on their application, where y-propagating channel waveguides could be

formed. These samples were then annealed in air at 200°C for 1 hour to relieve stresses

incurred during dicing.
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Voltmeter

4
substrate

Al foil

pos. meter change = c+ surface up

neg. meter change = c' surface up

Fig. 2.7 Method used to identify the individual surfaces of
a z-cut LiTa03 wafer.

Samples intended for channel waveguides were subjected to the standard photo¬

lithographic process. After cleaning in trichloroethane, acetone, and methanol, the sam¬

ples were dried at 120°C for 5 minutes. Hoechst Celanese AZ 1370 Photoresist was spun

on the c' surfaces at 6000 rpm for 35 seconds, after which the samples were baked at 90°C

for 35 minutes. This resulted in a photoresist thickness of about 1p.m. Each substrate was

then covered with a digitally dark photo-mask containing desired patterns, be they inter¬

ferometers, directional couplers, or just straight stripes ranging in width from 2fim to



lOfim, in steps of 0.5|im. Samples were aligned under the photo-mask with the mask

aligner so that the propagation direction of the waveguide pattern to be used ran parallel

with the y-direction of the sample. Upon a 6 second exposure to ultraviolet (UV) light,

the samples were held in Hoechst Celanese AZ 312 developer (diluted 1:1.2) for 45 sec¬

onds, whereby the areas of photoresist not covered by the mask guide patterns, and hence

exposed to the UV, were removed. A Ta mask was sputtered on at a thickness of about

1000Á using sputtering parameters of 280V for about 2 minutes and an Ar flow rate of 10

seem. Acetone was then used to lift off the remaining photoresist, leaving the sample

ready for proton exchange, as depicted in Fig. 2.3. The entire photolithographic process

from the spinning of a photoresist film through lift-off is illustrated in Fig. 2.8.

Proton exchange was performed using two different sources, pyrophosphoric acid

and glycerin. The exchange was performed in a box furnace at 260°C for various times.

A custom made acid wash beaker was used to allow the source and sample to heat up sep¬

arately within the furnace. After stabilizing at the desired exchange temperature, the sam¬

ple was immersed into the source without having to open the furnace door and create

temperature variations. After exchanging, the sample was removed from the source and

allowed to cool to room temperature slowly, in order to reduce thermal strain. Each sam¬

ple was exchanged independently and new source was used each time.

Once cooled, the samples were washed in deionized (DI) water to remove the

remaining source and the Ta mask was etched off using a Ta etchant consisting of hydrof¬

luoric and nitric acids. The PE waveguides exchanged using pyrophosphoric acid were

then annealed in air using a tube furnace at various times and temperatures.
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deposit PR

expose to UV
and develop

deposit Ta

lift-off

Fig. 2.8 Illustration of the photolithographic process up
through lift-off.



Planar waveguides were also fabricated in X-cut LiTa03 using the above exchange

condition. Being planar, however, they obviously did not need to go through the photo¬

lithographic process and their annealing times varied from 0 (as-exchanged) to 120 min¬

utes. The reason for these varied annealing times will become more obvious in Chapter 4.

It is noted here that exchange times longer than 20 minutes resulted in surface cracks in X-

cut crystals. This was most likely due to the difference in expansion of the lattice parame¬

ters along the X and Z-directions, as noted elsewhere [Mat92b],

In the next section, the other methods of waveguide fabrication will be described,

namely Ti metal-indiffusion and Zn vapor-indiffusion. The characteristics of waveguides

fabricated by these processes will be described and the conditions for their fabrication will

be given.

2.2 Waveguide Formation by Metal/Vapor-Indiffusion

As has been mentioned, APE waveguides in LiTa03 suffer from temporal instabil¬

ities. In addition, the introduction of H+ into the crystal via proton exchange is known to

cause quenching within a rare-earth-doped region [Nou92] in LiNb03, reducing the

excited state lifetime and therefore decreasing laser performance. As doping with rare-

earth Er for laser fabrication is a potential application for LiTa03 also, a means of

waveguide fabrication other than APE needs be explored. Since metal-indiffusion in

LiNb03 is known to be temporally stable, an examination of this process is a good place

to start for LiTa03. As such, waveguide fabrication in LiTa03 by Ti metal-indiffusion and

Zn vapor-indiffusion were examined. The known characteristics and fabrication parame¬

ters for each of these processes are presented here.
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2.2.1 Ti Metal-Indiffusion

Waveguide fabrication by Ti indiffusion is performed by evaporating a Ti layer,

possibly patterned by photolithography, onto the surface of a substrate and subsequently

indiffusing the metal at high temperatures (>1000°C). Since its discovery in 1974

[Sch75], much work has been done on the characterization and fabrication of Ti indiffused

waveguides and devices, especially in LiNb03. There is a limited amount of data reported

in literature about the Ti indiffusion process in LiTa03. Most of it is from the device per¬

spective [How89, Tan78] and does not characterize the process of waveguide formation in

LiTa03 by Ti indiffusion. As a result, much of the description of this process given here

comes from reported data in literature dealing with Ti indiffusion in LiNb03, which is

assumed to be very similar.

The indiffusion of Ti results in a relatively Gaussian index profile [Bur79]. Unlike

APE, it produces an increase of both the extraordinary and ordinary indices. In both

LiNb03 and LiTa03 there is a larger change of the extraordinary refractive index than of

the ordinary refractive index [Bur79, Tan77],

The diffusion equations governing diffusion depth and the diffusion coefficient are

similar to those given for proton exchange in Eqs. (2-2) and (2-3) [Bur79]. However, the

diffusion coefficient for Ti in LiTa03 is about 1.5 orders of magnitude smaller than that

forTi in LiNb03 [Bur79],

Upon indiffusion, Ti ions take positions at Nb (Ta) sites in the LiNb03 (LiTa03)

crystal lattice [INS89]. The mechanism of index increase is thought to be attributed to an

increase of the polarisability and to the photoelastic effect caused by the different ionic

radii of Ti and Nb (Ta) ions [INS89].
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For the process of Ti indiffusion, there are no reported anomalies similar to those

of APE. Ti waveguides in LiNb03 appear to be temporally stable, though stability has

never been confirmed for the same process in LiTa03. In addition, this process does not

cause a change in the crystal lattice strain, so there is no structural phase diagram with

multiple phases similar to that of the APE process. However, the surface of samples have

been shown to exhibit swelling in the regions of indiffusion. The thickness of this swell¬

ing can be as much as 1.5-2.0 times the thickness of the original Ti metal layer before

indiffusion [Hol84]. Additionally, Ti:LiNb03 waveguides are known to have a greater

susceptibility to the photorefractive effect than APE waveguides in LiNb03 [Fuj93],

Due to the high temperatures involved in this indiffusion process, Li20 outdiffu-

sion occurs [Woo93], This is a problem because it causes a small increase of the extraor¬

dinary index everywhere on the surface of the sample, decreasing the index difference

between the waveguide and its surroundings. Also due to the high temperature, when Ti

indiffusion is performed in LiTa03, crystal repoling is necessary as the crystal is heated

above its Curie point during the process. The method of crystal repoling is described in

Section 2.4.

The fabrication conditions for Ti

waveguides in LiTa03 are as follows. Photoli¬

thography is done on the c+ surface of a LiTa03

sample to define a pattern using a digitally clear

mask, as opposed to a digitally dark mask used

Fig. 2.9 Depiction of a Ti pattern for APE. Then, 900Á of Ti is e-beam deposited
on LiTa03 before indif¬
fusion. onto the sample after which lift-off in acetone



takes place. The result is a sample with a waveguide pattern ofTi metal on the surface, as

depicted in Fig. 2.9 for the case of a straight-channel waveguide. The sample is placed

inside a platinum box with powered LiN03, and the box is loaded inside a tube furnace.

Dry 02 is flowed through the tube of the furnace at 20 ccm while the sample is indiffused

at 1200°C for 20 hours, with an 8°/min rise and fall ramp rate. The purpose of the pow¬

ered LiN03 and flowing 02 is to help reduce Li20 outdiffusion from the sample surface.

These conditions result in single-mode waveguides for both polarizations at 1.55jim

immediately after fabrication.

2.2.2 Zn Vapor-Indiffusion

Zn vapor-indiffusion is performed by placing a sample inside a vacuum sealed

quartz ampule with some amount of Zn wire, granules, or powder and heating the assort¬

ment to a temperature above the boiling point for Zn so that it vaporizes and diffuses into

the sample. The Zn concentration profile obtained resembles a complementary error func¬

tion erfc(y/d) distribution, where d is the depth at which the concentration is 14.7% of that

at the surface [Ekn87], As with Ti indiffusion, this process results in an increase of both

the extraordinary and ordinary indices [Y0088]. Likewise, the change in the extraordinary

index is larger than that of the ordinary index [Y0088]. Again, the diffusion equations

governing depth and diffusion coefficients are similar to those used for proton exchange

and Ti indiffusion, namely Eqs. (2-2) and (2-3) [Y0088].

Similar to Ti indiffusion, Zn vapor-indiffusion does not appear to show any of the

same anomalies as APE, and there is no measured change of crystal lattice strain induced

by this process. However, the stability of waveguides fabricated in LiTa03 by this process

have not yet been confirmed. Advantageously, the lower temperature of Zn-indiffusion
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(~800°C) results in negligible Li20 outdiffusion from the sample [Y0088], though the

temperature is still high enough to require sample repoling. Curiously, samples after

indiffusion appear slightly grayish-brown in color. This discoloration is likely due to 02

deficiency [Kam73] and is easily removed by a short annealing at about 600°C in air.

To fabricate Zn vapor-indiffused waveguides, photolithography was done on the c+

surface of LiTa03 samples using a digitally dark mask to define a pattern, similar to APE.

However, 5000A of Si02 was e-beam deposited at a rate of 2A/s to serve as the mask,

instead of Ta as in APE. Next the sample was subjected to the lift-off process in acetone

and was vacuum sealed in a quartz ampule with powered Zn. The ampule was loaded into

the tube furnace and indiffused at 800°C for 5.5 hours with an 8Ymin rise rate and a natu¬

ral cool down. Afterwards, the Si02 mask was etched off with Ta etchant and the sample

was annealed on a sapphire plate in the box furnace at 600°C for 30 minutes to remove the

discoloration. These conditions resulted in single-mode waveguides for the TM polariza¬

tion at 1.55pm immediately after fabrication.

In the sections to follow, supplemental processing steps such as crystal repoling,

polishing, the application of an antireflectivity (AR) coating, and the electroplating of

traveling-wave electrode structures are also described.

2.3 Crystal Repoling

As mentioned earlier, the processes of Er-doping, Ti metal-indiffusion, and Zn

vapor-indiffusion are all performed above the Curie temperature for LiTa03, which varies

a bit depending on crystal stoichiometry [Bor95], but is generally about 610°C. As a

result, the crystal goes from the ferroelectric state to the paraelectric state, where it is



multidomain and there is no net polarization and no electro-optic effect. To return the

crystal to its monodomain ferroelectric state, it must be poled. For LiTa03, this is done by

heating the crystal to just above its Curie point and applying an electric field of about

250V/cm [Lev66, Suz93] to re-orient the internal dipoles into a monodomain

configuration, as shown in Fig. 2.10. The sample is then cooled to below the Curie point

with the field applied, locking the dipoles in place.

Previous efforts to pole individual LiTa03 samples involved using platinum paint

on the c+ and c" surfaces to act as electrodes [Jun90]. Platinum must be used as this is the

only metal which does not oxidize at the temperatures needed for poling. However, for

the application of waveguide devices, success was only achieved when poling X-cut sam¬

ples as Z-cut samples were found to suffer from surface damage related to the application

of electrodes directly onto the sample surface [Jun90].

For this work, the poling process was modified to be useful for poling Z-cut

LiTa03 samples. First, the sample to be poled had 3000-4000Á of Si02 deposited on the

c+ and c" surfaces to protect them from damage done by direct contact of the electrodes.

Next, the sample was sandwiched between two sheets of platinum foil with copper wires

]

+

electrodes' Í © 0 0 0 0 @
§ § § § Q I

Fig. 2.10 Illustration of the crystal repoling process.
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attached and placed inside the box furnace with the wire leads running out the vent at the

top of the furnace. The wire leads were connected to a DC power supply. The sample was

heated to 700°C and a voltage of 30V was applied. The oven was immediately turned off

and allowed to cool. Once it had cooled to 450°C, the voltage was removed and the sam¬

ple allowed to continue cooling to room temperature. As will be seen later in Chapter 4,

this poling process was successful and resulted in complete recovery of the electro-optic

coefficient r33.

In the next section, the technique of end-face polishing is described. A good end-

face polish in necessary for accurate optical measurements and low insertion loss.

2.4 End-Face Polishing of Channel Waveguides

In order to minimize coupling losses into the channel waveguides, good quality

endfaces of the sample, perpendicular to the waveguides, are required. A polishing

scheme is outlined here which achieves satisfactory results.
o

First, about 3000-4000A of Si02 is e-beam deposited on the waveguide surface of

the sample to be polished to protect this surface from scratches during the mounting and

polishing process. Then the sample is adhered to a Si wafer, using high temperature

QuickStick™ clear wax (melting point of 135°C), with the waveguide surface pressed

against the Si. In this manner, a thin (~lpm or less) layer of wax can be formed between

the sample and the Si wafer which serves to minimize cracking and chipping of the sam¬

ple endface on the waveguide surface. The Si wafer is then cleaved along all four edges of

the sample and polished by hand in silicon carbide (SiC) powder, without using a polish¬

ing jig, until the Si is flush with the LiTa03 on all sides. This is done to reduce cracking



37

and flaking of the Si during polishing with a polishing jig. The structure is then mounted

to a polishing jig using low temperature bee’s wax. Because of the lower melting temper¬

ature of the bee’s wax (~70°C), there is no danger of melting the thin layer of clear wax

between the Si and the LiTa03 sample.

The endface of the sample is first lapped by hand in SiC powder. Next, the sample

is polished by hand in 5|im aluminum oxide (A1203) powder to remove the deeper

scratches caused by the SiC powder. The polishing jig is then allowed to rotate freely on a

nylon polishing pad with lpxn diamond paste for one hour, followed by 0.25pm diamond

paste for thirty minutes. The LiTa03-Si structure is then turned around on the polishing

jig and the opposite endface is polished in a similar manner. The results of this polishing

technique for coupling into channel waveguides have been found to work very well.

Along with end-face polishing, a good bevel polishing of the waveguide surface

was also required for reflectivity profiling measurements. The bevel polish method used is

outlined in the next section.

2.5 The Bevel Polish for Planar Waveguides

For the reflectivity profiling measurement to be presented in Chapter 4, the resolu¬

tion of the depth profile is enhanced by bevelling a planar sample at an angle of a=2°.

Using this technique, the profiles in the depth direction are magnified by 1/sina. In addi¬

tion, an extremely fine polish is required so as not to introduce a considerable amount of

noise in the reflected signal from the beveled surface. The details of the polishing scheme

used to achieve a fine bevel polish are given here.
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First, a Ta film of thickness around 1200Á is deposited on the waveguide surface.

This serves to identify the substrate surface during scans of the depth profile by introduc¬

ing a rapid spike in reflected light intensity. The sample is then mounted to a Si wafer,

waveguide surface against the Si, in the same manner as outlined in the previous subsec¬

tion. The Si here helps to prevent rounding due to polishing at the substrate surface. Now,

however, the structure is mounted onto a polishing jig which has a ramp-like grove milled

in it at an angle of a=2°, as illustrated in Fig. 2.11.

Polishing begins by hand in SiC powder until the surface of the LiTa03 is reached.

Aluminum oxide powder is used next, followed by 1pm and 0.25pm diamond pastes,

same as before. As a final step, Ultra-Sol 201 A/280 Colloidal Alumina Polishing

polished surface

Fig. 2.11 Depiction of the polishing jig used to bevel polish planar waveguides at
an angle a = 2°. This magnifies the depth profiles by a factor of 1/sina.



Compound is used with a generous amount of sodium hydroxide (NaOH) dissolved in DI

water on a Buehler Microcloth. After polishing for six minutes, the sample is removed

from the Microcloth wheel and quickly submerged in the NaOH solution to prevent a

glassy film from forming on the LiTa03 surface.

In the next section, the theory and fabrication conditions associated with the appli¬

cation of an anti-reflectivity coating are described. In many instances, such a coating was

necessary to minimize reflections and reduce measurement noise.

2.6 Antireflective Coatings

For the measurements of Chapter 4 where light is reflected from the beveled sur¬

face of a planar waveguide, it was found that reflections from the back surface of the sam¬

ple substrate were contributing considerable noise into the experimental setup. In

addition, for the loss measurements of Chapter 4 and the stability measurements of Chap¬

ter 6, reflections from the endfaces of waveguide samples were also introducing some

noise and error into the setup. For each of these cases, much of the impact of these reflec¬

tions was eliminated through the use of a single-layer antireflective (AR) coating on either

the back side or the endface of the substrate, as the case may be. Some of the theory used

in the development of these AR coatings is presented in this section, as well as the mate¬

rial and thickness needed for the wavelength used and the method of its deposition.

2.6.1 Thin Film Theory for Single-Laver AR Coatings

The development here, though only concerned with a single-layer film, stems from

the derivation of the transfer matrix method of multiple thin film layers treated in [Hus95,
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Ped87], The film is assumed to be homogenous and isotropic. The film is also assumed to

be thin enough so that the path difference between multiply reflected and transmitted

beams within the film region is smaller than the coherence length of the light. Therefore,

the reflected and transmitted beams can completely interfere.

We begin by referring to Fig. 2.12. The condition shown is that for TE polariza¬

tion, which is the only case we are concerned with here. Later, the stipulation of normal

incidence will be made so that there is no distinction between the TE and TM polariza¬

tions. Additionally, it is noted that a convention was chosen whereby as normal incidence

is approached, the incident and reflected electric field vectors E are oriented in the same

direction, while the magnetic field vectors B switch direction. Though this will introduce

a phase shift in the B field at 0 = 0°, conventional optics defines the direction of polariza¬

tion as that of the E-field direction and hence the orientations are acceptable. The quanti¬

ties E, with subscripts, define the magnitudes of the electric fields at each boundary (a)

and (b). For example, Er] is the sum of all multiply reflected beams at interface (a) which

are exiting the film toward the region with index n0; Ei2 is the sum of all beams incident at

interface (b), directed toward the substrate region with index ns; and so on.

By applying the boundary condition that the tangential components of the E and B

fields be continuous across each interface, we get

(2-7)

Eb ~ Ei2 + Er2 ~ Et2 (2-8)

B = 5ncos0-B tCOsG. = B., cos0f1 - B-, cosG.,a w i r1 i t1 tv ii t1 (2-9)

Bb = Bi2COsQn-Br2Cosdtl = Bt2COset2 (2-10)
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Fig. 2.12 Diagram of the reflection from a single-layer thin film used to calcu¬
late the total reflectivity R of the film.
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Now, by using

B =
-V = -CE = nJWoE (2-11)

y0 = noJso^ocosBi (2-12)

Vf = 'yV£<#ocose/i (2-13)

ys = nsJeoHcos(li2 (2-14)

we can write the B-fields as

Ba ~ Yo(EiO Er0 ~ Yf(Et\ Ei0 (2-15)

Bb = ^f^Eil~Erl) = ^sEtl (2-16)

The E-fields just below interface (a) and just above interface (b) are related through a

phase difference 8 caused by one traversal of the film. Using this fact, we may write

Ei2 = Ene~1& (2-17)

Eil = Er2e~fi <2-|8>

where

8 = |^j/2yiCOS0rl (2-19)

Eqs. (2-17) and (2-18) can be used in the portions of Eqs. (2-8) and (2-16) representing the

fields within the film region (below (a) and above (b)) to solve for the fields Et] and E¡] in

terms of Eb and Bb. These new equations can, in turn, be used in the portions of Eqs. (2-7)

and (2-15) representing the fields within the film region to give
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Ea = Ebcos5 + Bb{jY^)
Ba = Eb(jyfSinS) + BbcosS

Eqs. (2-20) and (2-21) may be written in matrix form as

(2-20)

(2-21)

(2-22)

This 2x2 matrix of elements mll5 m12, m21, m22 is known as the transfer matrix of the

film.

Now, by substituting the portions of Eqs. (2-7), (2-8), (2-15), and (2-16) which

represent the E-fields outside of the film region (above (a) and below (b)) into Eq. (2-22),

we can finally relate the fields incident and reflected from the film with those transmitted

through the equations

1 + r = m^t + st

y0(l-r) = m2lt + m22yst

where we define the reflection and transmission coefficients by

r =

t =

(2-23)

(2-24)

(2-25)

(2-26)
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Eqs. (2-23) and (2-24) can be solved to give the reflection coefficient in terms of the trans¬

fer matrix elements to yield

W”ll+W,t12-m21-V,,22
W”ll+WM12 + m21+YSm22

Finally, the reflectance R is defined by

„ , ,2R = \r\ (2-28)

In the next subsection, the actual conditions for the formation and deposition of an AR

coating are given.

2.6.2 The AR Film Parameters and Deposition

Several simplifications were employed in the fabrication of the AR film used for

this research. First, the reflection, loss, and stability measurements were all performed at

near normal incidence, so that all angles in the above derivation are set to zero. Secondly,

quarter-wave thickness films were deposited for each wavelength used in this effort. In

this instance,

t

4nf
(2-29)

which forces the phase difference of Eq. (2-19) to become 8 = 7t/2 so that cos8 = 0 and

sin8 = 1. Using these conditions, the equation for reflectance R, Eq. (2-28), becomes

( 2\2
n0ns~ nf

n0ns + nf2;
R = (2-30)
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For the case of LiTa03 in air, ns = 2.12 and n0 = 1. In order to have no reflections, R = 0,

we must use a film material whose index nf = (ns)1/2 ~ 1.46. We have chosen magnesium

fluoride (MgF2), with an index of 1.35, as a suitable material. For the wavelengths of

interest, namely 632.8nm and 1550nm, the resulting film thicknesses are 1172Á and
o

2870A, respectively.

The AR films ofMgF2 are easily deposited using an electron-beam (e-beam) depo¬

sition system. The details of such a system can be found in [Geo92, Mac86],

In the next section, the conditions used for the electroplating of thick gold elec¬

trodes are given. Such thick electrodes are used to minimize rf loss in high-speed travel¬

ing-wave modulators, such as the one to be demonstrated in Chapter 7.

2.7 Electroplating

For the demonstration of a high-speed traveling-wave electro-optic modulator to

be done later in Chapter 7, thick gold electroplated electrodes were needed. In this sec¬

tion, the conditions used for the fabrication and electroplating of these electrodes are

given.

To begin with, a buffer layer of Si02 2000-3000A thick was e-beam deposited at a

rate of 2A/s. For a Z-cut crystal, the buffer layer should be deposited uniformly over the

entire waveguide surface. For an X-cut crystal, the buffer layer need only be at each end,

outside the electrode interaction length where the electrodes bend and cross the

waveguides. Next, 150Á of Cr was deposited, followed by 800Á of Au. The Au is the

seed layer for electroplating and the Cr is to help the gold stick to the sample. Note that
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the e-beam bell jar must not be opened between the deposition of Cr and Au as the Cr will

oxidize and, as a result, the Au will not stick to it.

Photolithography of the electrode pattern was performed next. First, the sample

was subjected to 30 minutes of vapor-deposition of photoresist adhesion promoter. Next,

Hoechst Celanese AZ4620 photoresist was spun on at 2000rpm for 55 seconds. The

resulting photoresist thickness was around 9|im. The sample was then baked at 100°C for

15 minutes. The edge bead was then removed and it was baked again at 100°C for 15 min¬

utes. After cooling, the sample was aligned under the electrode pattern and exposed at

9mW/cm2 for 1.2 minutes. It was then developed in Hoechst Celanese AZ400K devel¬

oper, diluted 1:4 with DI water, for 4.5 minutes, after which it was subjected to a baking

sequence of: 90°C for 10 minutes, 120°C for 30 minutes, 90°C for 10 minutes. Finally, the

Fig. 2.13 Setup for the electroplating process.



sample was loaded into the reactive ion etcher (RIE) and etched in 02 plasma for 1.5 min¬

utes (30mTorr, 12.4 seem, 60W) to remove any remaining photoresist from the exposed

areas.

The thick gold layer is next electroplated to the sample. The setup for this is

depicted in Fig. 2.13. The sample was attached to the negative lead of a DC power supply

with the positive lead being attached to a grate. Both were submerged into a beaker con¬

taining Orotemp 24 gold solution from Technic, Inc. A 1000Q resistor and ammeter were

put in the circuit to monitor current flow. The beaker was placed in a temperature-con¬

trolled water recirculator and the temperature set to 45°C. A current of 0.5mA per cm2 of

sample surface was then applied for 30 minutes, after which the temperature and current

were both increased. The complete process is as follows:

45°C, 0.5mA/cm2, 30 minutes
50°C, ImA/cm2, 10 minutes
55°C, 1.5mA/cm2, 10 minutes
60°C, 2mA/cm2, 40 minutes

The resulting Au thickness was around 6.5pm.

After electroplating, lift-off was performed using acetone and a 10:1 solution of

H2S04:H202. Gold etchant, diluted 1:2 with DI water, was used next to remove the gold

seed layer. Finally, the sample was loaded into the RIE and the Cr layer was removed

using a Cl2 plasma for 20 minutes (30mTorr, 3.4sccm, 60W).

2.8 Summary

In this chapter, the fabrication of planar and channel waveguides in LiTa03 was

presented. A few methods for fabricating the waveguides were given, with the main focus
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being on the commonly employed APE technique. Several distinct features of the APE

process in LiTa03 were discussed and a few of the currently unresolved anomalies associ¬

ated with this process were described. The exact fabrication parameters for the planar and

channel waveguides used in this research were next presented, followed by some addi¬

tional processing steps such as crystal repoling, endface and bevel polishing, the applica¬

tion of an AR coating, and electroplating. In the next chapter, a characterization of Er-

doping in LiTa03 is performed.



CHAPTER 3
CHARACTERISTICS OF Er-DOPED LiTa03

Because of the demand for integrated optical components for use in communica¬

tion networks, as outlined in Chapter 1, there is a decisive need for lasers and amplifiers to

operate in these systems. While much work has been done on the development of fiber-

amplifiers, particularly Er-doped fiber amplifiers (EDFA’s) [Ara92, Del93], efforts con¬

tinue for the development of rare-earth-doped lasers and amplifiers in LiNb03 and LiTa03

because of the advantage they posses for allowing the integration of a laser and external

device, such as a modulator, on the same substrate. Because these materials, especially

LiNb03, are currently used for the fabrication of network components like filters and

modulators and because selective doping may be used on these substrate to define an

active gain region on only a portion of the substrate, the opportunity to bypass coupling

between individual devices arises by allowing the integration of a laser and another device

on the same module.

Though much work has been done recently on the production of rare-earth-doped

waveguide amplifiers and lasers in LiNb03 [Ami96, Bau96, Hua96], an inherent problem

with guided-wave devices in LiNb03 is their low resistance to photorefractive damage at

visible and near-infrared wavelengths. Having a much higher photorefractive damage

threshold, LiTa03 emerges as a promising candidate for the development of waveguide

49
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lasers and amplifiers. However, much research awaits to be performed on the

characterization and effect of rare-earth doping, particularly Er, in LiTa03.

In this chapter, the effect of Er-doping in LiTa03 is investigated. Some back¬

ground material relating to work done in this connection on LiNb03 is presented, as well

as the limitations of LiNb03, leading to the motivation to examine Er-doped LiTa03. The

conditions used for doping of LiTa03 are then given, followed by Raman and fluorescence

measurements of samples identifying Er3+ clustering as the dominant gain limiting factor.

A novel method of reducing clustering is then presented and applied. Finally, a two-pho¬

ton model is used to exemplify the photorefractive process in these crystals and the inher¬

ent advantage of LiTa03 for optical data storage and laser applications is outlined.

3.1 Background

Doping LiNb03 and LiTa03 with rare-earth materials, such as Nd or Er, is known

to cause laser emissions when optically pumped [Ami96, Bau96, Nou95]. Much work has

been done to demonstrate the lasing effect of Nd-doping and Er-doping in LiNb03

[Ami96,Bau96]. Doping with Nd is known to produce emissions near 1p.m. Er, on the

other hand, is known to produce emissions near 1.5pm, making it more popular because of

its potential application in fiber networks which operate in the 1,5pm region.

There are currently two pump wavelengths which correspond to an electronic tran¬

sition of Er3+ ions and are used for the pumping of Er-doped devices. They are 980nm

and 1480nm. For the case of waveguide lasers in LiNb03, however, pumping at 1480nm

has some advantages. First, the photorefractive effect is smaller at 1480nm than at 980nm,

allowing for the application of higher pump powers. Second, waveguides fabricated to be



single-mode near 1.5pm are generally multimode at 980nm, giving rise to the problem of

selective mode excitation [Bau96], Whereas when pumping at 1480nm, the mode sizes of

the pump and signal are nearly the same and so overlap is better.

As mentioned above, an inherent problem with guided-wave devices in LiNb03 is

their low resistance to photorefractive (PR) damage at visible and near-infrared wave¬

lengths. PR instability is especially severe for active waveguide devices on account of the

high power densities within the waveguides. It has been demonstrated [Ami96, Hua96]

that PR damage induces significant gain degradation and temporal instability in Er-doped

Ti:LiNb03 waveguide amplifiers and lasers. Even though the problem can be partially

alleviated by an appropriate co-doping technique [Die98, Hua96], the performance of the

tested devices is still far from the theoretical optimum [Cac97], Additional efforts to

avoid the PR problem have demonstrated a Z-propagating waveguide laser in Er:LiNb03

[Ami96], However, a limitation to this configuration is that it does not allow for the inte¬

gration of an additional electro-optic component, such a modulator, on the same chip as

the additional component would not benefit from the large electro-optic coefficient in the

Z-direction.

In light of the described limitations of LiNb03, LiTa03 appears an attractive alter-

native with a PR damage threshold of 1500 W/cm at 514.5 nm and room temperature, i.e.,

about forty times higher than the 40 W/cm2 value of LiNb03 [Gla72], Similar to LiNb03,

Er needs to be indiffused into LiTa03 to serve as the active gain medium for active inte¬

grated devices, such as amplifiers and lasers. However, Er-doping is known to lead to

upconversion in most host materials[Ara92, Del93, GÍ196], which is widely recognized as

a gain limiting factor in Er-doped amplifiers by inducing PR damage [Ara92, Del93,



Hua96], There are two mechanisms of reconversion. The first is the homogeneous

upconversion caused by excited-state absorption (ESA) within non-clustered Er3+ ions.

This process occurs wherever there are Er3+ ions and therefore is inherent to Er-doped

waveguides. The second mechanism is nonradiative energy transfer upconversion (ETU)

which occurs in Er3+ cluster sites. This form of upconversion can be suppressed by

decreasing the relative concentration of cluster sites through a proper choice of doping

technology [Ara92, Del93] and/or post-indiffusion processing [Die98, Gil96]. For exam¬

ple, in the case of Er:LiNb03 the cluster site concentration depends on the Li/Nb ratio

[Gil96] and, therefore, upconversion efficiency may be reduced significantly by using a

vapor phase equilibration technique to increase the Li content [Die98, Gil96]. The simi¬

larity of intrinsic defect structures in LiNb03 and LiTa03 [Gop96] would therefore sug¬

gest that an increase of the Li/Ta ratio should also reduce upconversion caused by ETU in

Er:LiTa03.

As a result, the effect of Er-doping on the physical and optical properties of

LiTa03 needs to be examined. In particular, how doping affects the PR property of the

crystal and how much upconverted emission from Er3+ clusters, which reduce gain

[Gil96], is present, as well as methods for its reduction. This study begins in the next sec¬

tion by outlining the conditions used for Er-doping in LiTa03.

3.2 Er-Doping Conditions

The following factors need be considered when Er-doping with the aim of produc¬

ing active gain regions for waveguide lasers. First, Er3+ concentration should be at an

appropriate level so as to provide significant gain. Next, Er3+ concentration profiles



should be at least as deep as waveguide index profiles so that the optical mode has good

overlap with the gain medium.

For this study, experimental Z-cut LiTa03 substrates were doped near the surface

by indiffusion of a 10-12 nm thick Er layer at 1200°C for 100-120 hours. These fabrica¬

tion parameters were chosen so as to provide an Er3+ concentration profile appropriate for

active guided-wave devices. Some of the Er-doped LiTa03 samples were processed in

molten LiN03 at 280°C for times ranging from 1 to 44 hours. Such a treatment was

reported [Kos97a] to be effective toward increasing the Li content in a near-surface layer

(with depth 5-10 |im) of LiNb03.

In order to study the impact of Er-doping on the photorefractive properties of the

crystal and to be able to check for upconversion emissions, Raman and fluorescence mea¬

surements were needed. The next section describes these techniques.

3.3 Raman/Fluorescence Measurements

Raman and fluorescence spectroscopy are useful tools for examining the effect of

Er-doping in LiTa03 by allowing for the measurement of upconverted emissions and

gauging the amount of photorefractive damage induced. In this section, the techniques of

Raman and fluorescence spectroscopy are detailed. Then the results of measurements

using these methods are presented.

3.3.1 The Raman Effect and Raman Spectroscopy

When monochromatic laser light is incident upon a sample, it is scattered by the

material. Most of the scattered light is of the same frequency as the incident light
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(Rayleigh Scattering). However, a very small portion of the scattered light, a fraction of a

percent, is frequency shifted by an amount equal to the vibrational frequency of the

molecules in the material. This is the Raman effect. When the frequency shift is toward

smaller frequencies, or smaller energies, it is called Stokes scattering. When the

frequency shift is toward higher frequencies, or larger energies, it is called anti-Stokes

scattering. A spectrometer can be used to detect the scattered light from the surface of a

sample. Detecting and plotting the intensity of this scattered light as a function of

frequency shift is referred to as Raman spectroscopy. A Raman spectrum is unique to a

given material, or to a certain composition of that material.

3.3.2 Fluorescence Spectroscopy

Fluorescence spectroscopy is similar to Raman spectroscopy except that here the

detected light is light re-radiated by ions within the material, in our case Er3+ ions. A plot

of detected fluorescence intensity versus frequency, or wavelength, is called a fluorescence

spectrum. In this case, wavelength is calculated from measured wavelength shift by:

k(nm) = 107/(De-Dm) (3-1)

where X is the wavelength in nm, Dm is the measured wavenumber in cm'1, and "Uc is the

wavenumber of the excitation source in cm'1 (e.g. 15802cm'1 for a 632.8nm source and

15456cm'1 for a 647nm source).

3.3.3 Fluorescence Measurements

To examine the influence of up-converted light on the PR effect in Er:LiTa03, the

fluorescence spectrum of each Er-doped sample was first measured using a Renishaw

Ramascope spectrometer operating at excitation wavelengths of 632.8, 647 and 785nm.



In the setup, a linearly polarized laser beam was focused, by a 50X objective, to a 2pm

spot on the optical-grade polished edge of the sample under study. The plane of light

polarization was parallel to the optical axis. A Raman microprobe, i.e. a microscope opti¬

cally coupled to a Raman spectrometer, was used to collect both the out-of-plane scattered

light and the fluorescence emission.

There was a significant difference between the fluorescence spectrum produced by

pumping at 785nm and that produced by pumping at 647nm or 632.8nm. For 785nm,

only intensive Stokes fluorescence (SF) was induced (i.e. fluorescence with photon ener¬

gies smaller than the excitation energy). For 647nm and 632.8 nm, however, there was

anti-Stokes fluorescence (ASF) with both a green emission at 520-560nm (see Fig. 3.1)
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Fig. 3.1 Anti-Stokes fluorescence spectra excited at 632.8nm and 647nm in
the Er:LiTa03 sample with the highest Er concentration (-0.65
mol%).



56

Fig. 3.2 Fluorescence spectra of the red ASF emission for the Er-doped
sample of Fig. 3.1 (solid) and Raman spectra of virgin LiTa03
(dashed) excited at X=647nm and J=5xl04 W/cm2. R denotes
Raman lines and L denotes the excitation laser line after a notch
filter.

Fig. 3.3 Intensity of the green ASF emission
versus input intensity J for excitation
at 632.8nm (circles) and 647nm
(squares) for the sample shown in Fig.
3.1.
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and a red emission at 613-628nm (Fig. 3.2), in addition to the SF. Within the measurement

range of the input intensity J, the SF intensity ISF changed proportionally to J at all excita¬

tion wavelengths in accordance with previous studies [Ara92, Del93, Gil96], The depen¬

dence of the ASF intensity IASF of the green emission was found to be more involved and

had a knee at a certain value Jt of J, with Jt ranging from 104 to 1.1*104 W/cm2 for

632.8nm pumping and about 4»103 W/cm2 for 647nm pumping. As illustrated in Fig. 3.3,

IASf(J) is a nonlinear function I/^sf^J* for J<Jt with x of about 2 for 632.8nm pumping

and about 1.7 for 647nm pumping. For J>Jt, there is a linear correlation between IASF and

J, i.e. x = 1. The dependence of IASF of the red emission had the same character as that of

the green emission in Fig. 3.3, but the intensity of the anti-Stokes red emission was

smaller than that of the green emission by about 4.5 times. Such an approximately qua¬

dratic input-intensity law, observed at a low pump range (< 4*103 W/cm2), suggests that

the green and red ASF emissions are attributed to a two-photon absorption process, to be

described in Section 3.4. Reduction from a quadratic to a linear dependence at high input

intensities J is attributed, in accordance with Ref.[Ara92], to population depletion of the

ground state.

3.3.4 Raman Measurements

According to Ref. [Gla72], green light with the observed intensity IASF (see Fig.

3.3) can not alone induce significant “single-color” PR effect in LiTa03. However, a

comparison of the data for IASF (Fig. 3.3) with the results reported for LiNb03 [Lan98]

and Pr:LiNb03 [Bai97, Gue97] leaves open the possibility that the secondary green emis¬

sion of Er3+ clusters has enough photon energy and intensity IASF to effect, together with

the pumping red light, significant photorefractivity via two-color excitation in Er:LiTa03.
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no PR effect The mechanics of two-color excitation is

detailed later in Section 3.6.

To verify the assumption that the

up-converted green emission acts as a

“self-gating” source, enhancing the PR

K.min
-no PR effect

■ PR effect

effect via two-photon (or two-color) exci¬

tation without the need for an external gat¬

ing source, the PR effect was analyzed by

Raman spectroscopy measurements. The

PR effect is known to change the intensity

IR of Raman-shifted lines by an amount

which is proportional to the light-induced

extraordinary refractive-index change

An. Since An depends on input power

intensity J, the change of IR also depends on J, as illustrated in Fig. 3.4. The dependence

of An on J is calculated by the following relation, which was experimentally verified

[Kos94]:

(b)

Fig. 3.4 Raman intensity (a) and nor¬
malized Raman intensity (b)
as a function of input inten¬
sity, illustrating the effects of
photorefractive damage.

Ans(J) = AÍtpí-ll = aÍÍ^ÜÜÍÜ-iI (3-2)I IRJmin J [ IR J
where Ans(J) is the intensity-dependent steady-state value of An; Jmin is the minimum

value of J when photorefractive damage becomes undetectable by Raman spectroscopy;

IR m¡n and IR are Raman intensities measured at the minimum and an arbitrary value of J,

respectively; IR = IRJmin/J is a normalized Raman intensity; and A is a coefficient
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Fig. 3.5 Raman spectra of virgin LiTa03
(solid) and Er:LiTa03 (dashed)
measured at X=632.8nm and
J=2.5xl04 W/cm2.

Fig. 3.6 Normalized Raman intensity of
the line at 353cm'1 versus input
intensity measured at 632.8nm
and 785nm for samples with
and without Er.

dependent upon the setup used for the Raman measurements. The value of A has been

determined from Raman measurements of previously studied LiTa03, Cu:H:LiNb03 and

LiNb03 samples [Kos94, Kos97a, Kos97b],

Fig. 3.5 shows the measured Raman spectra of virgin LiTa03 and Er:LiTa03. The

decreased intensity for the Er-doped sample is a result of the increased PR effect. By

making this measurement for several different input intensities J, a plot of normalized

Raman intensity IR' versus J was constructed and is shown in Fig. 3.6. Note that if the PR

effect was absent, IR' would be constant versus J (Fig. 3.4). It is then seen from Fig. 3.6

that all samples suffered some degree of photorefractivity as J was increased. From this

data, Ans at any value of J can be calculated from Eq. (3-2).

Fig. 3.7 shows the calculated value of Ans for the Er:LiTa03 sample with the high¬

est Er3+ concentration at the surface (-0.65 mol%) and for a virgin LiTa03 substrate.

There are two important observations to be made. First, the presence of Er3+ ions has
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input intensity J (W/cm2)

Fig. 3.7 Saturated values of photorefractive index change Ans versus input
intensity J for excitation wavelengths of 632.8nm and 785nm.

increased the PR effect. Second, there is a pronounced dependence of the PR effect on

input intensity and this dependence is modified with wavelength. At the 785nm excitation

wavelength, the dependence of Ans on J in both the Er-doped sample and the virgin

LiTa03 substrate is nearly linear for J > 103 W/cm2. This was reported [Gla72, Kos97a] to

be typical for nominally pure LiTa03 and LiNb03 in the studied range of J from 103 to

5»104 W/cm2. The slope 3(Ans)/3J of this dependence increased proportionally with Er3+

concentration. The proportionality factor has a maximum value of 1.6 in the sample with

the highest Er3+ concentration (Fig. 3.7). At 632.8nm, the dependence of Ans on J for the

same Er-doped sample has a much more complicated character, as seen in Fig. 3.7. Using

a simple mathematical fitting to this data demonstrates the appearance of an additional

intensity dependent component Ans(J), superimposed on the linear dependence, given by
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the following empirical relation:

Ans(J) = D[Er3+] Jx (3-3)

where D is a constant of proportionality and [Er3+] is the Er3+ concentration. Above a cer¬

tain threshold value of J, around 104 W/cm2, the value of x is 1. Below this threshold, x is

about 2. However, at light intensities lower than 103 W/cm2 the contribution described by

Eq. (3-3) becomes insignificant. Finally, at 647nm the dependence of Ans on J was

roughly similar to that for 632.8nm. However, accuracy in calculating Ans from spontane¬

ous Raman scattering at 647nm, as well as for J > 5xl04 W/cm2 at 632.8nm, was ham¬

pered because of interference from SF and resonant Raman scattering. Rough estimation

of Ans gives a value of around 2x1O'3 for the highest J used (2xl05 W/cm2).

From a comparison of the data for Ans(J) (Fig. 3.7) with that of Fig. 3.3, it is evi¬

dent that there is a strong correlation between the up-converted green emission and the

increased PR effect at high intensities of J. Such a correlation may be expressed, according

to Eq. (3-3), by the following empirical relations:

Ans = (E)IASF; Iasf = (D/E)[Er3+] Jx (3-4)

where E is a constant of proportionality. Note, that the experimental dependence of Ans

on IASF expressed by Eq. (3-4) is in agreement with the gating dependence of photorefrac-

tivity reported for Pr:LiNb03 using an extrinsic source of gating light [Gue97], As such,

we may conclude that Er:LiTa03 employs self-gating (i.e. secondary green emissions) to

achieve significant two-color photorefractivity from a monochromatic pump.

It is noted that for a quantitative comparison, Er-doped LiNb03 samples were also

prepared with fabrication conditions similar to those reported for active devices [Bau96].

A comparison of the data reported in Fig. 3.7 with the corresponding data for Er-doped
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LiNb03 showed that Er-doped LiTa03 has a much smaller (2.2-4.5 times) PR index

change than that of Er-doped LiNb03 in the intensity range studied. The reason for this

advantage will become clearer when we discuss the two-photon model for PR damage

later in this chapter. Nonetheless, it indicates that LiTa03 is the more attractive host for

active Er-doped devices where high PR resistance is indispensable.

In the next section, the mechanism responsible for the upconverted emissions,

which lead to enhanced photorefractivity, is investigated.

3.4 Energy Transfer Upconversion

In the last section, it was determined that the upconverted emissions act as a self¬

gating source to, along with the pump source, enhance photorefractivity by the two-pho-

ton, or two-color, photorefractive effect. In this section, the mechanism creating the

upconverted emissions is investigated. Particular attention is paid to the process of energy

transfer upconversion between Er3+ clusters.

The two-photon, multistep processes associated with the red and green ASF emis¬

sions are exemplified in Fig. 3.8 which shows a partial energy-level diagram for the Er3+

ion. Electrons in Er3+ ions are first excited to the metastable 4F9/2 state, then excited to the

2(4F9/2) state, after which they decay nonradiatively to the4Gjj/2, 2H||;2 or 4S3/2 state.

The red emissions at 613-628nm correspond to a transition from the 4G31/2 state to the

4Ij j/2 excited state, while the transitions from the 2H] 1/2 and 4S3/2 states to the ground

state produce the green emissions. The substructure of the green and red emissions

reflects the splitting of the ground state and excited states into Stark sublevels. It is impor¬

tant to note that the red emissions at 613-628nm observed here for Er:LiTa03 were not
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Fig. 3.8 Partial energy-level diagram of Er3+ ions in LiTa03 depicting the
radiative transitions observed in our measurements. The ETU

process, radiative transitions, and nonradiative transitions are rep¬
resented by thin solid arrows, thick solid arrows, and dashed
arrows, respectively.

observed in previous studies of other Er-doped materials [Ara92, Del93, Die98, Red94],

including Er:LiNb03, pumped via the 4F9/2 manifold {GÍ196].

Upconversion is known to be strongest in regions of highest Er3+ concentration

[Ara92, Gil96], where Er3+ clustering is the greatest. As such, the dominant mechanism of

upconversion leading to the red and green ASF emissions observed in Er:LiTa03 was con¬

cluded to be ETU, that is, upconversion by energy transfer between neighboring Er3+ ions

within an Er3+ cluster. To confirm this, the effect of the Er-doping level on upconversion

efficiency was examined by profiling, in the depth direction, both the ASF and SF emis¬

sions within the Er-indiffused near-surface layer. Since ISF was known to be proportional
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Fig. 3.9 Stokes fluorescence spectra at various depths d below the surface.

to the Er3+ concentration for pump intensities below 103 W/cm2, it was possible to deter¬

mine that the Er3+ concentration profile is exponential-like with a 1/e depth of around 5-

6p.m (Fig. 3.9). The intensity profile of the ASF emission had, however, a depth of around

2p.m. In other words, the ASF emissions emanated from the regions of highest Er3+ con¬

centration (near the surface), where most of the Er3+ clusters resided. This was direct evi¬

dence of the dominating role of nonradiative energy transfer between clustered Er3+ ions

in the mechanism of reconversion in Er-doped LiTa03.

Since Er3+ clustering was determined to be the primary factor leading to upconver-

sion, significant reduction of the upconversion efficiency in Er:LiTa03 was expected to be

achieved by a post-indiffusion process to reduce Er3+ clustering. This is pursued in the

next section.



3.5 Li Treatment

In an effort to decrease the amount of Er3+ clusters, and hence reduce upconver-

sion, a Li-treatment process was employed to increase the Li/Ta ratio. The results of this

Li-treatment are discussed in this section.

Some of the fabricated Er:LiTa03 samples were processed in molten LiN03. Sub¬

sequent fluorescence measurements showed a gradual decrease of IASF with an increase in

the process time up to 12-16 hours. At the same time, the intensity of SF remained nearly

constant, i.e. the total Er3+ content in the crystal was not affected by this processing. Fur¬

ther increase of the processing time induced only a small change in IASF. The most

impressive result was a nearly 54% reduction in the intensity of the green ASF emission as

a result of the post-indiffusion processing, as illustrated in Fig. 3.10. This reduction is
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Fig. 3.10 Fluorescence spectra of the green ASF emission from the Er-indif-
fused sample with the highest Er3+ concentration. The dotted line
corresponds to a pump wavelength of X=647nm and input intensity
J=0.7xl03 W/cm2. The solid and dashed lines correspond to
7„=632.8nm and J=2xl03 W/cm2, before and after Li treatment,
respectively.
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attributed to the decrease of the Er3+ cluster site concentration as a result of the increase in

Li content in the near-surface layer. Similar to the effect of vapor phase equilibration in

Er:LiNb03 [Gil96], a redistribution of Er3+ sites occurs in response to a change in the

defect populations created upon Er incorporation. It is important to note that the technique

of post-indiffusion processing in a Li-containing melt described here has the advantage of

simplicity, as well as being performed at temperatures below the Curie point for LiTa03.

This Li-treatment process affects only a shallow near-surface layer. However, it is suffi¬

ciently deep to reduce the Er3+ cluster concentration and therefore may be a useful tech¬

nique for the optimization of active integrated-optical devices utilizing an Er-doped near¬

surface layer in LiTa03 crystals.

To this point, it has been determined that ETU is the dominant mechanism of

upconversion in Er:LiTa03 and that the presence of this upconverted light leads to PR

damage via the two-photon, or two-color, PR effect. A two-photon model used to exem¬

plify this process is described in the next section.

3.6 The Two-Photon Model of the PR Effect:

LiTaQ3’s Advantage in Data Storage and Lasers

In this section, a two-photon model is applied to model the PR effect and explain

how upconverted light, along with the presence of the longer wavelength incident light,

leads to PR damage. During this process, the inherent advantages of LiTa03 for applica¬

tions such as optical data storage and laser fabrication will also be described.

To develop a theoretical explanation of the phenomenon of photorefractivity

enhancement by Er-doping, the two-photon model of the PR effect has been employed.
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This model has been developed and

experimentally confirmed for LiNb03

[Jer95, Kos97a] and has been applied

here to LiTa03 due to the similarity of

the intrinsic defect structures between

the two materials [Gop96]. In the

case of undoped lithium niobate
Fig. 3.11 Schematic-level diagram of the two-

photon PR effect depicting the gat- (LiNb03) [Kos97a, Lan98] this mech-
ing light, longer wavelength record¬
ing light and bipolaron level, single anism involves bipolarons as deep
polaron level, and deep trap (outside
the illuminated area). donors and metastable small polarons

which provide the high PR sensitivity.

Bipolarons and polarons exist due to the intrinsic defect structure of LiNb03, originating

from its lithium deficiency [Sch91 ]. Near infrared (or red) recording [Bai97, Gue97,

Lan98] occurs from the small polaron state consisting of an electron trapped at the antisite

defect (NbLi), designated level 2 in Fig. 3.11. This level is normally populated via an

extrinsically applied blue-green gating light through the photo-dissociation of bipolarons

(level 1 in Fig. 3.11). After the excitation of electrons from the small polaron sites to the

conduction band, the electrons drift out of the illuminated area and are retrapped at bipo¬

laron sites and other deep traps (level 3) resulting in PR damage, or PR recording if the

application is optical data storage. Such a "two-color" scheme has the advantage of a very

high gating ratio, i.e., the ratio of writing sensitivity with and without the second gating

color [Gue97, Lan98],



68

The main feature of the two-photon excitation is the nearly linear dependence of

Ans on J for high input intensities J, which has been verified experimentally in LiNb03

[Fuj93, Jer95] and LiTa03 [Gla72], Moreover, it has been established [Kos97a], that

{3(Ans)/3J} ~ N, where N is the concentration of antisite defects. Such a proportionality is

in full accordance with the two-photon model.

It is well known that Er [Gil96] and Pr [Gue97] dopants increase N, especially

bipolarons, in LiNb03 through the need for charge compensation of ions with valence

state (3+). Hence, data obtained here at the excitation wavelength of 785 nm (Fig. 3.7) is

clear evidence of a similar effect for Er3+ in LiTa03. Moreover, the relative change of N

caused by Er-doping can be estimated from a comparison of the slope {3(Ans)/3J}

observed in the Er-doped sample with the one observed in the virgin congruent substrate.

It was found that N is increased 1.6 times by Er-doping in the sample with the highest Er3+

concentration (Fig. 3.7).

Radiation at 785 and 632.8 nm is near the maximum of the absorption band for

small polarons, but is not optimal for the photo-induced dissociation of bipolarons, as

these wavelengths are very far from the bipolaronic absorption band [Sch91]. Therefore,

the generation rate of shallow PR centers is too low to induce significant photorefractivity,

even at high light intensities. However, the situation changes when excitation with two

wavelengths is used, with photons of the shorter wavelength (green light) exciting bipo¬

larons and increasing the virtual population of single-polaron levels and photons of the

other wavelength (red or infrared) sweeping them effectively into the conduction band

[Gue97, Lan98], as illustrated in Fig. 3.11. Recent research with additional sources of

such "gating" light has shown [Gue97, Lan98] that the two-color scheme has a very high
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gating ratio (i.e. the ratio of PR sensitivity with and without the second color) and, there¬

fore, can be implemented even with low-power sources (e.g., 0.1 W/cm2 [Lan98] - 1 W/

cm2 [Gue97]). It means that the secondary green emission of Er3+ clusters has enough

photon energy and intensity IASF to effect, together with the pumping red light, significant

photorefractivity via the two-color excitation.

The difference in excitation of green emission observed between pumping at 785

and 632.8 nm is consistent with previous data [GÍ196] on the spectral dependence of up-

conversion excitation within Er3+ clusters. Such an upconversion is an undesirable effect

in Er-doped devices [Ami96, Gil96, Hua96] operating at telecommunication wavelengths.

Experimental data reported here demonstrates that this upconversion induces a more pro¬

nounced PR effect in LiNb03 than in LiTa03. This is because the green emission of Er3+
clusters is within the maximum of the bipolaronic absorption band in LiNb03 [Sch91] yet

is far from the maximum of the absorption band in LiTa03 [Kos97b], This fact makes

LiTa03 more attractive for the fabrication of Er-doped waveguide amplifiers. At the same

time, data presented here also points to the advantage of LiTa03 over LiNb03 among per¬

spective rear-earth-doped PR materials for non-volatile holographic storage with two-pho¬

ton recording. At an optimal wavelength of extrinsic gating light (ranging from 280 to 370

nm in LiTa03 [Kos97b]), a saturated value of holographic efficiency should be limited

mainly by the intrinsic defects concentration N, having a higher value (1.4 times) in

LiTa03 [Bor95, Kos99]. Because the gating beam generally does not have to be from a

coherent light source [Gue97], low-cost light sources such as filtered xenon and mercury

lamps can be used for this purpose in Er:LiTa03.



As an additional application, the PR enhancement brought about by Er-doping in

LiTa03 affords the possibility of producing PR gratings for use in WDM filters or

waveguide lasers, to name a few devices. Such gratings have been demonstrated in Fe-

doped LiNb03, though they are unstable and degrade over time [Huk98],

3.7 Summary

In this chapter, the effects of Er-doping in LiTa03 were examined. It was found

that Er-doping led to upconversion emissions. Energy transfer upconversion between Er3+

ions was determined to be the dominant mechanism for this upconversion and that the

presence of this upconverted light led to PR damage. A Li-treatment technique to reduce

clustering was described and successfully applied to minimize upconversion. A two-pho¬

ton model was then applied to model the PR effect and explain how upconverted light,

along with the presence of the longer wavelength incident light, caused PR damage

through “self-gating”. Finally, in addition to its known potential for applications like

high-speed modulation and nonlinear frequency doubling, LiTa03 was also demonstrated

to have strong advantages and potential for the applications of optical data storage, lasers,

and devices incorporating PR gratings. However, to realize these devices, stable

waveguides in LiTa03 must first be developed. The subject of waveguides is returned to in

the next chapter, where waveguides are characterized using a variety of techniques.



CHAPTER 4

WAVEGUIDE CHARACTERIZATION AND MEASUREMENT TECHNIQUES

In the fabrication of integrated optical components incorporating channel

waveguides, it is often necessary to know certain characteristics of the waveguide, such as

its region of single-mode operation and the depth profile of its refractive index increment,

in order to properly predict device performance. Additionally, the proper performance of a

device may rely heavily on additional waveguide features, such as it being of low loss and

having a large electro-optic coefficient. As a result, it is necessary to be able to accurately

measure and determine these characteristics in order to effectively design, model, and fab¬

ricate reliable waveguide devices.

This chapter provides the measurement techniques and characterization results of

the channel waveguides whose fabrication methods and conditions were given in Chapter

2. All of the waveguides were fabricated in LiTa03 with the aim of single-mode operation

at the wavelength of 1.55pm. First, a technique of near-field characterization is described

and used to determine the region of single-mode operation by coupling light from a

1.55pm laser into various width guides and focusing the waveguide outputs onto an IR

camera, while observing the mode pattern on a monitor. Next, a modified prism coupling

technique is applied to measure the effective mode index increments AN of the waveguides

at various wavelengths. Propagation loss measurements are then performed, followed by a

setup description and the results on measurements of the r33 electro-optic coefficient. The
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photorefractive characteristic of waveguides in the infrared, near 1,5|im, is measured next

and compared to similar structures in LiNb03. The chapter concludes with some mea¬

surements of planar waveguides, including index profile measurements and rocking curve

analysis, which will provide data to be used in a subsequent chapter.

4.1 Near-Field Characterization

In this section, a first inspection of the number of modes supported by the channel

waveguides of various widths is carried out. This is done using a near-field characteriza¬

tion method whereby the output faces of waveguides excited from the single-mode fiber

pigtail of a diode laser source are focused onto a camera so that the number of spots asso¬

ciated with different modes can be counted off of the display monitor.

waveguide

Fig. 4.1 Schematic of the near-field characterization setup used to initially
determine the number of modes supported by the channel waveguides
of various widths.



4.1.1 Description of the Measurement Technique

Light from a 1.55fim diode laser was coupled into each of the channel waveguides

via a single-mode fiber pigtail. The complete experimental setup is illustrated in Fig. 4.1.

The output face of each waveguide was focused, using a 20x lens, onto the input surface of

an infrared (IR) camera, with the output video feed of the camera connected directly to a

video display monitor. Using this approach, the number of modes supported by a particu¬

lar waveguide can easily be determined by counting the number of observed mode spots

appearing on the video monitor screen. Some results of this measurement technique are

presented next.

(b)

Fig. 4.2 Video monitor screen
snap shots depicting a sin¬
gle-mode (a) and a dou¬
ble-mode (b) channel
waveguide.

4.1.2 Modal Characterization Results

By scanning the single-mode fiber

from the laser source across the input face of

each waveguide, it was possible to create

off-axis coupling into any higher order

modes that may have been supported by the

waveguide. This was done for each of the

channel waveguides in LiTa03, and the

number of modes supported for each was

determined. As an example, Fig. 4.2 shows

the video monitor screen photographs taken

for a single-mode and double-mode channel

waveguide.
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Fabrication

Technique
Fabrication
Conditions Crystal Cut Single-Mode

Region

APE

(pyrophosphoric
acid)

PE: 260°C, 2hrs.
A: 300°C, lhr.
PE: 260°C, 1 hr.
A: 300°C, 3 hrs.
PE: 260°C, 30 min.

Z 2.5-6.5pm

APE

(pyrophosphoric
acid)

PE: 260°C, 10 min.
A: 340°C, 1 hr.
PE: 260°C, 7 min.
A: 340°C, 10 hrs.

Z 3.5-7.5pm

PE

(glycerin)
PE: 260°C, 24 hrs. X 2-3.5pm

Ti-indiffusion 900Á, 1200°C, 20 hrs. z 2.5-4.5pm

Zn vapor-indiffusion 800°C, 5.5 hrs z 2.5-7.5pm

Table 4.1 Near-field characterization results depicting the region of single¬
mode operation immediately after fabrication for the extraordinary
index, in terms of waveguide channel width, for various fabrication
conditions.

There were far too many waveguides produced with varying fabrication condi¬

tions, especially using APE, to be presented here. However, Table 4.1 presents some

results of modal characterization from each of the fabrication processes used. It is noted

that the regions of single-mode operation listed here are for the extraordinary index only.

Additionally, waveguides fabricated by APE involved multiple steps of proton exchange

followed by annealing in order to achieve the desired waveguide depth, while maintaining

a desired proton concentration at the surface. The reason for this will become clear when

the structural phase diagram for APE is reconstructed (Chapter 5) and stability issues are

addressed (Chapter 6).
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In the next section, a prism coupling technique is applied to measure the effective

mode index increments of channel waveguides at various wavelengths. Such a technique

allows for a rough estimation of the magnitude of the index increment within a waveguide,

as well as providing some information as to the wavelength dispersion of the index incre¬

ment.

4.2 Effective Mode Index Measurements

The effective index increments of modes in planar and channel waveguides have

been measured successfully for many years by the prism coupling method [Ulr73], These

values not only give some idea on the magnitude of index increase within the guiding

region, but can also be used to reconstruct the index profile by the inverse WKB method.

This naturally requires that the guide supports at least three modes and exhibit a monoton-

ically decreasing profile. In this section, the underlying principle behind the prism cou¬

pling method to obtain effective mode indices N is presented. A modified version of this

standard prism coupling technique is then described that provides higher accuracy. This

measurement method is applied to determine the effective mode index increments AN for

the fundamental modes of APE channel waveguides in LiTa03.

4.2.1 The Prism Coupling Technique

The standard prism coupling setup is shown in Fig. 4.3. Here, a prism with index

np is located some distance h, on the order of a wavelength or less, above the surface of a

waveguide. The waveguiding region has an index of ng, while the substrate has an index
of ns. The cover index nc is assumed to be unity. The basic principle of operation is based
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Fig. 4.3 Schematic of the standard prism coupling method used to selec¬
tively couple light into individual waveguide modes.

on the coupling of light from the prism to the waveguide by satisfying the phase matching

condition for each mode within the waveguide separately.

Light incident on the face (hypotenuse) of the prism at an angle 0¡, is refracted as it

enters the prism according to Snell’s law:

«csin0. = (4-1)

The angle of incidence of the incoming beam is adjusted so as to maintain total internal

reflection at the np-nc interface. This condition is satisfied if the angle 02 is greater than

the critical angle:

0O > 0 = asinL c

in ^

n
V PJ

(4-2)

The coupling of light into modes of the waveguide can occur only if the horizontal compo¬

nents of the k vector in the prism matches the propagation constant of the waveguide. This

is referred to as the phase matching condition:



N = n sin09P ^
(4-3)
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where N is the normalized propagation constant, or effective mode index, of a particular

mode of the waveguide. In order to obtain real angles 02, the prism index np, therefore,
should be larger than N. For maximum coupling, the gap h between the prism and the

waveguide should be as small as possible. Usually it is about a quarter wavelength and

can be achieved through the use of clamps, pushing the prism up against the substrate sur¬

face. Additionally, the interaction distance d should be comparable to one coupling

length. If it is longer, light may be coupled back into the prism. Using simple geometry

within the prism and Snell’s law, it can be shown that the effective mode index N is related

to the incident angle by

N - n^sin A + asin
f sinG^

n
V P J

(4-4)

where A is the prism angle. From this equation, it is obvious that the effective mode index

for each mode within the waveguide can be calculated by accurately measuring the angle

of incidence of the incoming light which selectively excites each mode, and the angle A of

the prism. In addition, the value of np at the wavelength of interest must be known to an

accuracy of at least four decimal places, as will be discussed later.

An alternative to this is achieved by considering the path taken by the light for cou¬

pling into the waveguide, now in the reverse direction. In this case, light is first launched

into the waveguide structure, exciting all of the existing modes. Each of these modes will

have a different effective index N value and thus exit the hypotenuse face of the prism at a

different angle. The angular spectrum of the emerging light exhibits peaks, called m-lines,

corresponding to the modes of different order. The effective index values for each of the



modes can then be calculated by measuring the angular deviation of the corresponding in¬

line from the normal to the prism surface. In this case, the fundamental mode will have

the largest angular deviation.

While this standard prism coupling technique depends on the measurement of

some angular deviation, and this measurement can usually be made very accurately, it

does have one significant limitation which needs to be mentioned. In many cases, it is the

mode index increment, AN=N-ne, of each of the modes that is of interest, where ne is the

bulk extraordinary index value. The accuracy of making such a determination using this

prism coupling arrangement is then directly proportional to the prism index np and the
bulk index of the substrate ne. Normally, AN needs to be known with an accuracy of 10'4

or better. However, the values of prism and bulk index are usually only known with an

accuracy of, at best, 10 . As such, the standard prism coupling method is not a depend¬

able means to obtain effective mode index increments for APE waveguides. However, a

modification to this technique may be employed which requires less accuracy in the values

of these indices. This new technique is discussed next.

4.2.2 A Modified Prism Coupling Method

The new prism coupling technique [Tav95] is depicted in Fig. 4.4. Light is

coupled into the waveguides via a single-mode fiber, then out-coupled via the prism. As

before, the m-lines corresponding to the different excited modes of the waveguide, as well

as a region delimiting the continuum of substrate radiation, are seen exiting the prism face.

This spectrum is easily observed by placing a screen near to the exiting face of the prism.

The angular deviation A6 between the edge of substrate radiation and the mode of interest

(only the fundamental mode is depicted in the figure) can be precisely measured and
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waveguide

Fig. 4.4 Modified prism coupling technique used to measure mode effec¬
tive index increments.

substituted into the derivative of the prism coupling equation, Eq. (4-4), with respect to the

coupling angle 6:

dN
_ AN

¿P “ A(3
cos A + asin cosP (4-5)

Since the measured angle A6 is the angle between the substrate and any mode of interest,

this new prism coupling equation gives the mode index increment AN=N-nc of this mode

above the substrate value. Because AB«B and this equation is not sensitive to the value of

B, it can be evaluated at any angle inside AB. The accuracy of this new technique is esti¬

mated to be 10"4.

4.2.3 Measured Mode Index Increments

Using the modified prism coupling method, the mode index increments AN of

straight-channel APE waveguides in LiTa03 were measured at four different wavelengths:
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channel mask width (|im)

Fig. 4.5 Measured fundamental mode index increments at different wave¬
lengths for channel waveguides of various widths obtained from the
modified prism coupler method.

0.6328|am, 0.890|am, 1.060|xm, and 1.310|im. A rutile prism with an angle A=45.129° was

used for coupling light out of the waveguide. The refractive index np of the rutile prism at

each wavelength was found from a cubic spline interpolation of the dispersion data for

rutile presented in Appendix A.

The measured mode increments for the fundamental mode at each wavelength are

plotted in Fig. 4.5 as a function of channel mask width. For the experimentally measured
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index increments at X= 1.3 lpm, these values were found to be in reasonable agreement

with those obtained in [Tav95] by using a numerical routine of waveguide modeling

[Tav94], under similar waveguide fabrication conditions. This figure also presents some

insight into the wavelength dispersion of the index increment.

In addition to having some knowledge of the modal characteristics and magnitude

of the index increment, the performance of many devices often depends on the losses

incurred within the waveguide. As such, these losses need to be accurately measured.

This is the subject of the next section.

4.3 Waveguide Loss

Waveguide loss is an important characteristic affecting device performance. It is

usually desirable to have as low loss as possible, in order to minimize the fiber-to-fiber

insertion loss of devices, and maximize gain in waveguide lasers. In this section, the tech¬

niques used to measure both total insertion loss and propagation loss are described and

some measurement results are provided.

4.3.1 Loss Measurement Setup

The experimental setup used to measure both total insertion loss and propagation

loss is depicted in Fig. 4.6. Single-mode, polarization-maintaining fiber from an HP

Fig. 4.6 Experimental setup used for measuring waveguide loss.
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8168A tunable laser source is used to couple light into the waveguide. A 20x lens is used

at the waveguide output to collect the light and focus it onto an infrared Ge detector. A

polarizer is used in order to insure the detection of only the polarization of interest, from

both the sample and the fiber output, and a chopper is used, in conjunction with a lock-in

amplifier, to read the detector voltage with as low signal-to-noise ratio as possible.

4.3.2 Total Insertion Loss

To measure total insertion loss, the fiber output is first measured, with no sample in

the setup. Then the sample is introduced into the setup and the waveguide output is mea¬

sured in a similar manner. The difference between the two measurements is the total inser¬

tion loss of the waveguide sample.

For most of the waveguide samples used in this research, the total insertion loss

was around 2.5-3.0dB. The exact value of insertion loss depended on waveguide width,

sample length, fabrication technique and conditions, quality of the endface polish, and

quality of the cleaved face of the fiber.

As a best result, the fiber-to-fiber insertion loss of a 5pm wide waveguide fabri¬

cated by PE in glycerin at 260°C for 24 hours was measured. To do this, the lens at the

output face of the waveguide was replaced with another single-mode fiber and the mea¬

surement was made in a similar manner as described above, using a lightwave multimeter

to measure optical throughput instead of the Ge detector and lock-in amplifier. The fiber-

to-fiber insertion loss for this sample was around 3dB.
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Fig. 4.7 Fabry-Perot transmission response of a 5p,m wide PE channel
waveguide.

4.3.3 Propagation Loss

Propagation loss was measured using the waveguide Fabry-Perot resonator tech¬

nique [Reg85], The setup is the same as that depicted in Fig. 4.6. Here, however, the sam¬

ple itself acts as a Fabry-Perot resonator. The measurement is made by changing the

wavelength of the laser source and monitoring the measured optical output from the

waveguide. The output as a function of wavelength will have a typical Fabry-Perot

response, resembling somewhat a sinusoidal response, depending on the amount of propa¬

gation loss. By measuring the ratio of the maximum transmission to the minimum trans¬

mission, and by knowing the reflectivity of the sample endfaces, the propagation loss is

easily calculated [Reg85].

The measured Fabry-Perot transmission response of a waveguide sample prepared

by PE in glycerin is shown in Fig. 4.7. The value of propagation loss calculated from this
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measurement is 0.24dB/cm, comparable to values reported for APE waveguides in

LiNb03 [Hus95]. For the case of Zn vapor-indiffused waveguides, a propagation loss of

0.75dB/cm was measured, comparable to that previously reported for these waveguides in

LiTa03 [Ekn87],

Along with loss, another important characteristic of waveguides is the value of the

electro-optic coefficient r33. In the next section, the method of measuring r33 is outlined

and performed.

4.4 r33 Measurement

For the fabrication of electro-optic devices, such as modulators, it is desirable to

have a large electro-optic coefficient r33. However, the fabrication techniques used here

are known to decrease somewhat the value of r33. As stated earlier, PE, especially in pyro-

phosphoric acid, is known to decrease r33, though it can be recovered to some degree by

annealing. The r33 value of waveguides fabricated in lower H+ concentration sources,

such as glycerin, where annealing is not used, is not known. Additionally, the techniques

of Ti-indiffusion and Zn vapor-indiffusion are performed at temperatures above the Curie

point for LiTa03, so there is no electro-optic effect after waveguide formation. As a result,

repoling is needed to restore r33. A direct measurement of r33 is then needed to gauge the

effectiveness of the repoling process.

In this section, the technique used to measure the electro-optic coefficient r33 is

described and administered. The advantage of the technique used here over other methods

is outlined and some results are presented.
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4.4.1 Interferometric Measurement Method

Most efforts to directly measure r33 in channel waveguides involve the use of an

interferometric device, such as a Mach-Zehnder interferometer (MZI), and the application

of an electrode pattern to induce a phase shift. For example, the r33 coefficient for an MZI

in push-pull configuration is given by:

r33 - (4-6)
27trVLn

where A, is the wavelength, g is the electrode gap, <]) is the induced phase shift, V is the opti¬

cal-electrical overlap factor, V is the applied voltage, L is the electrode interaction length,

and n is the refractive index. The accuracy of this technique depends greatly on the accu¬

racy in determining the value of T, which can only be estimated based on electrode dimen¬

sions. However, there is another method which ensures an overlap factor of unity. This

method is described next.

4.4.2 Unity Overlap Method

The setup used here to measure r33 is depicted in Fig. 4.8. The polarization-main¬

taining fiber from a diode laser is connected to a polarization-maintaining fiber coupler. It

was a 3dB coupler for the wavelength used, 1.55|im. One output from the coupler is used

20x

Fig. 4.8 Experimental setup used to measure the electro-optic coefficient r33.
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to couple light into a waveguide sample. Then the outputs of both the other coupler arm

and the waveguide are imaged, on top of each other, so they interfere on an IR camera.

The interference pattern is seen on a video monitor. The waveguide sample had Ta depos¬

ited on both the waveguide surface, with a Si02 buffer layer to reduce loss, and the bottom

surface. The Ta served as electrodes and guaranteed an overlap factor of unity. Of course,

the limitation of this technique is that it can only be used on Z-cut samples.

To make the measurement, a voltage was applied to the electrodes and the fringe

pattern was observed on the monitor. The voltage V required to shift the fringe pattern by

one-half period (<|)=n) was recorded and the r33 value was calculated from:

r33 “
_

VLn
(4-7)

where g is the sample thickness and L is the sample length. The accuracy of this technique

was estimated to be +6%.

For a waveguide fabricated by PE in glycerin at 260C for 24 hours, the measured

r33 value was 14.5 pm/V. For a Zn vapor-indiffused sample which was repoled, the mea¬

sured r33 value was 27.1 pm/V. This value is close to the r33 value of 30pm/V for bulk, vir¬

gin LiTa03.

In the next section, the issue of power handling of LiTa03 waveguides is exam¬

ined. In particular, the photorefractive characteristic of PE waveguides in the infrared,

near 1.5|im, is measured for similar structures in both LiTa03 and LiNb03.

4.5 Power Handling

LiTa03 is known to have a threshold for photorefractive damage of more than an

order of magnitude larger than that of LiNb03 at visible wavelengths [Gla72]. In the
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infrared, however, although photorefractive damage is often considered negligible, dam¬

age has been observed at 1.3|im in Ti:LiNb03 for power levels around 5mW [Har86], The

photorefractive resistance of these waveguides, as well as those fabricated by PE in both

LiNb03 and LiTa03, at 1.55|im have not been investigated to date.

In this section, the power handling capability of PE waveguides in LiTa03 operat¬

ing near 1.5fim is examined and compared to similar structures in LiNb03. A description

of the measurement setup is given first, followed by the measurement results.

4.5.1 Setup Description

Straight-channel waveguides of width 6|im were fabricated by PE in X-cut LiTa03

using glycerin at 260C for 24 hours and by APE in X-cut LiNb03 using pyrophosphoric

acid at 200C for 50 minutes followed by annealing at 350C for 7 hours with a 2 hour ramp

period at each end. To provide high input intensities needed for the measurement, a Fiber-

Raman Laser at 1.48|im was used. Light from the laser was coupled into the waveguides

using a single-mode fiber. Waveguide outputs were collected with a 20x lens and focused

onto a thermal detector with calibrated power meter. A pinhole was placed in front of the

detector and closed around the mode spot at low intensities so as to not inadvertently col¬

lect the light from the expanded mode of a waveguide exhibiting photorefractive damage

at higher intensities. The output power versus input power was then plotted to check for

photorefractive damage.

4.5.2 Results

Fig 4.9 shows the results of photorefractive measurements performed on

waveguides of similar channel width in LiTa03 and LiNb03. As can be seen, the LiTa03

sample, shows a reasonable degree of linearity between output and input power over the
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Fig. 4.9. Output power vs. input power
for 6pm wide straight-chan¬
nel waveguides in PE:LiTa03
and APE:LiNb03.

lasing threshold of the laser used in this

range tested. Therefore, little, if any, degra¬

dation to its performance has been caused

by photorefractive damage. The LiNb03

sample, however, shows some degree of

saturation and appears to have already

passed its threshold point for photorefrac¬

tive damage for even the smallest input

power tested. Lower levels of input power

were not attainable as they were below the

Iment. The significant attenuation of output

power relative to input power illustrates the extremely high photo-induced refractive index

change in APE:LiNb03 waveguides, especially above lOOmW.

In the next section, a direct method of index profiling is described. Such a mea¬

surement technique is necessary to extract surface index values of waveguide in order to

reconstruct the structural phase diagram for APE:LiTa03 in Chapter 5.

4.6 Direct Index Profiling

In order for devices to take advantage of the high throughput capability offered by

LiTa03, the technology of reliable waveguide fabrication must first be developed. For the

APE technique of waveguide fabrication in particular, however, a number of anomalies are

known to exist, as was outlined in Chapter 2. In order to explain these anomalies, as well

as identify conditions yielding stable waveguides, the structural phase diagram for



APE:LiTa03 is needed. This diagram relates waveguide surface index increment to

proton-induced lattice strain at the surface.

In this section, the measurement technique used to extract waveguide index pro¬

files is described. The need for a direct measurement technique is discussed and the

experimental setup used to directly measure index profiles is detailed. Then the accuracy

of this setup is given and some measured results are presented.

4.6.1 The Importance of Direct Profiling

It is the waveguide index profile that determines the most important characteristics

of device performance, including insertion loss, modulation efficiency, nonlinear

conversion efficiency, etc. Moreover, from the index profile the value of surface index

increment can be obtained, which is needed to reconstruct the structural phase diagram for

APE:LiTa03. In this regard, previous techniques, in most instances, have not attacked the

problem directly. Instead, the bulk of previous effort has attempted to approach this

problem by analyzing waveguides with indirect techniques. Many of these methods are

flawed since the results were only of qualitative nature, due to the assumptions made on

the properties of the waveguide index profiles. In particular, a vast majority of the results

on temperature-dependent diffusion coefficients have been obtained by using the inverse

WKB (IWKB) procedure and, hence, were affected by the fundamental assumption of a

monotonically decreasing depth profile with the maximum reached at the substrate

surface. On the contrary, recent results have directly demonstrated [Mar96a] the existence

of buried profiles where the index profile maximum is reached at a point below the

substrate surface. This fact makes the accuracy of the previous results less trustworthy, to

say the least. Additionally, even in the case of monotonically decreasing index profiles,
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Fig. 4.10 Comparison of a directly
observed index profile (solid)
and an IWKB reconstructed

profile (dotted).

there still remains the problem as to

which profile distribution to apply to

an IWKB approximation to determine

surface index values, i.e., an

exponential function, a

complementary error function, a

Gaussian function, or a Fermi

function. Since many of these

distributions have been reported in the

literature for various fabrication

conditions in APE:LiTa03, application of an unsuitable function to a set of measured

mode indices can result in significant error in calculating the surface value of the

waveguide index [Mu94], Such an example is depicted in Fig. 4.10, where the measured

effective mode indices and associated WKB reconstruction (dotted line) are compared

with the directly measured index profile (solid line). The measured mode indices are

within measurement error for the prism coupling technique, however the IWKB

reconstruction method could not accurately predict the plateau (almost) region near the

substrate surface and hence seriously overestimated the surface index increment.

Finally, the IWKB method requires at least three guided modes and, hence, is not

applicable at all to the case of single-mode waveguides. Clearly, extrapolation of the

multi-mode waveguide data, whose accuracy is rather questionable, to single-mode

structures is even more doubtful. On the other hand, the single-mode regime of operation
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is very common and desirable in practice since it results in devices with reduced crosstalk,

low driving voltages, and broad bandwidths.

To avoid the limitations of the previously used reconstruction techniques, such as

IWKB, it was decided to use a technique of direct index profiling. The bevelled technique

[Mar96a, Ste90], which is a direct technique, does not require waveguiding whatsoever and,

hence, can be used to measure both positive and negative index changes. The latter occur in

APE LiTa03 for the ordinary polarization. The bevelled technique is perfectly suited for

profiling single-mode waveguides after its accuracy has been brought to a level adequate to

resolve small index changes characteristic of single-mode structures. The technique is appli¬

cable to X-cut LiTa03 to measure changes in both the extraordinary and ordinary index.

Advantageously, electro-optic devices fabricated in this orientation do not require buffer

layers and exhibit much better temporal stability of optical output and improved frequency

response.

4.6.2 The Reflectivity Setup

Direct index profile measurements ofAPE waveguides in x-cut LiTa03 were made

using a reflectivity technique[Mar96, Ste90], The measurement setup is illustrated in Fig.

4.11. Waveguide profiles in the exchanged region are scanned in the depth direction under

the stationary spot of a focused laser beam. The index change is then measured by moni¬

toring the change in intensity of light reflected from the sample surface. The relationship

between the variation of reflected light intensity and index change is derived as follows.

The intensity of light reflected from the surface of the substrate /,. is related to the incident

intensity Ia by
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Fig. 4.11 Reflectivity profiling setup used for measuring the refractive
index profiles of APE waveguides in LiTa03.
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/ =
r \n+\ °

(4-8)

where n is the substrate local refractive index, either ordinary or extraordinary. By taking

the derivative of this equation with respect to n, the change in reflected intensity can be

related to the incident intensity according to

dIr
dn
_r = 4 (n-1) J

(n + 1)
3 o

(4-9)

Now, since what was actually measured was the reflected intensity Ir and the change in

reflected intensity dlr by substituting Eq. (4-8) into Eq. (4-9), one obtains

dl dn

n

( \

4

1
n—

(4-10)

n

Rearranging this equation and dropping subscripts, a relationship between the change in

index and the corresponding change ÁI in reflected intensity I is derived

An 1
" 4{nb nj In

V}A[
b'

(4-11)

where An is the index change and is the bulk index value, either ordinary or extraordi¬

nary.

Exact bulk index values of n0 and ne at the wavelength of interest, 632.8 nm, were

found by cubic spline interpolation of the dispersion data for LiTa03 presented in Appen¬

dix B. These values were n0 = 2.176 and ne = 2.181. An X-cut crystal had to be used in

order to be able to see the extraordinary index ne, characterized by the index along the Z-

axis. A polarizer and half-wave plate were used at the laser output to select the desired
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crystal polarization for profiling. The substrate was bevel-polished at an angle a in order

to magnify the depth profiles by a factor of 1/sina. The exact angle of the bevel was a =

1.86°, making the magnification factor 30.76. A Ta film deposited on the substrate surface

prior to bevelling served as a reference for marking the position of the substrate surface by

causing a sharp peak in reflected intensity. An AR coating (MgF2, 1172Á thick) deposited

on the back of the sample helped to minimize interference and noise caused by backreflec-

tions. Light incident on the substrate surface was chopped and detected via a Si detector

and lock-in amplifier. The lock-in output was fed to a digital oscilloscope. The sample

was scanned, at a low frequency, under the stationary spot of the focused laser beam and

the reflectivity displayed in real-time on the oscilloscope.

The scanning of the sample was achieved by attaching the sample, by means of a

light-weight wooden dowel (diameter 1/8”), to the center cone of a 3” audio speaker. The

sample was stuck to the rod using double-sided tape and the rod attached to the speaker

cone using hot glue. A DC-ramp signal drove the speaker, causing it to oscillate linearly

and thus scan the sample back-and-forth under the spot. This ramp signal was also used to

trigger the oscilloscope. The amount of speaker excursion, and thus scanning distance,

was controlled by the peak-to-peak voltage of the input ramp signal to the speaker. A cal¬

ibration chart of speaker input voltage versus speaker excursion distance was created by

identifying the voltage necessary to cause enough excursion to display on the oscilloscope

the intensity peaks of thin metal stripes, fabricated on a particular sample, with a known

separation between them. This calibration chart is depicted in Fig. 4.12. The entire mea¬

surement process is then performed as follows. The oscilloscope is used to display the

change in reflected intensity, appearing as a change in voltage AV. The scanning distance
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scanning distance (jam)

Fig. 4.12 Speaker calibration chart
relating voltage to speaker
excursion. The measured
data (squares) and linear fit
(solid) are shown.

is adjusted to reveal the entire profile, up to

the point of the large intensity, or voltage,

increase marking the substrate surface.

This scan is saved and sent to a computer

where the depth axis is calibrated by know¬

ing the peak-to-peak voltage input to the

speaker and using the calibration chart to

determine scanning distance in microns.

The vertical axis, or An, is calibrated by

measuring the intensity I, or associated

voltage V, caused by bulk reflection and using Eq. (4-11), noting that AVIV = MU.

4.6.3 Accuracy and Repeatability

The spacial resolution of this measurement system is limited by the spot size.

After bevelling, the effective resolution is improved by the magnification factor. The spot

size of the focused laser beam was estimated experimentally. A sample with a sharp

boundary of Ta metal deposited on the surface was scanned under the spot. The intensity

profile was obtained as the spot traversed the Ta boundary, from bulk region to an area of

higher reflectivity due to the Ta. This reflectivity profile is a convolution of the finite spot

and an ideal step function. The profile is displayed in Fig. 4.13, from which the spot size

was approximated to be about 2|im, given the magnification factor due to bevelling. This

resulted in a measurement resolution of 2/30.76 ~ 0.07|im.
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Fig. 4.13 Scan of focused spot as it trav¬
els across a step-interface
from bulk LiTa03 to highly
reflective metal.

depth (pm)

Fig. 4.14 Ordinary index profile taken at
five different points across a
sample.

By observing Eq. (4-11), it is seen that the accuracy in measuring index changes is

about the same as the accuracy in measuring AVIV. This method is expected to be capable

of reproducing actual refractive index profiles with an accuracy of An/n - 10'4.

In order to test the repeatability of this measurement technique, an x-cut sample of

LiTa03, proton exchanged and then annealed for 15 minutes, was measured at 5 different

points across the width of the sample. The results of this test for the ordinary polarization

are shown in Fig. 4.14. As can be seen from this figure, a high degree of repeatability is

achieved from this method. Results of the same test for the extraordinary polarization

show a similar level of repeatability.

4.6.4 Measurement Results

The extraordinary index profiles for a set of planar samples on X-cut LiTa03 are

shown in Fig. 4.15. The samples were proton exchanged in pyrophosphoric acid at 260°C

for 20 minutes, then annealed at 300°C, for various times ranging from 0 to 120 minutes.
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depth (|im)

Fig. 4.15 Extraordinary index profiles for various annealing times. All pro¬
files were measured at ?i=0.633pm, except that shown by the
dashed-dotted line, which was measured at h= 1.32pm (30-min
annealing time). The actual measured extraordinary index profile
with ripples for 15-min annealing (measured at )i=0.633|im) is
shown by the dashed line.

It should be noted that the measured curves exhibited ripples (shown by the dashed line

only for a sample annealed for ta=15min) whose origin needs further clarification. Taken

alone, possible interference between the beams reflected from the bevelled and bottom

surfaces or a surface profile due to polishing cannot explain this phenomenon, since

virtually no ripples were observed beyond the waveguide cross-section area. Furthermore,

the magnitude of these ripples varies (decreases) with annealing time.
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For illustration-clarity, all the measured profiles (ta=0 to 120 min), except for the

as-exchanged waveguide, were fitted with splined smooth curves which accentuate profile

evolution upon annealing. Index changes measured on as-exchanged waveguides were

rather low and, in addition, were significantly obscured by the aforementioned ripples,

preventing any fit to the measured curve. The maximum index increment, however,

dramatically increases upon short annealing periods (up to -0.02 for 30-min annealing

time), as does the area under the profiles. The shape of the index profile also undergoes

rapid transformations, revealing buried profiles for samples annealed for 7.5 and 15 min.

Buried profiles, formed in just a single-step annealing process, are most likely to result

from the nonlinear dependence of the refractive index on proton concentration. An

important consequence of this fact is that a rigorous theoretical analysis of APE

waveguides in LiTa03, if possible at all, is hindered to a large extent, until the structural

phase diagram of this material is accurately determined.

Using the reflectivity technique, ordinary profiles were measured in the same

straightforward manner with accuracy and resolution far beyond those of conventional

interferometric methods. The measured scans (X=0.633jim) are summarized in Fig. 4.16.

Note again, curves fitted to the measured distributions with ripples are plotted. The results

indicate, as opposed to the extraordinary index, there are no apparent buried profiles for

the ordinary polarization. As expected, the measured changes in ordinary index are

negative. By comparing Figs. 4.15 and 4.16, it follows that for the same annealing time,

the index distributions for the two polarizations have an approximately identical width.

However, the magnitude of the ordinary index decrease is substantially larger than the

corresponding increase in the extraordinary increase, especially for short annealing times.
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depth (pm)

Fig. 4.16 Ordinary index profiles for the set of samples in Fig. 4.15.

Upon annealing, the magnitude of the ordinary index depression, in general, decreases

while the distribution width increases. It is noted that the peak value of the negative

ordinary change for the as-exchanged waveguides is comparable to those reported in

[Ahl94c],

To determine the dispersion of the index change, the measurements were repeated at

7u= 1.32pm and compared with those at A,=0.633pm. The obtained results clearly indicate

that the extraordinary increment exhibits strong dispersion over the spectral range from

0.633pm to 1.32pm. As an example, the extraordinary profile measured on a sample with

ta=30min is shown in Fig. 4.15 by the dashed-dotted line. For this sample, the ratio
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An(0.633pm)/An(1.32|lm) is about 1.9, i.e. the index increment almost doubles when the

wavelength is halved.

As stated earlier, the direct profiling technique was used to extract surface index

increment values of planar waveguides in order to reconstruct the structural phase diagram

for APE:LiTa03. The other information needed for this reconstruction is surface values of

proton-induced lattice strain. These values were obtained through rocking curve analysis,

which is the subject of the next section.

4.7 Rocking Curve Analysis

In order to obtain surface values of proton-induced lattice strain e"3 needed to

reconstruct the structural phase diagram for APE:LiTa03, rocking measurements must be

performed. In this section, a description of the rocking curve measurement is given based

on the theory of Bragg’s Law and utilizing an X-ray diffractometer. Given a rocking curve,

the calculation required to determine the surface value of e"3 is given. Finally, an actual

rocking curve is presented. Note that this procedure is only performed on proton-

exchanged waveguides as both Ti-indiffusion and Zn vapor-indiffusion are not known to

produce any measurable lattice strain.

4.7.1 The Rocking Curve Measurement

The lattice spacing d of a crystal is measured using an X-ray diffractometer. The

schematic for such a measurement is illustrated in Fig. 4.17. Radiation of wavelength ~k

from an X-ray source is incident upon the surface of the sample. A detector is used to

measure the intensity of the reflected radiation. This reflected intensity is maximum when
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Fig. 4.17 Schematic of the X-ray diffrac¬
tion measurement process.

Fig. 4.18 Illustration of an
expected rocking curve
for a PE sample.

the angle of incidence 0 is such that Bragg’s Law is satisfied:

n?i=2dsin0. (4-12)

By slowly rotating, or rocking, the sample during a measurement run, the angle of inci¬

dence can be changed and the corresponding reflection intensity monitored. Such a pro¬

cess is referred to as a rocking curve measurement and the resulting data of intensity

versus incident angle is a rocking curve.

For the case of proton exchanged waveguides, the introduction of H+ into the crys¬

tal increases the lattice spacing d. As a result, the angle 0 at which the Bragg reflection

peak occurs is shifted to a smaller angular value. So a rocking curve measurement of such

a sample will exhibit two peaks as illustrated in Fig. 4.18, one corresponding to the bulk

substrate and one corresponding to the proton exchanged region.
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4.7.2 Calculating Lattice Strain

Previous studies [Fed94] have determined that H:LiTa03 waveguides on X-cut

substrates have only one non-zero component e"3 of the deformation tenser. This value of

strain was determined for each sample by measuring rocking curves with a single and dou¬

ble-crystal X-ray diffractometer. By measuring the angular deviation A0/J/W between the

peak for the unexchanged substrate and that for the exchanged layer on the rocking curve

of the plane (hkl), e'33 can be found from the expression [Fed94]
-A0

833 tan0 (4-13)
hkl

where 0/?w is the Bragg angle of the strain-free substrate region. For X-cut samples, rock¬

ing curves were measured for the (220) surface plane. In measurements, the maximum

angular shift on the rocking curve was of primary interest as it corresponds to the maxi¬

mum deformation e"3 and strain in the APE region. It was confirmed that the maximum
shift corresponds to the strain at the substrate surface. This was done by successive pol¬

ishing of the sample surface in small steps through the APE region and analyzing the

resulting change in the rocking curve. Likewise, the analysis of the evolution of the rock¬

ing curve upon annealing has also pointed to a monotonic strain profile with the maximum

reached at the surface. Therefore, the values of both maximum deformation e”3 and opti¬
cal index used to plot the structural phase diagram (Chapter 5) have been measured at the

same point, namely, the substrate surface.

4.7.3 Some Rocking Curve Results

Some measured rocking curves are shown in Fig. 4.19. Fig. 4.19(a) is the rocking

curve for virgin LiTa03. There are two peaks for the substrate because this curve was

taken with a single-crystal diffractometer having two wavelengths. Had a double-crystal
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(a) (b)

Fig. 4.19 Measured rocking curves for X-cut virgin LiTa03 (a) and PE
LiTa03 (b).

diffractometer been used, only one wavelength would have been present, and only one

peak, the left-most one, would exist on the rocking curve. The measured curve is plotted

as a function of twice the incident angle 0. The angle for the substrate peak of interest is

labeled. Note that these samples were X-cut. For X-cut, the angle for the bulk substrate

0b is around 36.2°, while it is around for 41.7° Z-cut.

Fig. 4.19(b) is the rocking curve for a PE sample prepared in glycerin at 260°C for

24 hours. For this curve, the substrate peak and the peak corresponding to the PE layer for

the wavelength of interest are labeled. Having the measured values for 0b and A0=0b-0PE,

the value of e"3 can then be calculated from Eq. (4-13) and was found to be 4x1O'3.

4.8 Summary

This chapter presented the characterization of planar and channel waveguides in

LiTa03 fabricated by APE, Ti-indiffusion, and Zn vapor-indiffusion. The number of
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modes supported by channels of various widths were first determined by a near-field mea¬

surement technique. Next, the effective mode index increments of modes supported by the

waveguides were measured at four wavelengths and the values for the fundamental mode

at 1.31pm were found to be in good agreement with those numerically calculated [Tav95].

A Fabry-Perot method of determining propagation loss was then discussed and applied to

channel waveguides, yielding a value of 0.24dB/cm for PE waveguides fabricated using a

glycerin source. A method for measuring the electro-optic coefficient which did not

involve estimating a value for the overlap factor of the electrical and optical fields was also

described. This technique gave a value of 27.1pm/V for a repoled Zn vapor-indiffused

sample, indicating that the repoling process was successful. The photorefractive charac¬

teristic of PE waveguides in LiTa03 and LiNb03 were measured near 1.5pm. The LiNb03

waveguides exhibited significant damage at power levels as low as 40mW, while the

LiTa03 waveguides demonstrated decent power handling to levels as high as 500mW.

Finally, the techniques of direct index profiling and rocking curve analysis were outlined

for their use in determining surface values of index increment An and lattice strain e"3,
used in the next chapter to reconstruct the structural phase diagram for APE:LiTa03.



CHAPTER 5
STRUCTURAL PHASE DIAGRAM FOR APE:LiTa03

Waveguide devices fabricated in LiTa03 by APE have the advantage of benefiting

from the high-power throughput capability of the crystal. However, the APE process in

LiTa03 is known to exhibit a number of anomalies. These anomalies were discussed at

length in Chapter 2 and so are only briefly reviewed here. APE waveguides in LiTa03 have

been found to exhibit significant short-term and long-term instabilities of the refractive

index increment [Mat92a]. It has been shown that the total hydrogen content and refractive

index increase upon annealing [Ahl94c, Mat92b] and that the index decreases as proton

concentration increases beyond a certain level [Áhl94c], These peculiarities suggest a non¬

linear dependence of proton concentration on refractive index which may result in buried

index profiles for certain fabrication conditions, as was confirmed in the previous chapter.

To explain the observed abnormal behavior, it is therefore important to understand

the relationship between proton concentration and index change. Since the introduction of

protons causes crystal deformation and strain, the relationship between proton-induced lat¬

tice strain and index change is equally as important. Such a relation has become identified

as the structural phase diagram [Kor96], not to be confused with the phase diagrams used

in physical chemistry to relate temperature to proton concentration, and is illustrated in Fig.

5.1. In general, this diagram is usually plotted using lattice strain e”3 rather than H+ proton

concentration, as the e" measurement is nondestructive and simpler to make. Knowledge

105
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of the structural phase diagram for

APE:LiTa03 is indispensable in developing

advanced high-throughput electro-optic and

nonlinear guided-wave devices with low

insertion loss and temporally stable perfor¬

mance.

In this chapter, the structural phase

diagram for APE:LiTa03 is reconstructed.

Some limitations that have hampered previ¬

ous efforts to construct the diagram are first discussed. Then, direct measurement tech¬

niques, outlined in the previous chapter, are employed for the successful reconstruction of

the structural phase diagram. The diagram is then used to explain the previously mentioned

anomalies associated with the APE process in LiTa03. Finally, PE waveguides are ana¬

lyzed for inclusion in the structural phase diagram. Direct measurement techniques and

Raman spectra of these samples are used to identify a new, single-phase region of the struc¬

tural phase diagram, not seen before with APE structures. Note that this chapter is only

concerned with APE and PE waveguides as the other two methods of waveguide fabrication

used for this work, namely, Ti-indiffusion and Zn vapor-indiffusion, are not known to

exhibit such anomalies and do not induce any lattice strain, therefore have no structural

Fig. 5.1 Example of a structural phase
diagram, relating surface
index increment An to either
H+ proton concentration or
proton-induced lattice strain
e" at the surface.

phase diagram.
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5.1 Previous Limitations

In this section, the limitations inhibiting previous efforts for complete reconstruc¬

tion of the structural phase diagram for APE:LiTa03 are described. The need for direct

measurement techniques to overcome these limitations is developed, involving methods

outlined in Chapter 4.

While the structural phase diagram for APE LiNb03 is fairly well known [Kor96,

Kor97, Zav93], the aforementioned specifics of the APE process in LiTa03 have compli¬

cated a complete and accurate reconstruction of the structural phase diagram for this mate¬

rial. The main obstacle appears to be the determination of refractive index, especially in

high-concentration, high-strain phases. Indeed, the appearance of a negative slope on the

known portion of the structural phase diagram (An vs. e"3) for Z-cut LiTa03 [E1H95,

Fed94] and “rotated” cuts of LiTa03 [Fed94] clearly implies the existence of buried index

profiles. Therefore, the accuracy of the IWKB method used for reconstruction of index

profiles is likely to have been compromised. Additionally, the decreasing index in high-

concentration phases results in waveguides supporting very few or no modes. Conse¬

quently, the IWKB method cannot be applied at all. This circumstance has limited the

range of the known structural phase diagram for X-cut LiTa03 [Fed94],

These limitations can be avoided through the use of direct measurement tech¬

niques. Specifically, the techniques of direct index profiling and rocking curve analysis,

described in the previous chapter, can be applied to extract surface values of index incre¬

ment and lattice strain for any waveguide. Through this approach, the structural phase dia¬

gram can be constructed. This has been done in the next section.
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5.2 Constructing the Structural Phase Diagram

In this section, several planar APE waveguides were fabricated and measured via

direct index profiling and rocking curve analysis. From this data, the structural phase dia¬

gram for X-cut APE:LiTa03 was constructed.

To reconstruct the structural phase diagram for X-cut LiTa03, APE planar

waveguides were fabricated using a variety of proton sources: pyrophosphoric acid, ben¬

zoic acid, ammonium dihydrophosphate, stearic acid and palmetic acid. Exchange and

anneal times and temperatures were varied as deemed necessary to produce a sufficient

number of data points across the structural phase diagram. It was found that pyrophospho¬

ric acid and ammonium dihydrophosphate provided the highest proton concentrations pos¬

sible without causing surface cracks on the sample. This limit of proton concentration is

reached after exchanging in pyrophosphoric acid at 260°C for 20 minutes. Further

exchanges lead to surface cracking, which, with the associated concentration induced lat¬

tice deformation, determined the upper limit of the reconstructed diagram.

The fabricated samples were subjected to direct index profiling and rocking curve

measurements. Values of surface extraordinary index increment Ane were obtained from

observation of the measured index profile. Values of surface lattice strain e"3 were calcu¬
lated from rocking curve measurements, as detailed in Chapter 4.

In Fig. 5.2, surface values of the extraordinary index change Ane are plotted versus

surface values of the lattice strain e"3 to construct a complete structural phase diagram for
APE planar waveguides in X-cut LiTa03. This figure illustrates that the index change has

an approximately linear dependence on lattice deformation, and therefore on proton con¬

centration, within each phase. However, the slope of this dependence is different for each
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Fig. 5.2 The complete structural phase diagram for APE X-cut LiTa03,
relating surface index change Ane to proton-induced lattice
deformation e"3 at the surface. Straight-line segments (solid)
were fit to measured data points (squares). Lower-case letters
(a) through (e) mark the locations of waveguides with corre¬
sponding index profiles shown in Fig. 5.3.

phase and the transitions between phases are marked by sharp discontinuities. Note that

the slope difference between the [31 and [32 phases is small and can only be distinguished

on “rotated” cuts [Fed94], As such, a single linear fit through both of these phases was

used.

In the next section, the structural phase diagram is analyzed and used to explain the

observed anomalies of the APE process in LiTa03. In addition, the characteristics of

waveguide profiles in different regions of the structural phase diagram are examined.
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5.3 Analyzing the Structural Phase Diagram

Having reconstructed the structural phase diagram, it can be inspected and used to

explain several of the aforementioned anomalies associated with the APE process in

LiTa03. That is done in this section. In addition, waveguide index profiles were examined

in different region, or phases, of the structural phase diagram in order to gauge the influ¬

ence of strain on waveguide index profiles.

5.3.1 Explaining APE Anomalies

Analysis of the structural phase diagram lends an explanation for the aforemen¬

tioned anomaly of reduced index increment with increasing proton concentration

[Mar98a]. As proton concentration is increased via proton exchange, strain and index

increase through the first four phases. However, once the concentration is high enough to

produce a deformation e"3 ~ 4, further increase of protons and strain leads to a decrease in
index. The anomaly of increased index increment upon short annealing can also be

explained [Mar98a]. If a single-step proton exchange process is sufficient enough to sup¬

ply the required proton concentration and induced strain to form waveguides largely

within the [33 or (34 phase, then subsequent annealing will decrease strain, and hence

increase index.

5.3.2 Effect of Crystal Phases on Index Profiles

A unique perspective of how the concentration induced strain impacts the

waveguide index profile can be obtained by tracking the evolution of the index profile and

corresponding rocking curves as we move through the structural phase diagram in the

direction of decreasing e"3 [Mar98b], Typical examples of index profiles are illustrated in



£33=11-4 £33 =6.03

£33=5-16

(c)

£33=4.06

£33=3.84

Fig. 5.3 Measured refractive index profiles for e'33 = 11.4, near the high-concen¬
tration end of the [34 phase (a), e"3 =6.03, near the low-concentration end
of the [34 phase (b), e'33 =5.16, near the high-concentration end of the [33
phase (c), e'33 =4.06, near the low-concentration end of the [33 phase (d),
and e'33 =3.84, in the [31-[32 phase region (e).
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Fig.5.3. Fig. 5.3(a) shows the index profile for an as-exchanged waveguide with a surface

e"33 value of 11.4, at the high-concentration end of the (34 phase. This is the highest strain
attainable without surface cracking. As seen, there is no surface index change. However,

there are large index variations below the surface. Index profile measurements performed

at different wavelengths showed no change in the “period” of the observed index varia¬

tions, allowing for the conclusion that the variations are not an interference phenomenon.

Rather, the presence of multiple phases and resulting non-uniform strain is likely to be the

cause of the index variations observed. Indeed, rocking curves for this sample also clearly

indicate the presence of at least two phases within the APE layer, [34 and (33, with the (34

phase being the uppermost, or surface layer. Lower-concentration phases ((32, (31, K, and

a) are also present deeper within the APE layer, but the associated strain profile is too

gradual to allow these phases to be easily discerned on the rocking curves.

Fig. 5.3(b) depicts a waveguide with a step-like index profile and a smaller surface

e"3 value of 6.03, as may be obtained through annealing. Rocking curves for this region
near the low-concentration end of the (34 phase show an increasing content of the addi¬

tional [33 phase.

Fig. 5.3(c) shows a profile for a waveguide with a surface e"33 value of 5.16, essen¬

tially in the (33 phase. Waveguides in this region are characterized by buried index profiles

with a peak value Ane = 0.016 reached below the surface, nearly the same value as that of

the low-concentration end of the (34 phase. Rocking curves also reveal the distinct pres¬

ence of a [32 phase layer, beneath the [33 layer. Note again that the index variations, and

the fact that the waveguide profile is buried, are due to the presence of multiple phases.
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As further annealing is performed and strains are relieved, the presence of the (32

phase becomes more pronounced on rocking curves and index variations below the surface

are less noticeable. At the same time, the surface value of index rises until the profile is no

longer buried. Fig. 5.3(d) shows such a waveguide with a surface e"3 value of 4.06, at the
low-concentration end of the (33 phase. Waveguides in this region have a characteristically

Fermi-like index distribution.

Lastly, Fig. 5.3(e) depicts a waveguide profile with a surface e"3 value of 3.84.
This Gaussian-like index distribution is characteristic of the (31 and (32 phases, as well as

the k and a phases. Rocking curve analysis for waveguides within the (32, (31, and k

phases reveal only the crystal phase at the surface, with a soft shoulder representing the

lower-concentration phases present. On the other hand, waveguides within the a phase are

truly single-phase.

In the next section, PE waveguides are analyzed by Raman spectroscopy and direct

measurement techniques. As a result, a new phase is identified and the structural phase

diagram is updated to include it.

5.4 PEWaveguides

As will be discussed later in Chapter 6, the APE technique had some limitations,

particularly when attempting to fabricate single-mode waveguides at 1,55pm which are of

low concentration, or within the a phase [Mar99]. As a result, PE only using a dilute

source was used to overcome these limitations. The details leading up to such a transition

will be discussed in the next chapter, however, the analysis of PE waveguides is presented

in this section because of their significance in the structural phase diagram for LiTa03.



First, the Raman spectra of samples fabricated in both pure and diluted glycerin will be

measured and compared to that of single-phase APE samples to determine phase content.

Next, surface values of index increment and strain are measured to plot the position of

these new samples on the structural phase diagram, indicating the presence of a new sin¬

gle-phase region obtainable only through PE with dilute sources.

5.4.1 Raman Analysis of PEWaveguides

Waveguides were fabricated in X-cut LiTa03 using PE only in a dilute source of

pure glycerin or glycerin diluted with Li2C03. The waveguides, which exhibited a rela¬

tively step-like index profile, were analyzed by Raman Spectroscopy for comparison of

phase content against APE waveguides. Fig. 5.4 shows the Raman spectra of samples

Raman shift, wavenumber (cm'1)
Fig. 5.4 Raman spectra of PE samples prepared in pure glycerin

at 260°C for various exchange times and of an APE sam¬
ple with a strain value of e"3 =0.84x10-3, in the a phase.
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Raman shift, wavenumber (cm1)

Fig. 5.5 Raman spectra of PE samples prepared in pure glycerin,
and glycerin diluted with LÍ2CO3, at 260°C for various
exchange times.

exchanged in pure glycerin for times of 24, 48, and 70 hours, and the spectra for an APE

sample with a strain value of e"3 =0.84xl0"3, in the a phase. As can be seen, the sample

exchanged for 24 hours had a spectra somewhat similar to the APE, single-phase sample.

However, samples exchanged for longer periods exhibited a shift in the peak of the Raman

spectra, indicative of samples containing higher concentration, such as K, phases. Fortu¬

nately, 24 hours of exchange was enough to produce single-mode waveguides at 1.55p.m.

The Raman spectra of samples prepared in diluted glycerin are presented in Fig.

5.5, where they are shown with the spectra for the pure glycerin sample exchanged for 24

hours. As can be seen, all the diluted samples showed a more predominately single-phase

composition then even the pure glycerin sample. Additionally, the spectra did not change
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Raman shift, wavenumber (cm-1)

Fig. 5.6 Raman spectra of APE single-phase sample and PE sam¬
ples prepared in both pure glycerin and diluted glycerin at
260°C for the times indicated.

with exchange time meaning that longer exchanges, required to produce waveguides deep

enough to guide, would be possible without increasing surface concentration. For exam¬

ple, diluting with 0.005 mol% Li2C03 required an exchange time of 80 hours to produce

single-mode waveguides at 1.55p.m. As can be seen in Fig. 5.6, this diluted sample is

comparable, or slightly improved, over the 24 hour pure glycerin sample and the single¬

phase APE sample.

5.4.2 Modified Structural Phase Diagram

From the above Raman analysis, samples fabricated in pure glycerin for 24 or less

and samples fabricated in diluted glycerin are predominately single phase. To determine
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exactly their position on the structural phase diagram, index profiling and rocking curves

were used to determine surface values of index increment An and strain z" .

The sample prepared in pure glycerin at 260°C for 24 hours had measured values

of An=0.02 and e'33=4xl0'3. The sample prepared in glycerin diluted with 0.005mol%

Li2C03 and exchanged at 260°C for 80 hours had measured values of An=0.017 and

e33 =3.6x10 . As can be seen by inspection of Fig. 5.2, these sample points do not corre¬

spond to the a phase, or to any phase shown on the structural phase diagram. As such, it

was concluded that there existed a new phase, obtainable only by PE in a dilute source. To

confirm this, an additional data point was constructed. The pure glycerin sample was

annealed at 230°C for 4 hours. However, no change in the value of e”3 was measured.
Additional annealing was performed at 300°C for 4 hours. Again, there was no change in

Fig. 5.7 Modified structural phase diagram for X-cut LiTa03 depicting
the newly discovered a' phase.
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e"3 . The sample was annealed one last time at 340°C for 6 hours. This time the measured

values of strain and index increment were e"3 =2.3xl0~3 and An=0.011.
The three new data points were added to the structural phase diagram, shown as

filled squares in Fig. 5.7. A straight line was fit through these points back to the origin.

This data, along with the Raman data confirming these samples to be of single-phase, con¬

firms the presence of a new single-phase region. This new phase, labeled the oT phase in

Fig. 5.7, is obtainable only by PE in a dilute source where the surface concentration never

leaves this phase during exchange.

5.5 Summary

In this chapter, the structural phase diagram for X-cut APE:LiTa03 was con¬

structed. First, some of the limitations hindering previous efforts to construct this diagram

were outlined, leading to the need for direct index profiling. Next, direct index profiling,

along with rocking curve measurements, were applied to APE samples of various fabrica¬

tion conditions in order to construct the structural phase diagram for APE:LiTa03, relating

surface index increment to surface values of proton-induced lattice strain. This diagram

was then used to explain several of the previously observed anomalies associated with the

APE process in LiTa03. Additionally, the effect of the presence of multiple crystal phases

on the waveguide index profiles was studied, with profiles from different regions of the

phase diagram being illustrated. Lastly, PE waveguides were analyzed because of their

advantage of higher mode confinement. Measured values of surface index increment and

strain showed these samples to be in a new phase of the diagram. Raman spectra of PE

samples, compared with that of single-phase APE samples, confirmed that waveguides
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within this new phase, obtainable only by PE in dilute sources, were truly of single-phase

content.

In the next chapter, the structural phase diagram constructed here will be used to

study the stability of both APE and PE waveguides in LiTa03. Metal-indiffused

waveguides will also be examined, for stability comparison against APE and PE

waveguides. Additionally, crystals from different growers will be examined to determine

the maturity of the growth process for this crystal.



CHAPTER 6
STABILITY OF LiTa03 WAVEGUIDES

The temporal instability of waveguides in LiTa03 is the major hindrance in the

way of their widespread use in practical devices. At least for APE waveguides, the instabil¬

ities are suspected to be caused by the presence of a mixture of crystal phases that can

transform in time one into another. As a result, the waveguide index, averaged over the

waveguiding area, changes, leading in turn to a variation in the propagation constant of the

guided modes. There is a valid suggestion that a waveguide containing only the low-con¬

centration a phase will exhibit improved temporal stability [E1H95]. Increased stability of

structures in predominantly one phase (low-concentration or high-concentration) [E1H95]

supports this idea.

In this chapter, the stability of waveguides in different regions of the structural

phase diagram for APE:LiTa03 are examined, along with the stability of waveguides fab¬

ricated by metal-indiffusion, with the aim of determining the feasibility of defining fabri¬

cation conditions yielding temporally stable waveguides. For APE waveguides, a

qualitative analysis was performed using rocking curve measurements to monitor any

change in strain values e"3 over time. For a more quantitative analysis, a directional cou¬

pler was used to track changes in the coupling length of couplers fabricated using

waveguides of varying fabrication conditions. These changes in coupling length were then

related to corresponding changes in index increment through a computer simulation of a

120
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directional coupler. Using this technique, the stability of waveguides in different regions of

the structural phase diagram for APE:LiTa03 were analyzed. A comparison, in terms of

stability, between PE/APE waveguides and metal-indiffused waveguides was then made to

determine if stability depends on fabrication conditions or is inherent to the crystal. Finally,

crystals from different vendors were compared to determine the growth maturity for this

material and some of the problems surrounding its growth were examined.

6.1 Rocking Curve Analysis of Stability

In this section, an initial investigation into the long-term stability of APE

waveguides was performed by monitoring changes in rocking curves over time. Samples

fabricated in X-cut LiTa03 using the APE method, and sources outlined in Chapter 5 to

reconstruct the structural phase diagram, were subjected to rocking curve measurements

immediately after fabrication, then again 4-5 days later in order to track changes in the

surface strain value e"3 . The results are presented in Table 6.1, which shows the e"3 val¬

ues, and corresponding phase at the sample surface, just after fabrication and again 4-5

days later. The arrows on the left side of the figure indicate samples which recorded a

change in the e"3 value over the 4-5 day period. The arrows on the right side of the figure
indicate samples which not only showed a change in strain, but also experienced a phase

transition (form the (34 to the (33 phase) in the near-surface layer.

From Table 6.1, it was seen that samples in the high-concentration regions of the

structural phase diagram, particularly the (33 and (34 phases, exhibited significant instabili¬

ties over the period examined, with a change in e"3 by as much as 20% in some cases.

Hence, these two high-concentration phases are not suitable for the fabrication of reliable
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just after fabrication 4-5 days later

e33 x 103 phase e33 xiO3 phase

10.8 p4 9.83 (34
9.2 P4 8.9 (34
7.7 p4 7.15 (34
6.7 (34 5.02 (34
6.6 (34 5.16 (33
6.52 [34 5.35 (33
6.03 (34 5.35 (34
5.74 (33 5.70 (33
4.14 (33 4.14 (33
3.8 (31,(32 3.8 pi,(32
3.31 P1,P2 3.31 (31,(32
3.07 (31,(32 3.07 P1.P2
2.92 (31,(32 2.92 (3l,|32
2.75 K 2.75 K

1.75 K 1.75 K

0.98 a 0.98 a

0.75 a 0.75 a

Table 6.1 Measured values of strain e"3 taken from APE samples
immediately after fabrication and again 4-5 days later.
Arrows on the left indicate samples which exhibited a
change in e"3. Arrows on the right indicate samples
which underwent a phase transition.



waveguide devices. The remaining phases showed no change in measured e"3, at least
within the measurement accuracy of this technique.
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In the next section, a method of more accurately measuring and quantifying the

amount of instability, in terms of index change, is introduced. It involves the use of a

directional coupler to track changes in index increments by measuring corresponding

changes in coupling length.

6.2 Using a Directional Coupler to Measure Stability

In order to determine if fabrication conditions exist which yield temporally stable

waveguides at 1.55|J.m, a method of quantifying the amount of waveguide index change

over time was needed. To do this, a passive directional coupler was employed. Changes

in measured coupling length of the coupler over time were related to corresponding

changes in index increment through computer simulation. In this section, a brief descrip¬

tion of a directional coupler is provided. Then, the measurement technique used to deter¬

mine changes in index increment is outlined.

6.2.1 Directional Coupler Theory

A passive directional coupler is shown in Fig. 6.1, where w is the individual

waveguide width, g is the gap of the coupler region, and L is the interaction length of the

coupler section. The device should be designed so that each arm of the coupler is single¬

mode at the wavelength of interest, in this case 1.55|im, and supports the fundamental

symmetric and anti-symmetric supermodes. These modes are orthogonal to each other
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Fig. 6.1 Illustration of a passive directional coupler.

and have different propagation constants P0 and Pi, respectively. The difference in propa¬

gation constants of these two modes is Ap=P0-P].

From coupled mode theory, the output power ratio of this coupler is expressed as

?2
P. tm\w+ e”p (6-1)

where 0np represents the amount of residual coupling which occurs at the tapered region

after the interaction length and lc=rc/AP is the coupling length, defined as the length

needed to couple all of the power from guide one into guide two.

6.2.2 Measuring Coupling Length and Index Change

To measure coupling length lc, an array of couplers were fabricated having the

same width w and gap g, but varying interaction lengths L. The output of each arm was

then measured and the normalized output (i.e. P1/(P1+P2)) was plotted as a function of

interaction length L. Such a plot is depicted in Fig. 6.2. Then, the function of Eq. (6-1)

for one arm was fit to the measured data to determine the coupling length lc (Fig. 6.2). It
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L (mm)

Fig. 6.2 Example of a plot of normalized output power versus interaction
length L for an array of directional couplers. Measured data is shown
as squares and the theoretical fit to the data, shown as a solid line, indi¬
cates a coupling length of 2.27mm.

has been shown [Che91] that it is possible to determine lc from as little as two couplers

with close interaction lengths.

To quantify stability, the coupling length was monitored over time in order to track

any change due to index instability. Changes in measured coupling length were then

related to corresponding changes in index increment 8(An) through a Finite Difference

Method (FDM) computer simulation of a directional coupler [MarOO], For each fabrica¬

tion condition, the index profile of the waveguides comprising the directional coupler were

measured by reflectivity profiling (Chapter 4) so that the appropriate parameters describ¬

ing the profile could be used in the simulation. The accuracy in measuring coupling length
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was better than 0.1mm and the sensitivity of the directional coupler allowed for the track¬

ing of index changes on the order of 10'5 [Mat92a],

In the next section, the method described in this section ofmeasuring index change

using a directional coupler is applied to APE and PE waveguides. The stability of

waveguides in different regions of the structural phase diagram is examined in effort to

pinpoint fabrication conditions leading to improved temporal stability.

6.3 APE and PE Stability Results

In this section, the results of stability tests for waveguides in different regions of

the structural phase diagram for APE:LiTa03 are presented. First, APE waveguides in

both high-concentration and low-concentration regions are examined. Based on these

results, the move to low-concentration PE waveguides is made for a number of advantages

which will be discussed. Stability results on these PE waveguides are given next and the

section concludes with a discussion on the trade-off associated with decreasing strain to

potentially improve stability and the reduction of An that occurs with decreased strain.

6.3.1 APE Results

The first couplers tested were fabricated in Z-cut LiTa03 using the APE process

and pyrophosphoric acid as a proton source. The conditions for fabrication are given in

Table 6.2. For ease of reference, the structural phase diagram for Z-cut APE:LiTa03 is

reprinted in Fig. 6.3. A Z-cut crystal was chosen because, especially for the high surface

concentration sample (Sample 1), it was extremely difficult to produce a waveguide in X-

cut crystals (using pyrophosphoric acid) deep enough to support a mode at 1.55|im
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Sample Crystal
Cut

APE Conditions e33 C°'3) Phase Days 8(An)

1 Z PE: 260°C, 2hrs
A:300°C, lhr
PE: 260°C, lhr
A: 300°C, 2hrs
PE: 260°C, 30min

5.43 8 7 1.2x1O'3

99 2.7xl0'3

239 3.5xl0‘3

2 Z PE: 260°C, lOmin
A:340°C, lhr
PE: 260°C, 7min
A: 340°C, lOhrs

0.95 K 7 1.7x1O'4

98 7.9x1O'4

219 1.2x1O’3

Table 6.2 Fabrication conditions, measured e"3 value, associated phase, and esti¬
mated change in index increment 8(An) at various periods after fabrication
for Samples 1 and 2.

without suffering from surface cracking. Even for the case of Z-cut, repeated exchanges

followed by annealing were necessary to produce single-mode waveguides at 1.55(im with

the desired surface concentration. Had X-cut been used, it would have required many

more steps of exchange followed by annealing to avoid surface damage.

The measured coupling length of Sample 1 over a period of 239 days is shown in

Fig. 6.4. This sample had the highest proton concentration and was in the 8 phase of the

Z-cut diagram. As can be seen from this

figure and Table 6.2, Sample 1 exhibited a

large index change over just the first week

after fabrication. This change continued

over the 239 days it was monitored, reveal¬

ing a change in index increment 8(An) of

3.5xl0~3. The magnitude of this change

surface £33 (xlO3)

Fig. 6.3 Structural phase diagram for
7-rut APP-I iTaO.,



128

agrees with previously reported data

[Mat92a], As was discovered earlier by

monitoring changes in rocking curves

(Section 6.1), waveguides with high

proton concentration, near the upper

limits of the phase diagram, are highly

unstable and therefore unsuitable for
Fig. 6.4 Measured coupling length of

Sample 1. This couplei con- reliable device fabrication.
sisted of 4pm channels with a
5pm gap. jt js worth noting that, at least

for the case of high concentration sam¬

ples which are in phases of decreasing slope, that over time, both the surface strain and the

index increment were found to decrease. This is in contradiction to the evolution of the

index profile upon annealing, which was found to follow the structural phase diagram and

show an increase in index as the sample was annealed, decreasing strain, through the high

concentration phases. The reason for this peculiarity is not clear, but it would seem to sug¬

gest that the processes of aging and annealing do not have the same effect on the

waveguide or the crystal.

The measured coupling length of Sample 2 over a period of 219 days is shown in

Fig. 6.5. This sample was in the k phase of the Z-cut diagram. As can be seen from Table

6.2, the change in index increment for this sample is much smaller than that of Sample 1.

Note that because of its longer coupling length, the measured change in coupling length of

Sample 2 is larger, but its corresponding change in index is still smaller. This confirms the

previously held notions that stability can be improved by avoiding the presence of
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high-strain, high-concentration phases in

the waveguiding layer. However, even

greater stability is necessary for reliable

device operations. Therefore investiga¬

tion of waveguides in the a phase was

necessary.

6.3.2 The Advantage of PE

Temporal instabilities were sus¬

pected to be related to the presence of

multiple crystal phases in the waveguide layer, and the possible transformation of these

from one to another over time, as was observed in Section 6.1. As such, there was a valid

suggestion that a waveguide containing only the low-concentration a phase will exhibit

superior temporal stability [E1H95]. To fabricate a waveguides, a significant drawback to

the APE technique using pyrophosphoric acid was discovered. Because of the high proton

concentration of this source, PE led to very shallow, highly concentrated waveguides

which required extensive annealing to reach the a, or even the K, phase. As a result, their

profiles tended to be very graded and mode confinement became poor, or extinct [Mar99],

This problem was especially acute in the region of discontinuity between the a and K

phases, particularly for the Z-cut. APE waveguides supporting a single mode at 1.55pm in

the K phase lost this mode by further annealing them to the a phase because of the large

drop in index increment.

In effort to avoid these limitations, it was decided to switch to a lower-concentra¬

tion source, glycerin, and to use X-cut crystals. The structural phase diagrams plotted in

Fig. 6.5 Measured coupling length of
Sample 2. This coupler con¬
sisted of 6.5pm channels with an
8pm gap.



130

this research were done so at 632.8nm. Because the index increment is known to exhibit

some dispersion, the actual value of surface index for waveguides operating at 1.55pm is

much lower than that shown in the diagrams, at least two times [E1H98]. The X-cut crys¬

tal seems to allow for a higher value of surface index increment in the a phase then does

Z-cut, and also does not exhibit such a sharp discontinuity between the a and K phases.

Additionally, the lower-concentration source was expected to have a slower rate of surface

indiffusion, allowing time for diffusion within the sample, thus producing waveguides

whose surface concentration never leaves the a phase during PE and, therefore, would not

require annealing.

The characteristics of waveguides fabricated by PE in X-cut LiTa03 using glycerin

and glycerin diluted with Li2C03 were detailed in Chapter 5. It was found that these con¬

ditions produced waveguides with a predominately single phase, similar to the known a

phase, but capable of higher An values and higher strain [MarOO]. This new phase was

called the a phase [MarOO] and the revised structural phase diagram is reprinted in Fig.

6.6 for ease of reference. As these waveguides were fabricated by only a one-step, PE

0.04 technique, they were relatively step-like

P1.P2 as compared to their APE counterpart. As

<3 0.02
<D
O

D
on

0.00

a result of this and their larger An values,

mode confinement within the waveguide

was significantly improved, leading, for
0 2 4 6 8 10 12

surface £33 (xlO3)
example, to an increase in coupling length

Fig. 6.6 Structural phase diagram for
X-cut APE:LiTa03.

from about 5mm to 20mm in couplers

with 6.5|im channels and an 8|im gap.
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Fig. 6.7 Measured coupling length of Sam¬
ple 3. This coupler was comprised
of 7(im channels with an 8(im gap.

The stability of these new waveguides

is examined next.

6.3.3 PE Results

The measured change in cou¬

pling length for Sample 3 is shown in

Fig. 6.7. The fabrication conditions

and estimated change in index incre¬

ment 8(An) for this, and all the PE

samples tested, are given in Table 6.3.

This sample was in the a' phase, having a strain value of e"3=4xl0 , less than that of

Sample 1 but greater than that of Sample 2. As can be seen from Table 6.3, just 7 days

after fabrication, the index increment for this sample decreased by 8(An)=7xlO"4. Again

compared to the previous samples, this change is greater than that of Sample 2 and

roughly similar to that of Sample 1 for the same time period.

It was evident after just 7 days that Sample 3 would not be stable enough, so in an

effort to improve its stability, it was annealed at 230°C for 3 hours. It was then denoted as

Sample 3' (Table 6.3). The measured change in coupling length for this sample is shown

in Fig. 6.8. It was seen from this figure and Table 6.3, that the effect of annealing was to

reduce the coupling length from about 22mm to about 13mm, though the measured value

of strain did not change. Additionally, after 126 days, the change in index increment was

8(An)=1.7xlO~3, larger than that of Sample 2 and less than that of Sample 1 for roughly the

same time period.
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Sample Crystal
Cut

PE Conditions e33 <10'3) Phase Days 8(An)

3 X glycerin
260°C,24hrs

4 a' 7 7x1O'4

3' X Sample 3 annealed
230°C, 3hrs

4 a' 7 1.9x1 O'4

50 9.4x1O'4

126 1.7xl0“3

4 X glycerin +
0.005mol% Li2C03
260°C, 79.5hrs "

3.6 a' 7 7. lxlO"4

43 2.5xl0'3

74 2.9xl0’3

5 X glycerin +
0.005mol% Li2C03

260°C, 84hrs
aged: 85°C, 4 days

na na 4 9.9xl0'4

5' X more aging of
Sample 5:

95°C, 4 days

na na 7 2x1O'4

51 2x1O'3

Table 6.3 Fabrication conditions, measured e"3 value, associated phase, and esti¬
mated change in index increment 8(An) at various periods after fabrica¬
tion for Samples 3, 3', 4, 5 and 5".

days

Fig. 6.8 Measured coupling length of Sample
3'. This coupler was comprised of 7pin
channels with an 8p.m gap.



The above results seem to indicate that instability is not simply due to the presence

ofmultiple crystal phases in the waveguiding layer, as was previously assumed. Sample 2,

having two phases was more stable than Samples 3 and 3', which were single-phase.
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These results do, however, seem to indicate that waveguides with decreased proton con¬

centration, and strain, do have improved stability, as Sample 2 had the smallest strain

value and also the best stability. As a result, it was decided to try to fabricate waveguides

with decreased strain values. Again, the PE technique afforded the best opportunity as

attempts to fabricate waveguides by APE with strain values smaller than that of Sample 2

required too many successive repetitions of exchange and anneal, especially for X-cut, to

be practical. Additionally, these waveguides suffered from a combination of small An at

1.55|im and severely graded profiles due to annealing, making bending losses so high that

the fabrication of directional couplers, which have bends, was quite impractical. There¬

fore, it was decided to stick with PE, having the advantages outline in Section 6.3.2, only

with a more dilute proton source, in this case glycerin diluted with Li2C03.

The measured change in cou-

days

pling length of the new sample fabri¬

cated in diluted glycerin (denoted as

Sample 4 in Table 6.3) is shown in

Fig. 6.9. Because of the more dilute

source, the exchange time increased

from 24 hours to about 80 hours. The

e"3 value for this sample decreased
Fig. 6.9 Measured coupling length of Sam¬

ple 4. This coupler was comprised only slightly to 3.6. As indicated in
of 7|im channels with an 8p.m gap.
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Table 6.3, this sample was still more unstable than Sample 2. However, to try to fabricate

samples with significantly reduced e"3 values by using an even more dilute source would

have required hundreds of hours of exchange time, due to the decreased proton concentra¬

tion of the source and the larger depth required to support a mode at the lower An values

associated with decreased e"3 values. Such a fabrication situation is not practical for the
formation of waveguides.

By comparison with Samples 3 and 3', however, it was seen that Sample 4, though

having a smaller strain value, was no more stable than Sample 3 and more unstable then

Sample 3'. Evidently, annealing Sample 3 to produce Sample 3' had some impact on sta¬

bility. To this end, it was decided to try to artificially age [Kis95] these samples at a low

temperature (<100°C). By this means, it might be possible to improve the stability of

these samples, without causing significant alterations to the H+ profile, and hence the

index profile, as annealing at higher temperatures causes.

Sample 5 (Table 6.3) had roughly the same exchange conditions as Sample 4. In

addition, however, it was aged at 85°C for 4 days. Though its strain value was not directly

measured, because of its fabrication conditions it must have had an e”3 value similar to
that of Sample 4, or slightly smaller. The measured change in coupling for this sample is

shown in Fig. 6.10.

After a period of just 4 days, it was evident that stability had not been improved.

So this sample was subjected to further aging at 95°C for 4 more days. It was then denoted

as Sample 5" (Table 6.3). Within days after this aging, the waveguide couplers fell below

cutoff for the fundamental mode at 1.55|im. As a result, the change in coupling length was
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Fig. 6.10 Measured coupling length
of Sample 5. This coupler
was comprised of 7|im
channels with an 8|im gap.

Fig. 6.11 Measured coupling length of
Sample 5". This coupler was
comprised of 7|im channels
with an 8|im gap.

monitored at 1.31|4m and is shown in Fig. 6.11. The stability, however, was not

significantly improved over that of Sample 4.

6.3.4 Limits to Reducing Strain

As the index increment An of PE and APE waveguides is on the order of 10~2 or

smaller for wavelengths near 1.55p.m, the observed instabilities constitute changes in

index increment 8(An) of greater than 10%. Such changes are unacceptable for the fabri¬

cation of reliable integrated optical devices. As was hinted to here, and is known to be the

case for APE:LiNb03, decreasing the proton concentration, and hence strain, may lead to

improved stability. However, several obstacles limit this achievement.

First, the An of PE and APE waveguides in LiTa03 can be as much as an order of

magnitude smaller than that of LiNb03. Additionally, waveguide devices operating at

1.55|im are required, where, because of dispersion, An values are much smaller than
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shown in the structural phase diagrams. As a result, PE must be used, because of the

resulting profile shape, to maximize confinement at such low An values.

Second, to significantly decrease strain values using PE, very dilute sources would

be required. However, this means that exchange times would run hundreds of hours in

order to fabricate waveguides deep enough to support a mode at 1.55|im, because of the

low An and diluted source. Such a situation is not practically viable. Additionally,

increasing the exchange temperature in order to reduce exchange time would lead to expo¬

nential index profiles [E1H98], which again would have poor confinement and large bend¬

ing losses.

Third, because of the low An values, waveguides would be required to be quite

deep (~10|lm). At this depth, there is a decreased overlap factor between the optical and

electrical fields for electro-optic devices. In addition, the large mode would exhibit high

bending losses.

Finally, while there appears to be some trade-off between improving stability and

adjusting fabrication parameters to reduce strain at the expense of decreasing An and

device performance, there still lies the possibility that acceptable levels of stability cannot

be achieved, at least by the PE process. For the case of LiNb03, stability is known to be

dependent upon fabrication parameters. For example, as long as proton concentration lev¬

els are low enough, it is possible to fabricate waveguides in LiNb03 by APE which exhibit

no measurable temporal instability [Mat92a], Likewise, no data has been reported on the

instability of Ti-indiffused waveguides in LiNb03.

For the case of LiTa03, if stability depends on fabrication conditions, as it does in

LiNb03, then the production of stable PE and APE waveguides is hindered, especially at
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1.55|im, because of the inherently low values of index increment An. However, metal-

indiffused waveguides should then be stable, as they are in LiNb03. This situation is

examined in the next section, where the stability of Zn vapor-indiffused and Ti-indiffused

waveguides is measured.

6.4 Zn/Ti-Indiffused Stability Results

If stability depends on waveguide fabrication conditions, then metal-indiffused

waveguides in LiTa03 should be stable, as they are in LiNb03. These waveguides pro¬

duce no strain, as does PE. Additionally, their ions are larger in size than the H+ ions

introduced by proton exchange, so any instabilities due to ion mobility within the crystal

should also be improved. Metal-indiffused waveguides also have the added advantages

that their electro-optic coefficient r33 is completely recoverable (by repoling), unlike many

PE/APE waveguides, and they don’t contribute to quenching of active Er-doped gain

regions.

In this section, the stability of Zn vapor-indiffused and Ti-indiffused waveguides is

examined to determine if stability in LiTa03 depends on fabrication conditions, similar to

LiNb03. The directional coupler is used again to measure the amount of change in index

increment for Zn vapor-indiffused waveguides. Then, the modal characterization tech¬

nique of Section 4.1 is used to track and compare changes in the region of single-mode

operation for waveguides fabricated by PE, Ti-indiffusion, and Zn vapor-indiffusion.
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6.4.1 Directional Coupler Stability

Results of Zn:LiTaQ3 Waveguides

The measured change in

coupling length for a Zn vapor-indif-

fused directional coupler, whose fabri¬

cation conditions were given in

Chapter 2, is shown in Fig. 6.12. The

measurements were made at 1.31|im,

starting two days after fabrication.

Immediately after fabrication, the

waveguides comprising the coupler were single-mode at 1.55p.m. However, after two

days they did not guide at all at 1.55p.m. Parameters about the index profile were taken

from Refs. [Ekn87, Y0088], which used identical fabrication conditions, and were used in

the computer simulation to estimate a 8(An) of about 1CT3 from day 2 to day 41. This is

comparable to that seen in PE waveguides, though it does not include the apparently large

change from day 1 to day 2.

6.4.2 Comparison of the Waveguide Formation Processes

As can be seen from the above results, metal-indiffusion appears to also be unsta¬

ble in LiTa03 [MarOO]. Without getting into a quantitative comparison between 8(An)’s of

the different fabrication processes used, a simple comparison was made by tracking the

change in the single-mode region of operation. To do this, straight channel waveguides of

widths 2-10pm, in steps of 0.5pm, were fabricated by Ti-indiffusion, Zn vapor-indiffu¬

sion, and PE using pure glycerin. The modal analysis technique of Section 4.1 was
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Fig. 6.12 Measured coupling length of
the Zn vapor-indiffused sample.
This coupler was comprised of
6.5pm channels with an 8pm
gap-
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Days PE (X-cut) PE (Z-cut) Zn (Z-cut) Ti (Z-cut)

0 2-3|im 2,2.5-6|im 2-5|im 2.5-4.5|im

1 2-4,4.5|im 2.5,3-7.5|im 4-7.5,8|itm

2 3.5,4-6p.m

3 2-4.5|im 2.5-7.5,8pm 5.5,6-10pm

5 4-6.5pm

8 2-4.5|im 2.5,3-8(im

11 7-10|im

20 4.5-7p,m

22 2-5|im 3.5-9fim

26 7,7.5-lOpm

29 4.5-7.5|im

Table 6.4 Regions of single-mode operation, in terms of channel width, for the
extraordinary mode measured at 1.55p.m. Samples shown include those
fabricated by PE, Zn vapor-indiffusion and Ti-indiffusion.

employed to determine the region of single-mode operation, in terms of waveguide width,

at 1.55|im for each of the samples. The single-mode region was monitored over time.

The results of this analysis are depicted in Table 6.4. From this, it is seen that all

fabrication processes suffered a shift in the region of single-mode operation of at least 2-

3|_im over the period they were examined. As a result, it is concluded that the stability

issue in LiTa03 does not have the same dependence on fabrication conditions as does

LiNb03. Additionally, instability does not appear to be caused by induced lattice strain, as

the metal-indiffused waveguides have no measurable e"3, but are still as, or more,

unstable as PE and APE waveguides. Likewise, H+ mobility also does not appear to be the
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cause of instability, as Zn and Ti ions are larger and less mobile, but do not produce

waveguides with improved stability. Therefore, the source of the stability problem may lie

within the crystal itself, the result of an imperfect growth process. This issue is examined

in the next section.

6.5 Examining the Crystal Growth Issue

To this point, all waveguides and devices were fabricated in LiTa03 provided by

the same supplier, namely Deltronic Crystal Industries, Inc. As was eluded to in the last

section, the stability problem is likely not a result of the fabrication conditions, but may lie

within the bulk crystal itself, the result of an improperly grown material. As such, crystals

from different growers need be examined in the same manner for comparison against

those used here. Additionally, because of LiTa03’s much higher melting point (1650°C),

it is grown at temperatures of greater than 400°C higher than that for LiNb03. At such

extreme temperatures, Li20 outdiffusion during growth is a problem, resulting in noncon-

gruent LiTa03 crystals which are somewhat Li deficient, containing only 47.88 mol%

Li20, as opposed to 48.38 mol% for LiNb03.

In this section, the material growth issues outlined above are addressed. LiTa03

samples from several growers, both optical and surface acoustic wave (SAW) grade, are

compared against each other in terms of stability. The issue of Li deficiency is also exam¬

ined by using Li-treatment (Chapter 3) to introduce more Li into the crystal in an attempt

to improve stability.
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Days Yamaju Sichuan Shin-Etsu Deltronic Yamaju/Li

0 2,2.5-8pm 2.5-7.5,8pm 2-6.5,7pm 2-5pm 2-4.5pm

1 5,5.5-10pm 5-9pm 4.5-9.5pm 4-7.5,8pm 2.5,3-6.5pm

3 5.5,6-10pm 5-9.5pm 4.5-9.5,10pm 5.5,6-10pm

6 3.5-7.5pm

9 3.5-8pm

11 7-10pm

12 6,6.5-10pm 5- 10pm 5.5-10pm

14 3.5-8pm

20 6.5,7-10|im 5-10pm 5.5-10pm

26 7,7.5-lOpm

Table 6.5 Regions of single-mode operation, in terms of channel width, for the
extraordinary mode measured at 1.55pm. Samples shown are from
four different vendors, and one that was Li-treated before waveguide
fabrication.

6.5.1 Comparing Different Growers

LiTa03 samples of both optical and SAW grade were obtained from four different

suppliers world-wide. The suppliers were: Yamaju Ceramics Co., Ltd., Sichuan Institute

of Piezoelectric and Acousto-Optic Technology, Shin-Etsu Chemical Co. Ltd., and Del-

tronic Crystal Industries, Inc. Using these samples, a comparison could be made between

different growers to determine if the samples previously used, grown by Deltronic, were

inferior, or if all LiTa03 grown world-wide was similar, and unstable. Additionally, hav¬

ing both optical and SAW grade material would give some information about the maturity

of the growth process for this crystal. Optical grade should have lower impurity levels and

smaller strain and therefore, should be distinguishable from SAW grade.



For this comparison, straight-channel waveguides of widths 2-10|im, in steps of

0.5jim, were fabricated in Z-cut crystals from each supplier using the conditions for Zn
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vapor-indiffusion given in Chapter 2. The samples from Shin-Etsu were of SAW grade, all

others were claimed to be of optical grade. The method used in Section 6.4.2 of tracking

the change in the region of single-mode operation was used here, with the results pre¬

sented in Table 6.5. As can be seen, all the samples showed relatively the same degree of

instability, indicating that these materials were all similar after growth, and unstable.

Additionally, there was no distinction between crystals of SAW grade and those claimed to

be of optical grade. From this, it was clear that the growth process for LiTa03 has not yet

reached the maturity level of LiNb03.

6.5.2 Accounting for the Li Deficiency

Because of its high growth temperature, Li20 diffuses out of LiTa03 while it is

growing, leading to a crystal of noncongruent composition [Bor95, Dou89]. In order to

account for this Li deficiency, a noncongruent, Li-rich melt can be used during growth.

Flowever, this results in a crystal boule having a varying amount of Li concentration along

the length of the boule, in addition to requiring some calibration research to determine the

amount of Li to add to the melt to obtain a congruent crystal.

As a preliminary effort to examine if increasing the Li content in virgin LiTa03

would improve stability, a Yamaju sample was subjected to the Li-treatment process

described in Chapter 3 before Zn waveguides were fabricated in it. Here, the sample was

processed in LiN03 at 280°C for 21.5 hours. The resulting stability analysis is shown

with the other samples in Table 6.5. As can be seen, this treatment did not significantly

improve the stability of the waveguides.
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6.6 Summary

In this chapter, the issue of temporal stability of waveguides fabricated in LiTa03

was examined. As a qualitative investigation, rocking curve analysis was used to track

changes in values of surface strain for APE samples across the structural phase diagram. It

was found that the high-concentration phases exhibited large temporal instability. For a

more quantitative analysis, a directional coupler was used to monitor changes in coupling

length over time, and these changes were related to associated changes in index increment

8(An) through an FDM computer simulation of a directional coupler. For APE

waveguides, it was found that low-concentration waveguides exhibited improved temporal

instability. However, they were still not stable enough. Using the theory that single-phase

waveguides would have superior stability, PE was used to fabricate waveguides in a new

single phase region of the diagram, because of the advantage of PE for better mode con¬

finement. However, even with aging at low temperatures, results indicated that the stabil¬

ity was not improved by having waveguides comprised of only a single phase.

Waveguides with simply lower proton concentrations seemed to display the most

improved stability. But a limit to the level to which proton concentration could be reduced

to was reached, based on the extremely low An and poor confinement of these waveguides

at the 1,55pm wavelength.

To determine if stability depended on fabrication conditions, as it does in LiNb03,

metal-indiffused waveguides were examined next. Results showed that all waveguides

were unstable, leading to the conclusion that instability does not originate from ion mobil¬

ity or induced lattice strain, and does not depend upon fabrication conditions. Rather, it

may be inherent to the crystal, the result of an improper, or immature, growth process.
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Crystals from different growers around the world were then tested and all showed the

same degree of instability. Additionally, there was no distinction between crystals of SAW

grade and those claimed to be of optical grade. These results suggested that the instability

with LiTa03 is the result of an immature growth process, possibly the result of high strain

values or defect sites within the crystal boule related to its Li deficiency due to the

extremely high growth temperature required.

In the next chapter, the potential for LiTa03 in the realm of integrated-optical com¬

ponents is explored. For this, the design, fabrication, and testing of a high-speed, travel¬

ing-wave electro-optic modulator is performed. The development and demonstration of

such a device illustrates the potential for LiTa03 as a viable host material, offering the

advantage of higher throughput capability, pending the improvement of the crystal through

further development of the growth process.



CHAPTER 7
EXPLORING THE POTENTIAL OF LiTa03:

A TRAVELING-WAVE ELECTRO-OPTIC MODULATOR

Integrated-optical devices fabricated in LiTa03 have the advantage of benefiting

from the crystals higher threshold of photorefractive damage. As was deduced in the last

chapter, however, some work on the material growth aspect of this crystal still needs to be

performed before the issue of waveguide stability can be resolved and reliable waveguide

devices can be fabricated. For such work to take place and the crystal quality and growth

process improved, a stronger demand for this crystal in applications other than SAW appli¬

cations needs to be developed, as was done for LiNb03 [INS89], In this regard, this chap¬

ter demonstrates the potential that LiTa03 offers for integrated-optical device applications

by fabricating and testing a traveling-wave electro-optic modulator. The successful manu¬

facturing of this device will illustrate that there are no other unforeseen device fabrication

issues to be conquered in LiTa03 so that when crystal quality is improved, many of the

currently used techniques of device fabrication in LiNb03 may be directly applied to

LiTa03.

This chapter begins by outlining the fabrication conditions used in the develop¬

ment of a Mach-Zehnder interferometer (MZI) modulator, from waveguide formation to

electrode electroplating. Next, some microwave characteristics of the traveling-wave elec¬

trode structure are examined. The Sjj and S2] parameters are measured and microwave
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waveguide
Mach-Zehnder

Fig. 7.1 Depiction of a symmetric MZI modulator with CPW travel¬
ing-wave electrodes in X-cut LiTa03.

loss, effective index, and characteristic impedance are determined. Some DC response

measurements are made next to evaluate the switching voltage \n and extinction ratio.

The power handling capability of this structure near 1.5[im is also examined. Lastly, the

frequency response of this modulator is measured and compared to theory.

7.1 Fabrication Conditions

A symmetric MZI modulator was fabricated in X-cut LiTa03 having a coplanar

waveguide (CPW) traveling-wave electrode structure as depicted in Fig. 7.1. The condi¬

tions for its fabrication are given in this section.

The MZI was fabricated first using PE in glycerin at 260°C for 24 hours. The

choice to use PE was merely for simplicity. Any of the other waveguide fabrication pro¬

cesses could have been used. Next, the sample endfaces were polished using the tech¬

nique outlined in Section 2.5. Finally, to minimize rf loss in the electrodes, thick
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electrodes were fabricated by Au electroplating using the process described in Section 2.8.

The interaction length was 1cm. The center electrode width and the gaps between elec¬

trodes were all 18|im.

In the next section, some microwave characteristics of the structure are measured.

Parameters such as microwave loss, effective index, and characteristic impedance are

determined.

7.2 Microwave Characteristics

The performance of high-speed modulators is largely dependent upon the micro-

wave transmission and reflection properties of the traveling-wave electrodes. Therefore,

in this section, the microwave characteristics of the modulator structure are measured.

Fig. 7.2 Measured and calibrated S-parameters for the traveling-
wave electrode structure.
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Fig. 7.3 Measured S2i (dotted) and fitted frequency dependent loss
function a = a0Vf (solid) wherea0=l.OdB/cm* VGHz.

7.2.1 S-Parameters and Loss

The microwave transmission characteristics, S-parameters, of the CPW electrode

were measured first using an HP8510C network analyzer and a Universal Test Fixture

from Wiltron. The measured and calibrated microwave reflection (Sjj) and transmission

(S2i) characteristics for the electrode are shown in Fig. 7.2. To construct this plot, the Sj]

and S2i parameters of the electrodes were measured. Then the same parameters were

measured on a 1cm Calibration Kit from Wiltron, designed to simulate the test fixture

holding the sample. The measurements done on the 1cm Calibration Kit were then used to

calibrate out the effect of the test fixture and produce the S] | and S21 curves for the elec¬

trode only as shown in Fig. 7.2. By fitting the S21 curve with a frequency-dependent loss

function of a = a0Vf, a microwave loss coefficient of a0=1.0dB/cm» JGHz was

obtained as depicted in Fig. 7.3.
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7.2.2 Microwave Effective Index

The microwave effective index Nm was measured next. Normally, Nm can be esti¬

mated from the following equation:

(7-1)

where exx and ezz are the relative dielectric constants of the ordinary and extraordinary

axes, respectively. This gives a value of about 4.5 for Nm. However, by using the network

analyzer to measure the group delay along the electrode, Nm can be calculated directly

using

(7-2)

where c is the speed of light, 8 is the measured group delay, and L is the total electrode

length. As before, the group delay through the 1cm Calibration Kit was also measured to

calibrate out the effect of the test fixture. The resulting measured group delay for the fab¬

ricated modulator was 260ps which, along with L= 1.9cm, gave a microwave effective

index of Nm=4.1.

7.2.3 Characteristic Impedance

The characteristic impedance Z0 of the electrode was estimated from plots of Z0

versus electrode width-to-gap ratio W/G [Chu91, Kub80], For the modulator fabricated

here, W/G=l resulting in a characteristic impedance of close to 40Í2.

In the next section, the DC response of the modulator is measured in order to deter¬

mine the switching voltage Vn and the extinction ratio. In addition, the power handling

capability of the modulator near 1.5|im is examined.
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7.3 DC Response and Power Handling

The DC response of a modulator is a plot of the modulator output versus applied

DC voltage. From this plot, parameters such as the half-wave voltage, or switching volt¬

age, Vjj and extinction ratio can be determined. The DC response for the modulator fabri¬

cated here is measured in this section. In addition, the power handling capability of this

device is also characterized for operation near 1.5p.m.

7.3.1 DC Response

The setup for measuring DC response is shown in Fig. 7.4. Light at 1,55pm from a

tunable laser source was coupled into the modulator via a single-mode, polarization-main¬

taining fiber. The modulator output was collected with a 20x lens and focused onto an IR

detector. A chopper and lock-in amplifier were used to measure detector voltage with low

signal-to-noise ratio as a DC voltage was applied to the device electrodes.

The measured DC response is shown in Fig. 7.5. An extinction ratio, the ratio of

minimum output to maximum output, of -27dB was measured. By fitting a theoretical

cosine response for this modulator to the measured data, a of 13.6V was determined.

Lower values of Wn (about half) have been reported for metal-indiffused, repoled

modulators in LiTa03 [Chu91]. As was seen in Section 4.4, PE waveguides in glycerin

had an electro-optic coefficient r33 of half the bulk value while metal-indiffused, repoled

waveguides had an r33 of close to the bulk value. This explains the discrepancy. Lower

values of have also been reported for APE modulators in LiTa03 [Fin88], The

fabrication conditions in this reference likely resulted in waveguides in a different region

of the structural phase diagram. The exact dependence of r33 on proton concentration or
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Fig. 7.4 Schematic of the setup for measuring the DC response of an elec¬
tro-optic modulator.

applied voltage (V)

Fig. 7.5 Measured DC response (squares) and theoretical fit
(solid line) of the MZI modulator.
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Fig. 7.6 Measured input power versus output
power at 1.48pm for theMZI modulator.

fabrication conditions is not known. It may be possible that high concentration

waveguides could be annealed to recover r33 without actually being annealed enough to be

of significantly lower strain or even single-phase.

7.3.2 Power Handling Near 1.5pm

In order to test the power handling capability of this device near 1.5pm, the tech¬

nique of Section 4.5 was employed. The resulting plot of output power versus input power

is shown in Fig. 7.6. As can be seen, the modulator exhibited a linear response, indicating

no photorefractive damage, for input powers up to nearly 300mW. The fact that the

response of this device deviated from linearity at high input powers when that of straight-

channel waveguides did not is likely due to some slightly asymmetry in the MZI arms or a

non-perfect split at the Y-branch, either one a result of photolithographic imperfections or

limitations.
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1kHz, 2Vpp

DC source

frequency
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N.A. Sweeper
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microwave cable

lens
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lock-in

amplifier

Fig. 7.7 Setup used for measuring frequency response by the small
signal frequency-swept method.
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In the next section, the frequency response for this device is measured at frequen¬

cies from 45MHz to above 10GHz. The measured response is then compared to theory.

7.4 Frequency Response

The frequency response for this device was measured by using the small signal fre¬

quency-swept method [Ueh78, Wan97]. The setup is shown in Fig. 7.7. Light at 1.55pm

from a tunable laser source was end-fire coupled into the MZI using a single-mode, polar¬

ization-maintaining fiber. A 1kHz, 2V peak-to-peak (-1V to +1V) signal from a frequency

generator was used to AM modulate the microwave signal which was coupled to the trav¬

eling-wave electrode via cables from the network analyzer S-parameter test set. This same

signal was used for phase matching at a lock-in amplifier. The modulator was biased at its

minimum output point by applying a DC bias voltage to the bias port of the network ana¬

lyzer test set. The modulated optical output light was captured with a multi-mode fiber

and focused by a lens onto a low-speed IR detector. The microwave frequency was manu¬

ally swept from 45MHz to above 10GHz

and the amplitude of the low-frequency

envelope, which was proportional to the

high-speed modulation efficiency, was

measured by using the low-speed photo¬

detector and the lock-in amplifier.
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Fig. 7.9 Measured frequency response (squares) and calculated theo¬
retical response (solid line) for the traveling-wave MZI modu¬
lator.

needed to be measured so the collected data could be properly calibrated. This was done

by attaching the microwave cable lead from the sweeper directly to a calibrated microwave

power meter and measuring power over the frequency range of interest. The resulting plot

of sweeper output power versus frequency in shown in Fig. 7.8. As can be seen, the power

out of the sweeper changes significantly with frequency.

The power calibration data of Fig. 7.8 was then used to calibrate the measured fre¬

quency response for the modulator. The resulting measured and calibrated response is

shown in Fig. 7.9. Also shown is the theoretical curve for the frequency response, calcu¬

lated using closed form expressions [Naz87] with an optical refractive index N0=2.12,

microwave effective index Nm=4.1, interaction length L= 1.0cm, microwave loss coefficient

a0=TOdB/cm*VGHz, characteristic impedance Z0=4O£2, and source impedance of 50Í1
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The measured response showed a large deviation from the theoretical response at

low frequencies (l-2GHz). As can be seen from Figs. 7.2 and 7.3, these frequencies corre¬

spond to an unusually large microwave reflection peak, and hence a dip in microwave

transmission. The electrode structure fabricated here was similar to that used in Ref.

[Wan97], having the exact same value of microwave loss coefficient, but on a LiTa03 sub¬

strate instead of a LiNb03 substrate. It has been established [Chu91] that the impedance

mismatch of LiTa03 is more serious than that of LiNb03, leading to much higher micro-

wave reflections in LiTa03 for the same W/G ratio of the electrodes. This of course can

be improved by changing the W/G ratio of the electrodes. Further deviations of the mea¬

sured data from that of the theoretical calculation may be the result of a microwave index

which is frequency dependent.

7.5 Summary

In this chapter, the potential for LiTa03 as a host material for integrated-optical

device applications was demonstrated by the fabrication and testing of a symmetric MZI

modulator with a CPW traveling-wave electrode structure on it. The MZI was fabricated

by PE in glycerin and the electrodes were Au electroplated with aW/G ratio of 1. No fab¬

rication issues were uncovered which would prevent the development of additional

devices indicating that when crystal quality, and hence stability, is improved, current fabri¬

cation techniques used in LiNb03 may be directly applied to LiTa03 for the production of

an array of devices.

The microwave characteristics of the device were examined next. The S21 and

parameters were measured and a microwave loss coefficient of 1.0dB/cm»VGHz was
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determined. By measuring group delay along the electrode structure a microwave effec¬

tive index of 4.1 was calculated. A characteristic impedance of 40£2 was found from plots

of impedance versus electrode W/G ratio.

The DC response was then measured and the power handling capability of the

device near 1.5|im was examined. From the measured DC response, an extinction ratio of

-27dB was obtained, along with a switching voltage of 13.6V at DC. As far as power han¬

dling, the device tracked a linear response of output power versus input power for input

power levels near to 300mW.

Finally, the frequency response of this device was measured from 45MHz to above

10GHz. It was found that the device followed theoretical performance at most frequencies

except for the range of l-2GHz, where a large microwave reflection resulted in diminished

modulation efficiency. The unusually large reflection, as compared to that observed in

LiNb03 for the same electrode design and loss coefficient, was the result of a larger

impedance mismatch for LiTa03. This situation could be improved by changing theW/G

ratio of the electrode to reduce such a mismatch.

In the next chapter, the conclusions to this work are given. The major contribu¬

tions of this effort are detailed and some future work remaining to be performed is out¬

lined.



CHAPTER 8
CONCLUSIONS AND FUTURE WORK

8.1 Conclusions

Several contributions toward the implementation of integrated-optical devices ben¬

efiting from the high photorefractive threshold and shorter wavelength UV absorption

edge of LiTa03 have resulted based on this research. In particular, a complete character¬

ization on the effect of Er-doping for active waveguide lasers and optical data storage

applications has been performed, opening the door for the development of such devices

which were shown to have several advantages when fabricated in LiTa03. Additionally,

various methods of waveguide fabrication, namely APE, PE, Ti-indiffusion, and Zn vapor-

indiffusion, were researched in detail. From this, the structural phase diagram for

APE:LiTa03 was constructed and used to explain the previously observed anomalies asso¬

ciated with this process in LiTa03, and also to identify APE/PE fabrication conditions

yielding waveguides exhibiting improved temporal stability. Finally, the only factor hin¬

dering the widespread use of LiTa03, namely the instability of waveguides, was found to

not be dependent upon fabrication methods, but rather to be inherent to the crystal itself,

the likely result of a slightly underdeveloped growth technology for this crystal. The

major accomplishments for this work are detailed below.
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The accomplishments related to Er-doping of LiTa03 include, first, the definition

of conditions for Er-doping which provide an Er3+ concentration profile appropriate for

active guided-wave devices. Second, the presence of Er3+ was found to lead to upcon-

verted emissions, where energy-transfer-upconversion (ETU) from Er3+ clusters was dis¬

covered to be the dominant mechanism of this upconversion. Third, through the two-

photon (or two-color) effect, it was shown how upconverted light acted as a self-gating

source to produce, together with the pumping light, significant photorefractivity. Fourth, a

novel technique of Li-treatment was introduced and used to reduce upconversion, and

hence reduce photorefractive damage, by reducing the concentration of Er3+ clusters

which depend on the Li/Ta ratio. Finally, based on the stated results and a comparison

with Er-doped LiNb03, the inherent advantages of Er-doped LiTa03 for applications such

a waveguide laser fabrication, optical data storage, and photorefractive grating fabrication

were detailed.

There were also several accomplishments made on the characterization of

waveguide fabrication techniques in LiTa03. First, the conditions for the fabrication of

single-mode waveguides at 1.55(im by the processes of APE, PE, Ti-indiffusion, and Zn

vapor-indiffusion were outlined. Second, a direct index profiling technique was intro¬

duced and used to directly determine values of waveguide surface index increment, over¬

coming previous limitations associated with indirect techniques which had prevented the

construction of the structural phase diagram for APE:LiTa03. Third, using direct mea¬

surement techniques, the structural phase diagram for APE:LiTa03 was constructed. This

diagram was used to explain several of the previously observed anomalies associated with

the APE process in LiTa03. Additionally, the impact of crystal phases on the shape of



waveguide index profiles was examined. Fourth, the advantages of PE waveguides over

APE waveguides were detailed, showing better optical mode confinement and the exist¬

ence of a new single-phase region on the structural phase diagram, obtainable only by PE

in a dilute source. Finally, these PE waveguides were shown to have superior photorefrac-

tive resistance near 1.5|J.m than their counterparts in LiNb03.

On the issue of temporal stability of waveguides in LiTa03, a number of accom¬

plishments were made. First, rocking curve and directional coupler measurements were

used to show that APE waveguides in high concentration phases are very unstable. Sec¬

ond, by comparison of low concentration APE and single-phase PE waveguides, it was

found that stability was not improved by fabricating waveguides comprised of only a sin¬

gle phase, as is the case with LiNb03 and was assumed to be the case with LiTa03.

Rather, stability appeared to be improved by simply reducing strain, or proton concentra¬

tion. However, there was a limit to which proton concentration can be reduced, especially

at 1.55|im because of the extremely low values of index increment at this wavelength.

Third, a comparison of the stability of PE, Ti-indiffused, and Zn vapor-indiffused

waveguides, where all were found to be unstable, showed that instability does not origi¬

nate from proton-induced lattice strain or ion mobility and, unlike LiNb03, does not

depend on the fabrication technique. It is likely a function of the crystal. Fourth, crystals

from several growers, of both SAW grade and those claimed to be of optical grade, were

compared to reveal no distinction between grades or growers, showing them all to be

unstable. As a result, it would appear that the only hindrance standing in the way of the

deployment of LiTa03 devices is crystal instability, a result of a less than optimum quality

crystal, probably due to its high growth temperature, where lack of significant demand for
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high-quality material dampens motivation for the improvement of its growth technology.

Finally, to demonstrate the potential of LiTa03 and hopefully initiate market interest for

higher quality material, a high-speed traveling-wave electro-optic modulator was fabri¬

cated and characterized, which compared well with theoretical prediction.

These contributions are significant to the further exploitation of LiTa03 for device

fabrication. They demonstrate that this material has great potential, and advantages, in the

fabrication of a number of high-throughput integrated-optical devices, such as lasers and

modulators, as well as for applications involving photorefractive materials, such as holo¬

graphic data storage and photorefractive gratings. This is important because it emphasizes

the need for high-quality, optical grade crystals, which in turn encourages crystal growers

to spend time and money on the advancement of growth technology and improved stoichi¬

ometry for this material beyond that of merely SAW grade.

Some future work related to this research is outlined in the next section. In partic¬

ular, the application of results obtained here toward the development of integrated-optical

devices is discussed.

8.2 Future Work

Though this research has gone a long way toward the development of integrated-

optical devices in LiTa03, there still remains the obstacle of crystal instability. This limi¬

tation is likely the result of an immature growth technology for this crystal, possibly

related to defects and strain caused by its high growth temperature and corresponding Li

deficiency. However, the existence of market demand for better crystals should result in

research toward the improvement of growth techniques. Though such work is outside the



scope of this research, there still remains some work remaining to be performed on the

development of new device technologies in this material, as well as the improvement of

existing devices. This work is described in this section.

8.2.1 Modulator Improvements

The measured frequency response of the modulator fabricated and tested in Chap¬

ter 7 is reprinted again in Fig. 8.1. As can be seen, there was a large deviation from the

theoretical response at low frequencies (l-2GHz). These frequencies were found to corre¬

spond to an unusually large microwave reflection peak, and hence a dip in microwave

transmission. The electrode structure fabricated here was the similar to that used in Ref.

[Wan97], having the exact same value of microwave loss coefficient, but on a LiTa03 sub¬

strate instead of a LiNb03 substrate.

Fig. 8.1 Measured frequency response (squares) and calculated theo¬
retical response (solid line) for the traveling-wave MZI modu¬
lator.



It has been established [Chu91] that the impedance mismatch of LiTa03 is more

serious than that of LiNb03, leading to much higher microwave reflections in LiTa03 for

the same W/G ratio of the electrodes. As a result, frequency response could likely be

improved by changing the W/G ratio of the electrodes to minimize microwave reflections.

Further advances to this device could also be made by reducing the half-wave volt¬

age WK. As the tested modulator was made by PE, it had an electro-optic coefficient r33

which was nearly half that of the bulk value. To improve this, the device could be made by

metal-indiffusion followed by repoling, shown in this research to return the r33 to nearly

waveguide
Mach-Zehnder

microwave source

domain reversal

Fig. 8.2 High-speed traveling-wave Mach-Zehnder interferometer modu¬
lator in (a) standard configuration with baseband frequency
response and in (b) domain-reversed configuration with bandpass
response.



164

its bulk value and thus decrease the value ofWK, though this will be done at the expense of

increased propagation loss.

Finally, to achieve bandpass rather than baseband operation, quasi-phase-matching

may be employed by using regions of domain reversal as illustrated in Fig. 8.2. Such a

technique has the advantages over periodically reversed electrodes of reduced microwave

reflections and the possibility of being implemented on an X-cut substrate [Wan97],

8.2.2 Integrated Laser-Modulator Module

Because of its improved photorefractive characteristics after Er-doping, especially

in conjunction with Li-treatment, LiTa03 extends itself to the fabrication of high-power

Fig. 8.3 Schematic of the proposed integrated optical source incorporating an
Er-doped waveguide laser and external high-speed Mach-Zehnder
modulator.



waveguide lasers operating near the communications wavelength of 1.55p.m. Of particular

interest is the integration of such a laser with an electro-optic modulator on a single, corn-
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pact module, as illustrated in Fig. 8.3. Such a module has the advantages of low chirp and

eliminates the need for coupling between a separate laser source and modulator. In this

case, the laser cavity reflectors are provided by a multilayer dielectric mirror and a corru¬

gated waveguide reflector fabricated using a Si overlay [Hus95], The waveguide, at least

in the laser section, would likely be fabricated by Zn vapor-indiffusion because of its high

photorefractive resistance and lack of H+-induced gain quenching.

8.2.3 Photorefractive Grating

As was detailed in Chapter 6, Er:LiTa03 offers some advantage over Er:LiNb03

toward photorefractive (PR) applications such as optical data storage and PR grating fabri¬

cation. To this end, the fabrication of a PR grating by two-color recording could be real¬

ized. Such a grating could be used in place of the corrugated reflector of the waveguide

laser or in the development of a tunable WDM filter. The PR grating holds the advantage

over the corrugated reflector [Hus95] of a much simpler fabrication process. However,

some research would need to be performed, particularly into the long-term stability of the

written grating.

The fabrication of such a PR grating involves, first, the doping of the substrate with

Er, using conditions outlined in Chapter 3. Next, the grating can be written using a stan¬

dard two-beam interference setup [Hus95] and a source of gating light. A nonmonochro-

matic source of gating light in the violet-near UV range (e.g. mercury or xenon lamp) may

be incident on the sample, and an interference pattern formed with aid of a powerful red

laser (HeNe) to record the grating.



APPENDIX A

DISPERSION OF RUTILE

The dispersion data for rutile is given in Table A.l. This data is taken from the

manufacturer’s literature. Index values at an arbitrary wavelength may be found by cubic

spline interpolation.
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Wavelength
(M-m)

n

0.4358 2.853

0.4916 2.723

0.4960 2.715

0.5461 2.652

0.5770 2.623

0.5791 2.621

0.6907 2.5555

0.7082 2.548

1.0140 2.483

1.5296 2.451

2.0000 2.399

2.5000 2.387

3.0000 2.380

3.5000 2.367

4.0000 2.350

4.5000 2.322

5.0000 2.290

5.5000 2.200

Table A. 1 Dispersion data for rutile.



APPENDIX B

DISPERSION OF LITHIUM TANTALATE

The dispersion of the ordinary and extraordinary refractive indices of LiTa03 is

given in Table B. 1. This data is taken from the manufacturer’s literature. Index values at

arbitrary wavelengths may be found by cubic spline interpolation.

168



Wavelength nP n„

(ftm)

3.0 2.080 2.076

2.8 2.087 2.083

2.6 2.094 2.090

2.4 2.099 2.095

2.2 2.105 2.101

2.0 2.112 2.107

1.8 2.117 2.112

1.6 2.121 2.117

1.4 2.127 2.124

1.2 2.134 2.131

1.0 2.143 2.139

0.9 2.149 2.145

0.8 2.158 2.154

0.7 2.170 2.165

0.6 2.188 2.183

0.5 2.221 2.216

Table B.l Dispersion data for LiTa03.
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