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Résumé

Des guides d’ondes optiques plan ont été fabriqués dans un substrat de LiTaO3 coupé
selon I'axe z par I'échange protonique dans I'acide pyrophospharique et par la recuisson.
Leurs profils de I'indice ont é16 mesurés, et les parametres du profil de I'indice ont été
reliés aux conditions de fabrication. C'es données seront trés utiles pour la conception et

fabrication des guides optiques.

Une fonction “step” est utilisée pour modeler le profil de I'indice apres I’échange
protonique avec précision. La profondeur d,, et 'augmentation de l'indice An, ont été
rcliés & la température et au temps d’échange au moyen d’équations empiriques. Les
pertes de propagation ont aussi 61é mesurées. et des instabilités de I'indice peuvent étre
ohservées,

» s

Une fonction “Gaussienne généralisée” a été utilisée pour modeler le profil de 'indice
tout au long de la recuisson avee précision. La proforideur d et 'augmentation de 1'indice
de surface An, sont reliées au temps de la recunisson par des équations empiriques. Les
parameétres de ces équations dépendent aux conditions d’échange et a la température de la
recuisson, et les équations qui décrivent cette relation sont établies. Un critere pour obtenir
des guides stables est établi. Un modele mathématique et une simulation numérique de
la recuisson sont proposés pour élucider le phénomene de 'augmentation de 'indice de

surface.

L’échange protonique avee 'acide diluée offre le possibilité de faire les guides d’ondes

avee des profils de 'indice qui ne sont pas possible en utilisant 1’acide pur.

—
—




Abstract

Planar z-cut LiTaO3 waveguides were fabricated by proton-exchange in pyrophos-
phoric acid and post-exchange annealing. Their refractive index profiles were measured,
and the index profile parameters were related to fabrication conditions. This data will be

useful for the design and fabrication of single and multi-moded waveguides and devices.

A step function was found to accurately model the index profile after proton-
axchange. Empirical equations relating the waveguide depth d),, and the extraordinary
index increase An, to the exchange temperature and time were found. Propagation Josses

were measured, and index instabilities were detected.

The generalized Gaussian function can be used to accurately model the index profite
throughout annealing. Empirical equations relating the depth o and the surface indes
increase Ang to the anneal time were found. Additional empirical relations, establishing
the dependence of the parameters of the equations on the anneal temperature and proton
exchange conditions. were also found. A criterion for eliminating index instabilities in
the waveguide was established, and propagation losses were measured,  Mathematical
modelling and numerical simulation of annealing was attempted in order to gain insight

into the phenomenon of the surface index increase.

Proton-exchange with buifered melts offer the possibility of fabiicating wavegnides

with index profiles that are not possible if using concentrated melts,
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Chapter 1

Introduction

1.1 Integrated Optics

The field of integrated optics deals with the control, manipulation, and interac-
tion of light phenomena on planar optical substrates. Information is encoded in light
signals instead of clectrical signals or radio waves, and the light is conducted by opti-
cal waveguides instead of metal wires. Some advantages of an integrated optical circuit
(10C) include high bandwidth. low susceptibility to electromagnetic interference, and
small size. Often an TOC is an opto-electronic device residing on an optical substrate,
where electro-optic interactions are used to combine electrical signal processing with light
transmission. Typical I0C’s include phase/amplitude modulators, filters, switches, power

dividers, de/multiplexers, couplers, and tf spectrum analysers, etc.

Integrated optics emerged in the late 1960’ [1]. Interest in the field accelerated in
the 1970s, spurred on by the development of optical fibers, advances in laser diode t~chnol-
ogy, and the realization of photolithographic techniques capable of submicron linewidths.
Many fabrication techniques for I0("'s are similar to the ones found in semiconductor IC
technology. The field has grown tremeundously in the last twenty years, and integrated
optic devices are now used in military systems, avionic systems, remote sensing and fault

detection applications, and perhaps most prominently, the telecommunications industry.




The field of integrated optics can be arganized according to the substrate material,
because the form and function of an optical circuit depends very much on a substrate's

properties. Below is a table comparing different substrate materials and their properties:

material glass inorganic HI-V organic
category oxide crystals semiconductors polymers
examples SF-6 | lithinm tantalate GaAs PMMA
BK-7 lithium niobate AlGals polyurethane
light source on
substrate No No Yes No
electro-optic
interaction No Yes Yes No
applications passive | electro-optic and monolithically non-linecar
devices acousto-oplic integrated oplics
devicos devices

Table 1.1: Different ontical substrates

1.2 Proton-Exchange and Lithium Tantalate

In the 1970’s and early 80’s, lithium tantalate languished in relative obseurity while
lithium niobate, a closely related material, basked in the attention of many rescarchers, A
successful waveguide fabrication process (i.e. the titanium in-diffusion process) was found
for LINbOj3, but the same process required complicated modifications for LiTaOy. In
1982, proton-exchange was siccessfully demonstrated for LINDOy [2]. followed by LiTaOy
in 1983 {3]. Proton-exchange is rapidly gaining prominence as a wavegnide fabrication
technique due to its simplicity. low cost, and some improved performance characteristics
[4, 5] (sce Section 3.3). With the discovery of a suitable fabrication technique, lithinm
tantalate began to receive closer scrutiny. Lithium tantalate has a very high resistance to
optical damage, which renders it eminently suitable for high power and short wavelength
applications. Research into proton-exchanged LiTaOg devices is gaining momentum, and

some advanced devices have already heen realized on LiTaQjy.




Proton-exchange in LiNhO3 has been well characterized and investigated, but similar
work in LiTaO3; has been much less extensive. The characterization studies for LiTa0;
are few and often sketchy, and some of the constants and parameters found are not in full
agreement with each other [6, 7, 8, 9] (sce also Table 7.5). Post-exchange annealing, one
of two methads (the other being buffered proton-exchange) for eliminating instabilities
and restoring electro-optic performance after proton-exchange, has scar vy received any
attention. Clearly, proton-exchanged (PE) and anncaed proton-exchanged (APE) LiTaO3
waveguides merit more extensive investigation. The wealth of potential applications for
lithium tantalate and the utility of the proton-exchange technique provide the impetus for

conducting rescarch in this arca.

1.3 Research Objective

The basic goal of this research is to characterize planar optical waveguides fabri-
cated by proton-exchange in lithium tantalate substrates. Accurate fabrication data and
characterization results are the foundation for further work. By relating the fabrication
conditions to the waveguide’s refractive index profile. this study will provide valuable in-
formation needed for the design, optimization. and fabrication of more complicated devices

on lithium tantalate, Specifically, this thesis attempts to address the following issues:

¢ the lack of detailed characterization data for proton-exchange with py-

rophosphoric acid in LiTaO;
o the lack of characterization data for post-exchange annealing

¢ whether pyrophosphoric acid produces waveguides with better properties than ben-

zoic acid, as is the case for LiNbQO,

o whether a Fermi or generalized Gaussian index profile model is more accurate than

the conventional step-index approximation




e proton-exchange with buffered pyrophosphoric acid, which has not heen reported in

the literature before

1.4 Original Contributions

o A careful and detailed characterization of planar z-cut LiTaO, wavegnides proton-
exchanged in pyrophosphoric acid and buffered pyrophosphoric acid, relating index

profile parameters to exchange conditions.

o A careful and detailed characterization of the effects of annealing on proton-exchanged
and buffered proton-exchanged waveguides. relating changes in the refractive index

profile to the proton-exchange and annealing conditions.

e The development of a mathematical model of annealing in Li'TaQy, along with a

computer-programmed numerical simulation.

1.5 Thesis Organization

This thesis presents and develops the subject in a coherent and organized manner,
Chapter 2 introduces the reader to optical wavegniding. Chapters 3 and 4 survey and
summarize the experimental results. theoties, explanations, and current developments in
proton-exchange and anncaling. Chapter 5 describes the experimental procedures and
measurement techniques used, and Chapter 6 presents the various analysis and reduction
methods performed on the raw data. Chapter 7 is the heart of the thesis, containing
experimental data, graphs, tables. plus an analysis and discussion of the results, How
the empirically derived formulae and tables can be used to help design and fabricate
waveguides is shown. Finally, Chapter 8 concludes by summarizing the results and insights
gained from this research. (In addition. Appendix A presents a mathematical model of

annealing in LiTaO3, and the results from a numerical simulation based on the model.)




Chapter 2

Optical Planar Waveguides

2.1 Introduction

This chapter presents the theory and mathematical formulation of light propagation

in planar waveguides. We hegin our derivation with Maxwell’s equations, and then make

‘ the pertinent assumptions in order to simplify the equations. In this way, we arrive at the
scalar wave equation. Fxact analytical solutions exist only for a small number of profiles.

As an example, we examine the solution for the step profile. For the more general case,

approximate methods for solving the wave equation are discussed.

2.2 Derivation of the Wave Equation

We begin with Maxwell’s equations:

vXﬁ(r‘.x)=-iﬁ—(f§‘i—) (2.1)

V x (7 t) = .i(m)+% (2.2)

V.D(Ry=p (2.3)

‘ VTR =0 (2.4)
v.dimn + 200 (2.5)

Jat

i |




where E is the electric ficld, A the magnetic ficld, D the electric displacement, 5§
the magnetic displacement, J the current source, p the free electric charge, 7 the position
vector in space, and t the time dependence. We can reduce these equations by making
several assumptions relevant to light propagation in planar waveguides, Iirst we assume
that the fields are time-harmonic, sinusoidally oscillating at a frequency of w (radians/s).
This is true for the laser light sources used in this work. We use a phasor representation
and the time derivatives 9/0t may be replaced by yw. We also assume that the light
propagates in a source free (p = 0). lossless and isotropic media. Though LiTaQy is an
anisotropic material, the effect of anisotropy may be neglected if the birefringence is small

[10]. The first two equations then reduce to

V x B(F) = —jwpldl (7) (2.6)
YV x (i) = Jwc () (2.7)

where g is the magnetic permeability, and ¢ the electric permittivity. In free space, p =
po =47 x 1677 H/m and ¢ = ¢5 = .85 < 107" F/m. To simplify further, we take the

curl of the first equation and substitute this into the second to eliminate 1 (F):

V x [V x E M) = —ywnV x i = w"!/l(ﬁ(f') (2.8)

To simplify this equation, we use the vector identity
V x [V x [ = V[V - (7] - V(R (2.9)
Since p = 0, then V + E(7) = 0. therefore
V x [V x E(f)] = -V () (2.10)
Substituting this into the previous equation, we obtain the wave equation

V2E(F) + wipcE(f) = 0 (2.11)

6




which when expanded gives us

0? 0? 0% o 9
(—5;5+;,)£172+F)—~—1-)h(1")+w2/1(137(r)=0 (2.12)

Now let us assume plane wave propagation in the z direction. The ficld is periodic

in the z and independent of y. Therefore,

E(F ) = E(x,y,5,0) = F(z)ewt=52) (2.13)
9% =
-_)—ZE(F') = -2 E(F) (2.14)
i

where 3 is the propagation constant of the plane wave (radians/m). Let us define & as the

wave number (m‘l ). such that

i 27
== ) l ( — m—
= Wl = Y

(2.15)

and A is the wavelength (m). The index of refraction n is defined as n = y/¢/¢p and it may

vary with x. Thus #2n2(2) = w?uc. and we arrive at the one-dimensional wave equation:

02 -
((,))71; + (K*n¥(x)-BHE =0

(2.16)

This wave equation may be decomposed into three separate scalar equations for K.,
Iy, and E,.

2.3 Modes of Propagation

If we write out each component of this wave equation, noting that all derivatives

with respect to y are equal to zero, then we see they are related in the following way:

L

E = =1, (2.17)
-] ofl.
Yy = u‘J(( J3H, T ) (2.18)

-jOH
37} (2.19)

..

-1




-3
Hn, =—1I,

wit
J TR 7 ) O
= = =3, - —
iy w‘/l( Jak, o )
-
i, = 2k
wp e

Wave propagation may be decomposed into two separate modes, Oune is called the

TE (transverse electric) mode and the other is called the T'M (transverse magnetic) mode,

The field components of each mode do not depend on those of the other mode, so the two

are uncoupled, orthogonal modes.

2.3.1 The TE mode

To derive the TE mode equations. we set H, = 0. Iom the above relations, we find

that also E, = 0 and E, = 0. Thus. only the field components 15, 1, and H. are present

and are given by

2.3.2 The TM mode

92k,
oz Tkt =3k, =0

i, =-"_p,

Wl
PR
Jwptg

—_
(3

20

(2.21)

(2.25)

To derive the TM mode equations, we set By, = 0. From the above relations, wo

find that also H, = 0 and H, = 0. Thus. only the field components 1,0 F, | and ¥, are

present and are given by

9, 22
S+ Ut = L, = 0
, 3
K==l
ol

,
[4 —_
Le =

jw’((ﬂlz i

(2.26)

(2.27)

(2.28)




2.4 The Step-Index Waveguide

After proton-exchange. optical LiNbGg and LiTaOQ3 waveguides are generally con-
sidered to have a step-index profile. The geometry of the step-index (i.e. slab) waveguide
is shown in Figure 2.1. The wave and modal equations were developed with = as the direc-
tion of propagation and x as the depth. following the convention. The planar z-cut LiTaO3
waveguides of this study, however, are oriented with = as the depth direction and y as the
direction of propagatiorn (according to the crystal's coordinate system). To transpose the
previous and the following equations to the orientation of the LiTa04 waveguides, one

simply interchanges r with z. y with . and = with .

cover region ; n.

substrate : ny,

Figure 2.1: The step-index. or slab, waveguide

The guiding layer has an index of n, and thickness d. Above this layer is the cover
region {usally air) with index n. and below this laver is the substrate with index n,. To
create this guiding layer. usually a dopant is added to the substrate in order to increase its
refractive index. Since there are three regions. cach with a different refractive index, three
scalar wave equations exist. None of the equations depend on 2. so an analytic solution is
possible. The general field solution to this form of the wave equation is well known [11]

and takes the form of a complex exponential. For guided modes. the exponential has a

9




real power (i.e. field amplitude is exponentially decaying) in the air and substrate regions,
and a complex power (i.e. field amplitude is sinusoidal) in the waveguiding laver. For the

TE propagation mode, the solution will be in the form:

Eceaxper x>0 in air
Ey =4 Escos(kx+¢.) —d<r <0 inthe wavegnide (2.29)
Epex preta+d) r< —d in the substrate

If we then define the effective index ny; = 3/k, and substitute these solutions back

into the wave equation we get

ky = ky/n2 - 113” (2.31)
W= I\',/nf” ~ n} (2.32)

Matching the tangential field components across the boundaries (at #=0 and » =d) yields

Fe = [cos(d) (2.34)

tan(o.) = ./k, (2.534)

Ey = Eyeos(hpd—~ @) (2.35)
tan(kyd — o) = w/k, (2.36)

By combining these equations. we obtain the dispersion relation. which relates the
propagation constant 3 to physical waveguide parameters. The TA made can be treated
in a similar way by starting from /,,. By taking the inverse tangent of equations 2.34 and
2.36 and rearranging, the dispersion relation for slab waveguides for both TE and 'TM

modes can be expressed as:

(
kyd — tan™! ir;j"} —tan! {(‘7.%} =mr (2.37)
Ny ‘r
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1 TE mode 1 TE mode
where ¢ = 3 = (2.38)
(ns/ns)% TM mode (ne/ny)? TM mode

This transcendental equation can be solved for 3, and hence the effective index n.yy,

using a numerical root-search technique.

2.5 Dispersion Curves

In our waveguide characterization study. the modal effective indices (i.e. the modal
propagation constants) are measured by the prism coupling method. Light is coupled into
the waveguide with the aid of high-index prisms. For guided modes, the incident angle of
the light can be related to the effective indices. From this data, the waveguide depth d
and surface index n, must be calculated. This is done with the aid of dispersion curves,
which plot the effective index n.yp against the wavegunide depth, for several modes, as in
Figure 2.2. More commonly, the x-axis ia a dispersion curve is the wavelength of light,
not the waveguide depth. In such a case. the waveguide geometry is fixed. In our case,
the reverse is true: the wavelength is fixed. so the waveguide depth. which is variable,

occupies the z-axis. The general behaviour of effective indices is summarized as follows:
1. Modal indices increase with the waveguide depth.
2. For the same n,, deeper waveguides support more modes than shallow guides.
3. For the same d, waveguides with a greater ng support more modes,
Figure 2.2 shows a TM mode dispersion curve calculated with parameters typical
for proton-exchanged waveguides in LiTaOs. To calculate d and n, of the fabricated
waveguides, a root-search method is used to find the values of the two variables which give

the minimum error between the calculated effective indices and the measured ones. This

technique will be desciibed in some detail in Chapter 6.
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Figure 2.2: Typical step-index dispersion curve for proton-exchanged Li'TaOy

Scaling rules [12] may be applied in order to produce universal dispersion curves
with normalized parameters. With the proliferation of personal and micro-computers,
however, dispersion curves specific ta the problem at hand may now be easily and quickly

produced, without the nced for normalization and universal plots.

One parameter which is of interest is the cut-off: the light frequency or waveguide
depth below which a mode no longer propagates. An equation for determining the cut-off
in a slab waveguide is casily found by setting the eflective index n,ps to the substrate

index ny. By doing so, we obtain

n% — nt ]
ky/n? — n3d ~ tan™! [Q —— = (m + ;2-) T (2.39)

| TE mode
where ¢ = , (2.40)
(nmy/ny)* TM mode
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2.6 The Ray Optics Approximation

It was possible to analytically solve the wave equation for the slab waveguide because
the refractive index was constant in each region. In other specific cases. such as waveguides
with a linear or a parabolic iridex profile, analytic solutions are still possible. However, for
an arbitrary index profile n(z), analytic solutions are often not possible, In this section, we
examine the ray optics approximation. which will allow us to develop a dispersion relation
applicable to waveguides with any index profile [13]). Consider Figure 2.3, which depicts a

light ray of a guided mode traversing the waveguide,

ny nx) 0s phase shift ¢C

>

path of
light ray

turning point

index ase shi
v profile v phase shift ¢

X depth(x)

Figure 2.3: The ray optics approximation

As the light ray penetrates deeper into the waveguide, the ray path curves due to
refraction because the refractive index decreases with depth. At the turning poiut, the
light approaches grazing incidence and is internally reflected back. Tt takes a symmetrical
path back up to the waveguide’s surface. where by total internal reflection it once again
begins to descend. If the light strikes the surface at less than the critical angle or if it does
not curve enough to reach a turning point. it will radiate out of the guiding layer. Such
rays become radiation modes. Guided modes satisfy the transverse resonance condition -

the phase delay of one round trip from the surface to the turning point and back again
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must be a multiple of 27, If this condition is not met, the light interferes destructively,

attenuates. and does not propagate. The resonance condition is stated as

X
2/ ' VRIN2(x) = Bt de + b + ¢y = 2mmw (2.11)
0

where the integral is the phase delay of the travelling wave, ¢, the phase shiflt at the

cover-waveguide boundary, and ¢, the phase shift at the turning point 4.

The phase shifts ¢. and @ are the phase terms in Fresnel’s reflection coeflicients.

These phase shifts are given by

¢, = ——=  for both 'T'E and T'M mode (2.12)
NIRRT
¢ = —20an~" e X __° (2.13)

nd —n?
7 2 It
where ¢z = 1 for TE mode, and ¢ = (#) for T'M mode.

Thus, the complete ray optics approximation is stated as

2 2
¢ ‘ nto—mn 1
/ VkIn2(x) = 32 dr - tan™! rz————i—;——c- =(m+ =)r (2.41)
0 n? — nfff 4
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Chapter 3

Proton Exchange in LiTaOg

3.1 Introduction

This chapter introduces lithium tantalate as a substrate material and presents a
comprehensive review of the state of current knowledge on proton-exchange technology.
The material properties of LiTaOz are described, and the values of some important physi-
cal and optical constants are cited. A survey of LiTaQ3 waveguide fabrication processes is
conducted, and proton-exchange is shown to have numerous advantages over other meth-
ods. T'he techniques of fabrication are described. and the intricate diffusion mechanisms
and chemical dynamics of proton-exchange are considered in detail. Proton-exchange with

buffered acid melts is also examined.

3.2 Properties of Lithium Tantalate

Lithium tantalate is a dielectric and ferroelectric crystal useful in many diverse
integrated optics applications. Its utility stems from the optical phenomena that are
possible because of its large linear and non-linear clectro-optic coefficients, high acousto-
optic figure of merit, and large pyroelectric, piczoclectric, and photoelastic coefficients.
Lithium tantalate is closely related to lithinm niobate, a more commonly used (and more

widely researched) crystal in integrated optics,




In the ferroelectric phase (below the Curie temperature of 610°C), the anisotrophic

. lithium tantalate crystal consists of planar sheets of oxygen atoms in a distorted hexagonal
close-packed configuration (see Figure 3.1). The lithium atoms lie slightly above the plane

while the tantalum atoms lic below the plane. The resulting charge separation causes

spontaneous polarization, giving rise to the multitude of optical effects present in Li'TaQ,.

+z (orc) Q oxygen planc
axis
4

lithium atom

oxygen planes

O tantalum atom

. oxygen plane

lithium atom

oxygen planes

moment O tantalum atom

oxygen plane

Figure 3.1: Atomic structure of lithium tantalate [11]

Table 3.1 lists the values of some material constants and coefficients for Li'TaOy, and

‘ Tables 3.2-3.5 cite values for the optical constants and coefficients of LiTaO- [15].
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crystal class
space group
point group

rhombohedral
R3c or ('§,
3m or (',

Lattice constants: rthombohedral

Lattice constants: hexagonal equivalent

app = HATI0A
apy = 56° 10.5°
ay = 5.15128 A
cy = 13.78351 A

Density
Molecular weight
Melting point
Clurie point
Moh Hardness

745 g/em?
235.88
1650°C
610°C
5.5-6.0

Thermal expansion coefficient (0-110°C)

a, = 16.1 x107% °C-1
a, = 4.1 x1078°C-1

Pyroelectric Coefficient at 27°C"
Acoustic velocity
Acoustic wave propagation loss
Acoustooptic figure of merit

0.019 e C'/(cm?® °C')
p=06.19 x 10" em/s
[ =0.1dB/(cm GIIz?%)
M; = 1.37 x 107183 /g

10'3 Q-cm
0.4-5um
~ 0.1dB/em

Flectrical resistivity
Transmission window ([0 s > 057 cident)
Propagation loss (at 0.6328m)

Table 3.1: Physical properties of LiTaO3

e, | 0377
Dielectric permittivity €33 0.379

(107 farads/m) ¢y 0.474
s 0.384
Nonlinear optical coeflicients | dy, 2.08
(10712 m/V at 0.6328 jrm) day 1.28
(133 19.39

Table 3.2: Diclectric permittivities and nonlinear optical coeflicients

Wavelength (gum)
Temperature | 1.06 0.6328 | 0.5145 | 0.4880 | 0.1579
21°C 5010V | 2811V [ 2197V | 1920V | 1733V
155°C 4313V | 2405V | 1805V | 1640V 1507V

Table 3.3: Half-wave voltages (E*¥)A/2




ordinary | extraordinary
wavelength | index index
(yrm) n, Ne

0.15 2.2420 2.2168
0.5 2.2160 2.2205
0.6 2.1834 2.1878
0.6328 2.1700 2.1820
0.7 2.1652 2.1696
0.8 2.1538 21578
0.9 2.14541 2.1493
1.0 2.1391 2.1132
1.2 2.1305 2.1341
1.4 2.1236 2.1273
1.6 2.1174 2.1213
1.8 2.1120 2.1170
2.0 2.1066 2.1115
2.2 2.1009 2.1053
2.1 2.00R1 2.0993
2.6 2.0891 2.0036
2.8 2.0825 2.0871
3.0 2.075H5 2.0299
3.2 2.0680 2.0727
3.4 2.0601 2.0649
3.6 2.0513 2.0561
3.8 2.0121 2.0:473
4.0 2.0335 2.0377

Table 3.4: Refractive Indices

constant strain s 7.0
on crystal 13, 0
(clamped) 3y 30.3

the 20

(ll," ryy - ll'lf l‘m)’ 243

constant stress riy 8.
. ¥ ‘

on crystal I'g -0.2
(unclamped) Ty 30.5
(02 r3-n3rpn)t | 223

Table 3.5: Linear electro-optic cocfficients (10712 m/V at 06328 jum)

]




Crystal Coordinate System

Either a hexagonal or a rhombohedral coordinate system is used to describe the
crystalline structure of LiTaO3. The Cartesian z, y, z axes are mapped to the hexagonal
axes in the following inanner: the z axis coincides with the ¢ axis; the r axis coincides
with any of the aj; axes (perpendicular to a mirror plane); the y axis, parallel to a mirror
plane, is chosen to make the system right handed (see Figure 3.2). Lithium tantalate
crystals are commonly sold in the form of plates, designated z-cut, y-cut, and z-cut. Z-
cut crystals have the z axis normal to the surface of the wafer, and similarly the 2 and y
axes are perpendicnlar to the x-cut and y-cut wafer surfaces, respectively. According to
the IRE standard, a second letter is attached to the designation which indicates the axis
of the longest dimension of the wafer surface. For example, an zy-cut wafer has its surface
parallel to the xy plane. and the wafer is longer along y axis than the a axis. If one has
a wafer and does not know the direction of the axes, a set of simple tests given by Weiss

and Gaylord [14]) can be used to determine the crystal orientation.

The crystal is symmetric about three mirror planes, and the c-axis is parallel to
these mirror planes and perpendicular to the planar sheets of oxygen. The c-axis is defined
as the axis about which the crystal exhibits three-fold rotational symmetry, and is also
known as the optical axis. Light propagating parallel to this axis is called ordinary, and
light propagating perpendicular to the optic axis is extraordinary. Decause LiTaOjz is
a birefringent crystal. it has two indices of refraction: the ordinary index n, and the
extraordinary index n., depending on the direction of light propagation. LiTaOj is a

positive uniaxial crystal, which means that n. > n,.
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mirror
plane

mirror
plane

——

’ Tantalum

O Lithium

+z (or +¢)
axis

+x (or ap) axis +y axis

Figure 3.2: C'rystal coordinate system

3.3 Survey of Waveguide Fabrication Processcs

In general, all waveguide fabrication techniques have the following two stops in com-
mon: a mask defining the waveguide pattern is deposited on the substrate, and a dopant
is then added to increase the refractive index in the desired regions. This selective inerease
in the refractive index permits wavegniding. As the field of integrated optics developed in
the 1970’¢, different waveguide fabrication techniques for Li'TaQy were attempted. ‘Ihese

include high temperature in-diffusion of metals; out-diffusion of lithinm; electro-difTusion;

20




ion-exchange; and proton-exchange. .\ hnef deseription of cach method follows.

High temperature in-diffusion of metals

High temperature in-diffusion involves the deposition of a metal such as niobium
[16, 17], titanium [18, 19], or zinc [20] onto the substrate surface, followed by high tem-
perature (> 1000°C") diffusion of the metal into the crystal. Both the extraordinary and
ordinary index increase, so both TE and TM polarizations are supported. The in-diffusion
process occurs above the lithium tantalate’s (turie temperature of 610°C, so in order to
recover the crystal’s electro-optical properties. the dipole moment of the crystal must be
re-aligned. This process is known as repoling the crystal. This was a relatively involved
and complicated task, and as a resalt, few attempted to fabricate waveguides on LiTaO3
with this method. By contrast. lithium niobate’s Curie temperature (1200°C) is above
that of the in-diffusion process, so repoling is not necessary. This technique is, therefore.
suitable for LiNbOg, and in fact titanium in-diffusion has become a standard method for

fabricating devices in LiNbQ;.

Out-diffusion of lithium

This is again a high temperature process, in excess of 1000° and above the Curie
temperature [21, 22]. At such a high temperature. lithium dioxide (LiO;) diffuses out of
the crystal resulting in a surface waveguiding layer. Lithium out-diffusion is a process that
accompanies in-diffusion of metals and is usually perceived as a problem which needs to
be suppressed. Ounce again, because of the need for repoling the crystal, little interest was

expressed in this technique.




Electro-diffusion of copper

Diffusion of copper ions [23] in the presence of an electric field made it possible to
make waveguides below the Curie temperature. The ardous task of vepoling the erystal
was avoided, but propagation losses were very high and rendered the wavegnide uscless,
It strongly absorbed visible and near infrared light due to the presence of copper. This

technique was not pursued.

Ion-exchange

Ion-exchange is a relatively simple and inexpeusive process, which involves immers
ing the substrate in a molten bath of an appropriate salt. It operates below the Curie
temperature, and produced waveguides with low loss and otherwise good characteristies
Initial experiments with silver [24] and thallinm [25] scemed quite promising, but after
repeated attempts it was found that the results were not consistently reproducible. The
authors were at a loss to explain these findings. so the usefulness of ion-exchange was
doubtful. Later, it was discovered that 11,0 (water) impurities in the melt were the
source of the index increase. Proton-exchange. rather than ion-exchange, was responsible

for the initial results. Thereafter, extensive research into proton-exchange began.

Proton-exchange

Proton-exchange was first demonstrated for lithium niobate in 1982 [2] and fo
lithium tantalate in 1983 [3]. Since this time. the technigue has gained wide acceptance,
Hundreds of articles appear each year reporting on proton-exchanged devices, The discov-
ery of this technique has stitnulated a great interest in LiTaOQy devices, The fabiication
process is similar to that of ion-exchange: the substrate is simply immersed in an acid

melt. Proton-exchange operates below the (‘urie temperature so repoling is not necessary.
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The main advantages of proton-exchange are:

1. low cost and ease of fabrication
2. stability and repeatibility

3. resistance to optical damage (can handle high intensities): suitable for short wave-

length applications
4. only one polarization mode supported

5. allows quasi-phase matching which enhances second harmonic generation (SHG)

In recent vears, numerous high performance optical devices have been fabricated on
LiTaO3 by proton-exchange. These include low-loss optical waveguides [6. 7. 3, 26], Mach-
Zehnder interferometers [27, 28. 29]. a fiber-optic gyro device [30]. a phase modulator [28],
directional couplers [28, 26], an acoustic wave transducer [31], a waveguide laser [32], and

a second harmonic generator [33].

Summary

Before proton-exchange. high temperature in-diffusion of titanium was the most
popular way of making wat - ides on LiTa0O4. However. there were very few attempts
berause devices were far casier to fabricate on LiNbOg3, whose optical properties are very
similar to those of LiTa0O;. LiNbO; does not need to be repoled after in-diffusion. This
difference contributed to popularity of LiNbO; aud the relative neglect of LiTaO3 in the
last two decades. Thanhks to proton-exchange. more and more devices are being fabricated
on LiTaQ;. These new devices often take advantage of lithium tantalate’s high resistance
to optical damage, which is two orders of magnitude higher than lithinum niobate’s. This
makes proton-exchange especially suitable because proton-exchange increases the mate-

rial's resistance to optical damage. Proton-exchange in LiTaOg is still a young field, and
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one can expect to see many more proton-exchanged LiTaOg devices in the future,

3.4 Proton-exchange: Fabrication Techniques

Proton-exchange is a simple techunique: all that is needed i« an oven or furnace
capable of heating the acid up to 200°C-300°C. Depending on the device's tolerances, even
a hot plate could be used. The acid is inexpensive. The surface index. index profile, and
waveguide depth are all controllable by post-exchange annealing, or by using bhuffered acid

melts. Index profiles mayv be tailored to give a specified clectromagnetie field distribution,

Hydrogen ions from the acid is the dopant which causes the index increase, and the
index profile after exchange is step-like. Both LiTaO4 and LiNDOs are anisotropic mate-
rials, and the ordinary and extraordinary indices are affected differently by the prescence
of hydrogen. Tle cxtraordinary index n, increases notably, and this increase is termed
Ane (Ane = ng - np). In LINbOg the ordinary index n,, decreases. In Li'TaOg, n,, cithe
decreases, or changes so little as to be not detectable. Since the index must increase fo
waveguiding to occur. proton-exchanged waveguides support only one light polarization.
In z-cut substrates only the TN mode propagates: in - and g-cut substrates only the 'T'F

mode propagates.

3.4.1 Different Acids and Substrate Cuts

For proton-exchange to proceed. the hydrogen must be in the forim of protons, in
a concentrated, dissociated jonic state. In this state, the hydrogen ions (protons) are
highly mobile, able to penetrate the substrate. Many suitable protonic sources have heen

identified:

1. Benzoic acid (CoHsCO21) {2. 31, 35, 36). It is the most commonly used protonic

source. It is non-toxic and does not attack most metals, permitting a wide choice of
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mask materials. The operating temperature is 150-250°C. The acid evaporates and

introduces particulates into the air.

2. Pyrophosphoric acid (I1,P207) [37, 38, 39, 40, 41, 42, 43, 4.4]. This acid gives a
higher An,, slightly higher diffusion coefficient at the same temperature, and lower
propagation losses in LiNbO3 than benzoic acid. Whether the same results hold for
LiTaO3 is not clear, and one objective of this work is to find ont. The operating
temperature may be as high as 300°C. Pyrophosphoric acid will attack aluminum,
so metals such as tantalum must be used instead for masking. The acid degrades

during exchange.

3. Stearic acid [45, 46}, cinnamic acid [17], toluic acid [48], salicylic [19] and palmitic

acid [50}; sulfuric [51] and hydrochloric acids [52]; water [53], and hydrate melts [52].

Different acids produce slightly different results - there is no clear correlation between
the acid’s dissociation constant (a measure of the concentration of available, solvated

protons) and the speed of proton-exchange or the resultant index increase An,.

Proton-exchange proceeds at different rates, depending on the cut of the substrate.
Long exchange times and high temperatures will cause damage to the crystal surface, be-
cause the presence of hydrogen induces high stresses in the crystal lattice. These stresses
will eventually cause the surface to be etehed and the substrate to crack. Y-cut substrates
cteh very quickly, so only very shallow waveguides can be made before surface damage
renders the waveguide useless. The y-cut orientation is not often used in waveguide fab-
rication, X- and z-cut substrates are moie resistant to surface damage, so theyv are the
preferred orientations. Proton-exchange is faster in x-cut than in z-cut substrates, and

the z-cut orientation is the least susceptible to etching and cracking,

Table 3.6 compares the fabrication parameters of different acids on various orienta-

tions of LINbO3 and LiTaOs substrates,




Acid | Substrate ] Loss | Do (£7) | E. (eV) rAn, I Remarks I
benzoic x-cut 1.523%<10° | 095 | 0.126
LiNbO, (35)
" L4dB/em | 0.135x 107 | 0.R67 | 0.126
(5:1]]
" y-cut L233x10° 1 0,95 [ 0.126
[35)
» z-cut 0.868x 10Y | 0.95 | 0.126
[35]
" " 24dB/em | LRIxX10® | 0.97 | 0.126
[34]
pyrophosphoric " < 1dB/em | 0.643<10% | 0.856 [ 0.115 [ highest An,
[12]
sulfuric " 1.12x 10° 0.914 0.12 | suitable for
clean room
stearic " 1.5 dB/cem 5% 10° 0.712 [ 0.1I8 | non-toxic
toluic " 1 dB/cm 7.02x 107 0.78 | 0.121] non-toxic
benzoic z-cut 1.3 dB/em | 3.61x10™ | 182 ] 0017
LiTﬂOg [7]
pyrophosphoric v 0.3 dB/em | 30110 | 0.741 0.01 1
8]

Table 3.6: Comparison of different acids: measurment at 0.6328pm

3.4.2 Spin-coating, Surface-coating, and Immersion

Usually the masked substrate is completely immersed in the acid during exchange,
A | g

but other techniques like spin-coating and surface-coating the acid onto the substrate

surface have also been used with success.

These two alternate processes require very

little acid (~0.1ml) and give the same step-like index profiles and similar Awn, values

for exchanged wavegaides. However. some penalties are incurred for using these perhaps

simpler techniques [40]. Values for the effective indices of surface-coated waveguides varied

depending on the location of the input prism. This variation was probably a consequence

of the nonuniform coating of the surface. and hence. nonuniform exchange. Also, a melt
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dilution/buffering effect may occur because the acid volume is so small. Lithium diffuses
out into the acid, and reduces the proton in-diffusion rate. For both surface- and spin-

coated waveguides, the diffusion coefficient was lower than for irnmersed waveguides {40].

In the case of pyrophosphoric acid, the acid degrades during exchange and forms
polyphosphoric acids. This may lower the proton concentration and hence lower the diffu-
sion rate. If either surface-coating or spin-coating must he used, long exchange times and
high temperatures should be avoided in order to prevent melt-dilution and acid degrada-
tion effects. One must also make sure that the substrate surface remains evenly coated
throughout the exchange process in order to ensure uniformity in the waveguide depth.
The immersion teclinique is recommended since it produces more relinble and consistent
waveguides for a wirde range of exchange temperatures and times. To ensure consistency

the acid bath shonld be replaced each time.

3.5 Proton-Exchange: Chemistry

The following description of proton-exchange is based mainly on research with
lithium niobate substrates. LiNbQy was and still is a much more popular material than
LiTaO3z. Nonetheless, due to the physical. chemical, and optical similarities between
lithum tantalate and lithium niobate, one may cautiously assume that the results hold
true for both materials. This may not be strictly true, but we shall take this as our

working assumption and explicitly state any exceptions.

When LiNbOj; or LiTaO3 substrates are immersed in an acid. hydrogen ions (pro-
tons) from the acid diffuse into the substrate. and lithium atoms from the substrate diffuse

out into the acid. The presence of hydrogen into the crystal has a number of effects [55]:

1. Resistance to optical damage (optically induced change in refractive index) increases.

2. n, decreases (for LiNbQ3).




3. n. increases.

4. Ionic conductivity of crystal increases.

o

. Sound propagation characteristics (velocity, attenuation) are altered.
6. Phase matching temperatures are greatly diminished.

7. Optical holograms within a crysial are fixed.

3.5.1 Hydrogen-Lithium Exchange and Hydrogen In-diffusion

Hydrogen is incorporated into the lithium niobate crystal during proton-exchange
in two ways. The first is via a one-for-one ion-exchange process: the lithinm in LINDO is
replaced with hydrogen from the acid. At the crystal surface, Lit jons leave their positions
within the crystal and dissolve in the acid melt, while the H* jons enter the crystal and
occupy positions in the crystal lattice. The HY jons then diffuse further into the erystal,

and Lit ions from within the crystal diffuse towards the surface.

The exchange reaction may be represented by the chemical equations [53)
Li O+ It = Lo+ Li* (3.1)

LOH+ H*

I

H-0-0 + Ia* (3.2)

The concentrations of the lithinm and hydrogen ions during the hydrogen-lithinm

exchange reaction seem to be governed by the jon-exchange diffusion equation [56]:

Cy i ( Dy (')('1/) (3.3)
o T dxr\1-aCy dr
) 1\ ) 2’
al. " (‘). u) ' lu' C (3.4)
(1 —aCy)\ de l—aCy \ Or¢

where Cy is the proton concentration (yrm=2), Dy the diffusivity of the protons (m? fhr),

D, the diffusivity of lithium, and n =1 — Dy /Dy,.

2R




The second way in which hydrogen is incorporated into a lithium niobate crystal is
by diffusion of OH~ ions. These are created in a reaction between water, which is present
in the melt as the acid degrades, and oxygen at the crystal surface. This chemical reaction
is represented by [53, 57)

H,0 + 0% =200~ (3.5)

O~ +0%* =0-H-0 (3.6)

Judging from the results of [53], this reaction occurs at a slower rate than the

exchange reaction.

1

The Exchanged Layer

In the exchanged layer, a portion of the lithium has been replaced by hydrogen, and
a small amount of hydrogen has diffused inward. The compound Lii_ I NbO3, where z
is the fraction of lithium atoms replaced, denotes the composition of the material in the
exchanged layer. The value r of course varies with depth. being largest at the surface
and decreasing as the depth increases. This compound exists in different distinet phases,
depending on the proportion of hydrogen [38]: the a phase for z < 0.12; the a + 3 phase
for 0.12 < » < 0.56; the /3 phase for 0.56 < r < 0.75; the mixed 3 + IINbO3 phase
for ¢ > 0.75. The prescence of hydrogen alters the distance between atoms in the unit
cell (i.e. lattice constants) and consequently strains the crystal lattice. so different phases
have different physical properties. It is suspected that the existence of multiple phases

augments the propagation loss. for light would be scattered at phase transition boundaries.

To measure the phase transitions and changes in the crystal lattice constants (lattice
strains), x-ray diffraction methods are used. Regardless of the orientation. only the lattice
constants in the direction perpendicular to the surface change {35, 49]; they do not occur in

any other direction. The opposite effect was found in LiNbO3 powders [38. 59]. For z-cut
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Substrate l Acid | Strain | Ref. |
x-cut LiNbQOj3 benzoic Aafa =0.8% | [35
y-cut " " Aaja <1.6% | [35
z-cut " " Ac/e £0.16% | [60
z-cut " sulfuric Ac/c 20.3% | [p1
z-cut LiTaO3 benzoic Ac/e=0.52% | [7
z-cut " pyrophosphoric | Ac/c = 0.56% | [8

Table 3.7: Strain

substrates, the strain is denoted by Ac/e. and for w-cut substrates, by Aa/a, where ¢ and
a are the lattice constants along the z- and - axis respectively (see Fig. 3.2). The strains
are always positive, and its value appears to be independent of fabrication conditions [60].
The intensity of the diffracted x-rays increase linearly with the thickness of the exchanged
layer. Table 3.7 presents the strain values in LiINDOy and LiTaOy substrates of different

orientations.

Ganshin et al. [61, 62] have ohserved distinct phases in proton-exchanged »-cut
LiTaO3 waveguides. Initially, the exchanged layer is in only the a phase. The hydrogen
concentration at the surface increases due to exchange, and once the threshold is reached
the next phase forms at the sniface. The a phase moves deeper into the substrate, This
process continues as proton-exchange progresses. The concentration profile thus resembles
a staircase function, with the highest concentration phase at the surface, descending to
the o phase at the exchanged layer-substrate houndary. Three distinet phases have been

observed. These results, however, have not heen verified by other workers,

3.5.2 Low to Medium Hydrogen Concentration

Infra-red (IR) spectroscopy [35. 44, 46, 49, 51, 55, 63, 64, 65] can determine the
amount and nature of oxygen-hydrogen (Oll) bonding in the crystal by measuring the

amount of infra-red light ahsorbed. A sharp absorption band at 3500em™!, polarized
g f I I
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perpendicular to the z axis, indicates the presence of OH ions. These ions have their
transitional momentum perpendicular to the optical ¢ axis and thus vibrate solely in the
plane perpendicular to the z axis. This indicates that the protons occupy sites within the

oxygen planes (see Fig. 3.1) instead of the lithium sites between the oxygen planes.

3.5.3 High Hydrogen Concentration

For a total exchange (values of x close to 1), the original LiNhOg3 crystal changes
from a hexagonal structure to the cubic perovskite structure of INbQj. This phase
transformation induces enormous stress: the change in volume and the accompanying
strain on the crystal lattice will cause the surface to crack and etch. It is not possible to

fully exchange crystalline LiNbO3 into HHINDO+4 and still maintain a waveguiding layer.

IR spectroscopy measurements detect a second type of OH bonds which produce a
broad, unpolarized absorption baund centered around 3250cni~! [35. 51. 58, 63, 64]. These
are hydrogen bonded OH ions (H-OH ions) which are randomly oriented with regard to
the c-axis. When the hydrogen concentration is low (i.c. for short exchange times and/or
low temperatures and/or weak acid). H-OIl ions do not form [46. 58]. Since the highest
hydrogen concentration is at the erystal/acid interface. these ions form at the substrate
surface. Hydrogen concentration profiling methods have found that for a very thin (x0.1-
0.2m) surface layer, the hydrogen concentration exceeded the nominal (bulk) lithium
concentration of & 1.9x10'% atoms/pm® [51. 66. 67]. In addition. the lithium was not
completely depleted: about 16% of the lithimin was still present. This clearly indicates

that proton-exchange is not a one-for-one exchange process.

1I-OH ions have been observed for .r-cut and y-cut substrates, but for z-cut sub-
strates they are present in small proportions [35. 41, 63]. It is believed that H-OH ions

are the cause of some of the following problems with proton-exchanged waveguides:

¢ index instability/fluctuation [6R]



dc extinction effect [G9]

reduced electro-optic coefficient rag (by about 90%) [60, 69]

reduced nonlinear optical coefficient ds3 (by about 99%) [70]

reduced acousto-optic figure of merit [69]

These ions may have high mobility which allows them to migrate throughout the
waveguide, even at the room temperature. This would then canse the effective mode
indices to fluctuate. H-OH ions also increase ionic conductivity, which would explain
the dc extinction effect. H-Oll ions are present only at high hydrogen concentrations,
so if the concentration were to be lowered. index instabilities and de extinetion should
not occur. The reduction in rq3 and dgs. on the other hand, is probably caused by the
deformation of the crystal lattice [60]. It is believed that high hydrogen concentrations
cause the lattice to deform to the cubic perovskite structure of HNHQ;, whereas a low
concentration would not deform the lattice. Thus, a low concentration should preserve
the pre-exchange r3 and dg3 values. The underlying cause for all these problems seemis to
be a high hydrogen concentration. The use of buffered melts and of annealing lowers the
hydrogen concentration, and indeed. H-Oll ions and the problems associated with high
concentrations are not found in buffered and/or annealed waveguides. Buffered mielts are

discussed at the end of this chapter, and annealing is considered in the next chapter.

3.5.4 Shape and Depth of the Exchanged Layer

Nuclear imaging techniques such as Secondary fon Mass Spectrometry (SIMS) (46,
51, 65], Nuclear Reaction Analysis (NRA) [35. 69, 71], and Elastic Recails Detection
Analysis (ERDA) [66, 72] are used to detect the hydrogen aund lithinm concentration
profiles. The results have varied somewhat from one research group to another, but in

general, they are consistent. The hydrogen concentration profile is step-like: it maintains
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a constant value from the surface throughout the exchanged layer, and declines rapidly at

the exchanged layer-substrate boundary.

Usually, for ion-exchange processes, the concentration profile is graded. The step
profile is likely due to the double-alkali effect [73], in which the diffusion coefficients of
the ijon-exchange diffusion equation (see Equation 3.4) are not constant but are rather
functions of the concentration of the counter-diffusing ion - that is, Dy (Cr,) and D, (Cp).
A simulation of the equation using such functions has been performed [74], with successful
results. A simplified model of proton-exchange was used, one which did not take into
account hydrogen in-diffusion nor the effect of phases. A complete model simulating all
the process known to occur during proton-exchange would be rather difficult to implement.

Fortunately, the simplified model has a close enough accuracy to suffice,

The lithium concentration profile was found to be graded. From a minimum at the
substrate surface, it rises gradually, until it reaches the bulk concentration at a point past
the depth of the hydrogen profile. If the ion-exchange diffusion equation were obeyed,
the lithjum profile should then be the complement of the hydrogen profile. The fact that
the two profiles are not complementary is likely due to hydrogen in-diffusion (see Section

3.5.1), which introduces additional hydrogen ions into the crystal.

Rutherford Back Scattering (RBS) spectrometry can detect the lattice distortion
in the crystal. A distortion boundary exists between the exchanged layer and the virgin
substrate, so the depth of the exchanged layer may Le determined with some precision
(35, 51, 75, 76]. The exchanged iayer depth matched the depth of the step-like hydrogen
concentration profile. As well. the depth has been found to be linearly proportional the
arca of the IR absorption band at 3500cin~=" [63. 51]. With proper calibration, it is possible

to determine the exchanged layer depth by the amount of IR absorbance.
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3.6 Hydrogen Concentration and the Refractive Index

It is generally believed that the change in the erystal’s spontancous polarization
arising from the presence of hydrogen and the loss of lithium [58] is responsible for the
index change. However, the exact cause and the mechanism behind the change in the
dipole moment and how this affects the index is not clear, partly because it is difficult to
isolate the many effects arising in the proton-exchange process. As well, it is believed that
regular OH ions contribute to the index increase, whereas H-OH ions do not [67]. Hou [77]
has provided a simple model of refractive index dependence on hydrogen concentration,

and supported it with a numerical calenlation which agreed with experimental results,

Nonlinear Dependence on Hydrogen Concentration

As may be expected, the greater the amount of hydrogen in the LiINHQOy crystal, the
greater the index increase, However, the degree of index increase does not lineatly depend
on the hydrogen concentration [78]. When a proton-exchanged waveguide is annealed, the
hydrogen diffuses deeper into the waveguide and the concentration of hydrogen decreases
(for LiNbOg3). Likewise, the refractive index profile extends deeper into the wavoguide and
the surface index change decieases. However, the total atea of the index profile increases.
No new hydrogen is introduced into the crystal during annealing, so one would expect the
area to remain constant. This increase in area leads one to suspect a ponlinear relationship

between hydrogen concentration and refractive index change.

Howerton ef al. [78] have found an approximate relationship between concentration
and index change. For low hydrogen concentrations. the index increases slowly; at medium
concentrations, the index increases linearly: for high concevtrations, the index inerease
saturates. Other factors such as the eoffoct of separate phiases make it diflicult to directly

correlate the refractive index profile with the hydrogen concentration profile,




Refractive Index Profile

Effective indices measured by prism coupling make it possible to reconstruct the
refractive index profile of the exchanged waveguide. The methods discussed in the previ-
ous section all focus on the chemistry and the diffusion kinetics of the proton-exchange.
However, knowledge of the index profile - the shape, depth, and the surface index increase
- is the most important and pertinent inforination for the proper design and fabrication
of waveguides. The simplest and perhaps most accurate way to obtain this information
is by effective index measurements. The experimental portion of this thesis, for exam-
ple, is almost exclusively comprised of effective index measurements. Other methods of

characterization were not readily available for this work.

Effective index measurements indicate that the index profile is step-like in shape,
and its depth matches the depth of the exchanged layer as determined by RBS and nuclear
techniques [35, 51, 52, 75]. By fabricating a number wavegtuides under different fabrication

conditions, a relationship hetween the depth and the fabrication parameters was found:

dye = 2/ D (The) X e (3.7)

where dp, is the depth of the exchanged layer (ym), 1, the exchange time (hours), T,
the temperature (Kelvin), and D, (T),, ) the effective diffusion coefficient (pm?/hr). Its

dependence on temperature is given by

E,
DT} = Dyeapf -k—,—-) (3.8)
pe

where Dy is a diffusion constant (yam?/hr). E, the activation energy (eV), and k& the
Boltzmann constant (¢V/K). With these relations, one may fabricate a waveguide of a

desired depth with precision by properly selecting the exchange time and temperature.

Various workers [13. 79] have proposed different mathematical functions to describe

the index profile, but the step function approximation is the simplest and. at the same
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time, highly accurate. In general. the optical depth is greater than the exchanged depth
- up to about 10% greater [35]. A summary of the diffusion constants and extraordinary
index increases for different orientation LiNbO3 and LiTaQy substrates proton-exchanged

in various acids is presented in Table 3.6.

3.7 Buffered Melts

A small amount of lithium in the benzoic acid buffers the melt by reducing the out-
diffusion rate of lithium. Since the in-diffusion rate of hydrogen is dependent ou the lithium
concentration ( Dp{C'.]). it should be reduced. Proton-exchange thus procceds at a slower
rate. Lithium benzoate (LiCgO3llg) is dissolved in benzoie acid melts to inerease the
lithium concentration up to 5% molar (where %molar = moles of lithinm benzoate/moles
of benzoic acid). Surface damage on y-cut substrates is significantly red ‘ced, making the
fabrication of waveguides cn y-cut material feasible. No report of buffering other acids

has been available in the literature.

IR measurements show that with buffering, the area of the 3250cm=! absorption
band (H-OI ions) relative to the 3500cm™! (OI1 ions) decreases quite drastically [,
50, 63, 76]). For 1% buffering [63], 1I-OH ions are almost non-existent, The exchanged
layer is most likely in or close to a single o phase. By reducing the rate of proton-
exchange, buffered melts produce waveguides with lower hydrogen concentrations than
those produced with pure melts. The experimentaily observed henefits of a lower hydrogen

concentration include:

1. Effective indices no longer fluctnate [52].
2. Lattice strain is reduced [60, 80].

3. ra3 increases. A completely restored value of ryy has been ebserved for 1% molas

lithium [52], though others [60. 80] report a still somewhat reduced vy for huffering
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up to 4% molar.

4. Propagation losses are lower [52].

A linear increase in the lithium concentration leads to an exponential decrease in
the effective diffusion coefficient [52. 60, 63], and a linear decrease in An. [50, 60, 63].
There is evidence which suggests that above 3% buflering, An, drops drastically [81]. The
index profile remains a step. Oddly enough, for LiTaO3. An, increased with buffering up

to 2% molar, but decreased thereafter [67].




Chapter 4

Annealing

4.1 Introduction

This chapter describes the effects of annealing on proton-exchanged LiNbO- and

LiTa03; waveguides.

4.2 Post-exchange Annealing

Post-exchange annealing reduces or eliminates most of the problems exhibited hy
proton-exchanged waveguides. Annealing achieves many of the same goals as the use of
buffered melts, but with an additional advantage. With buffered melts the refractive index
profile is a fixed step function, but with anncaling. the profile can be tailored to a desired
shape. During annecaling. the depth increases, the surface index initially inereases hut

later decreases, and the profile gets progressively smoother.

In the annealing process, a proton-exchanged waveguide is subjected to heat tieat-
ment for several minutes to several hours at 300°C - 400°C. This is performed in an open
oven with a flowing gas. Researchers have used dry Oz, wet Oy (i.e. with water vapour),
dry or wet N3, and some do not even maintain a controlled gas flow (i.e. oven is open
to the atmosphere). Differences in the annealing environment seem to have no effect [52).

The important annealing conditions are the anneal temperature and time,
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4.3 Annealing in LiNbO;

Physical and Chemical Changes

Annealing causes the hydrogen in the exchanged layer to diffuse further into the
waveguide. Thus, the index profile smears out [38, 42, 79, 83|, and the surface hydrogen
concentration decreases [78]. Meanwhile, lithinum diffuses back up to the surface [51, 65).
The advantageous effects of lowering the hydrogen concentration and reducing the number

of phases within the exchanged layer are numerous:

1. Index instabilities are eliminated [26].
2. Lattice strains are relieved [16. 51].
3. rag is fully restored [81].

4. dc extinction effect is eliminated [81].

5. Propagation losses are lowered [63, 83].

Single a phase waveguides have been observed after annealing [61, 78]. Howerton
[78] has proposed the following criteria for obtaining stable, single-phase waveguides: the
waveguide depth after annealing d, should be greater than the depth after proton-exchange

dpe by a factor of at least seven and a half (d, > 7.5 d,e).

Infra-red studies [63] reveal a decrease in H-OH ion content with annecaling, while
the OH ion content remained the same. This suggests the removal of H-OM ions from the
substrate, wnich may occur via the reversible reactions with water (see equations 3.5 and
3.6). In the same way that H-OH ions are introduced during proton-exchange, they are
removed during annealing. The arca of the 3250cim™! absorption band decreases while the
3500cm ™! absorption band area stays constant. The validity of this dehydration reaction

is further supported by TEM studies [S4].
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Work with the hydrogen isotope deuterium has shown that just-exchanged wavep-
uides will react with water vapour at the room temperature [11, 85], while buffered or
annealed waveguides do not. The surface layer of H-OH jons seems to act as a catalyst
for the reaction with water vapour at the room temperature. At annealing tewmpera-
tures, water vapour is taken up regardless of whether H-OIl ions are present [63]. When
buffered guides are annealed [10, 63], little change occured to the 1R absorption bands.
Since buffered guides contain very few H-OI ions. this finding is consistent with previous

results.

For modelling the diffusion of hydrogen ions during anncaling. the simple finite-
source diffusion model has been used [65, 72, R6] with some success. The equation gov

erning this process is Ficke's law [56]

aCy 9 aC'y
o o (D” Dz ) (4.1)

where Cpy is the hydrogen concentration profile, and Dy the diffusion coeflicient
(pm?/hr). Good agreeme,t has been found between SIMS-measured hydrogen profiles
and analytic solutions of Ficke’s law [65]. Agreement has also been obtained bhetween
measured index profiles and simulated profiles using Ficke’s law with a concentration-
dependent Dy [87]. In both cases, the existence of distinet i, Ly, Nby phases was not
accounted for, since the complications of different diffusion coellicients in each phase and

the diffusion kinetics across phase houndaries Irads to a very diflicult problem to model,
Changes in the Refractive Index Profile

With annealing, the waveguide depth d increases, the surface index n, decreases,
and the index profile becomes increasingly graded. As one might expect, the higher the

temperature or the longer the anneal time. the greater the change. The increase in the




waveguide depth has heen found to obey the empirical equation [38, 39, 43]

Ad = d — dye = bl (4.2)

where d is the current waveguide depth. d,, the depth after proton-exchange. t, the anneal
time, and b, c are fitting parameters. Waveguides with a small d,,, will experience a smaller
Ad than waveguides with a large d,,. The surface index decrease was found to obey a
similar relation [38, 39, 43):

Ang =ng —np = Pfg (4.3)

where n, is the surface index. np the substrate index, and e. f are fitling parameters.
Here [ is negative, so that An, decreases for greater t,. Waveguides with a small d,,, will

experience a greater decline in ny than those with a large dp. [13].

4.4 Annealing in LiTaO;

In LiTaOg3. the effects of annecaling are similar to those for LiNbhOQ3: the hydro-
gen concentration decreases [88]; strain is relieved [R0]: and the 3250cm~! IR absorption
band (H-OH ions) disappears. There is. however. one important difference - instead of
decreasing, the surface index initially increases [8, R8]. The surface index then peaks, and
eventually declines with prolonged anunealing. In LiNbO3, H-OH ions. which do not affect
the crystal’s refractive index. are removed from the crystal during annealing by means of
a surface reaction. In LiTaOj. however. they remain in the crystal and are converted into
OM ions, which do affect the refractive index. The area of the 3500cm ! absorption band
increases, while the area of the 3250cm~! band decreases [80]. The O1 jon concentration
increases and thus n, increases. Even though the total hydrogen concentration decreases
upon anncaling, the change in bonding leads to an increase in n,. \Why H-OH ions in

LiTaOy behave differently during anunealing than those in LiNbQ3 is not known.
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Figure 4.1: Comparing index profiles of annealed LiNHO; and LiTaO+y waveguide

Anomalous Surface Index Increase

Little is known about this increase except that it occurs. Characterization of the

change in n, upon annealing is in fact one of the goals of this thesis, It is postulated that

the change in n, results from the interaction of the following concurrent processes:

p—

3. Diffusion of II-Oll ions.

. Diffusion of OII ions, which lowers ny by reducing the concentration,

2. Conversion of H-OH ions to O ions. which raises ny by increasing the concentration.

4. A nonlinear relationship between exchanged hydrogen concentration and index change.

In the hope of gaining a deeper understanding of how these processes interact to produce

the change in n,. a mathematical model was developed and a numerical simulation was

attempted (see Appendix A). This effort represents only preliminary work on the problem,

‘ but the results are enrouraging.




Chapter 5

Fabrication and Measurement
Methods

5.1 Introduction

This chapter describes fabrication techniques for annealed proton-exchanged planar
LiTaO3 waveguides, and the methods used to measure the waveguides’ effective indices

and propagation losses.
5.2 Preparing the LiTaO; Substrate

The z-cut LiTaQs substrates used in this work were made to order from Deltronic
Crystals Inc. [89]. The substrate orientation is shown in Figure 5.1. The wafers have the

following properties:

e clectro-optic grade LiTaOg
o 20mmx 25mmx 2mm (. y.3)
e -z face polished to 20/10 scratch dig finish. 2 X flat

¢ other surfaces unpolished

Each wafer was cut into four or five picces measuring approximately 4mm x 25mm
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x 2mm (z,y,2) in order to increase the number of usable substrates. This was done on
a crystal cutter in the laboratory of Dr. L. Shih, (McConnell Engineering, room M ('73%)

following the procedure described helow:

Figure 5.1: Lithium tantalate (LiTaQ3) wafer

Coat a 25cm? piece of hard plastic (or equivalent) with candle wax.

Place the LiTaO5 wafer flat on the wax before it dries.

Coat the wafer with a second layer of wax. The function of the wax is to keep the
wafer stationary and fixed on the plastic base while it is being cut and to prevent

damage to the wafer surfaces.

Clamp the plastic base/wafer to the cutting stage, and slowly advanee the stage
through the cutting blade. Advancing the crystal too quickly will cxuse the erystal

to crack. Maintain a constant water flow to cool the cutting blade,
Translate the cutting stage and repeat until the entire wafer has been cut,

Remove the substrates from the wax.



A waxy film now covers the substrate surface and this must be removed. The surface
must he free of any films, spots, residues, and impurities. A close examination of the light
reflecting off the surface should reveal any such impurities - an immaculately clean surface
will reflect light perfectly without distortion. The water break method [1] may be used to
assess surface cleaniness. To remove the waxy film and thoroughly clean the surface, the

following procedure is used:

1. Immerse the substrates in boiling de-ionized water for ahout 1 minute.

2. Dip a cotton swab (Q-tip) in a soap solution (de-ionized water and Sparkleen, a
ton-abrasive detergent) and gently stroke the substrate surface to remove the film.

Rinse with de-ionized water.
3. Immerse the substrates in hoiling acetone for about 30 seconds.
4. Clean the surfaces again with a cotton swab. Rinse.

5. Dry the substrate with a N; gas gun. Inspeet the surface. Repeat the above proce-

dure until the suiface is immaculately clean. This may require 2 - 3 repetitions.

The substrates must now be subjected to a heat treatment (anncaling) in order
to relieve the mechanical strains induced in the crystal during the polishing and cutting
stages. Substrates are placed in a ceramic crucible and then positioned in the center of the
horizontal Lindberg furnace. The furnace is heated to 450°C for approximately 6 hours, A
flow of dry nitrogen at 0.51./min through the furnace is maintained. After this treatment,

the substrates are ready for proton-exchange.

5.3 Proton-Exchange

Immediately before proton-exchange, the substrate should be re-clean=d to ensure

that no dust or other particles have contaminated the surface. A simple cleaning procedure
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Figure 5.2: Proton-exchange: experimental set-up

will suffice: use the cotton swab and soap solntion to gently clean the snbstrate surface.
Rinse with de-ionized water, acetone. and de-ionized water once again. Dry with the N,

gas gun and inspect the surface. It should be elean - if not, repeat the procedure.

The experimental set-up for proton-exchange is shown in Figure 5.2, Every container
which comes tnto contact with either the substrate or the acid should be thoroughly cleaned
beforehand with a cotton swab, de-ionized water, and acetone to prevent contamination.
Make sure that the substrate is resting on the glass supports in the container with pol-
ished -c face down. A white deposit forms and accumulates on all upward-facing surfacos
as proton-exchange progresses, due to the decomposition and polyimerization of pyrophos-
phoric acid [41]. Proton-exchange activity may be reduceUif this deposit were to form on
the substrate surface. The wafer and the acid are put inside the vertical Lindberg furnace
in separate containers and heated to the exchange temperature. Once the temperature has

stabilized, the acid is poured into the wafer container through a funnel, Proton-exchange
’ 4

commences at this moment and stops when the container is taken out of the oven and
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the acid poured out of the container. The substrate is then allowed to cool, and then the

surface is once again cleaned so that it is ready for effective index measurements.

For proton-exchange with buffered melts, lithium phosphate (Li3POy) is added to
pyrophosphoric acid (H4P207). The amount of dilution is defined as

moles of Liz POy

{ , N —_
Adilution = 31110]05 of H4,P20+

x 100% (5.1)

The factor of 3 is necessary because there are three lithium atoms per mole of lithium
phosphate. The atomic weight of pyrophosphoric acid is (4x1)4(2x31)+(7x16) = 178
grams/mole, and the atomic weight of lithinm phosphate is (3x7)+(31)+(4x16) = 116
grams/mole. Thus, if 30g of acid is used, then for 1% dilution 0.065g of lithium phosphate

is added, for 2% dilution 0.130g of lithium phosphate is added, etc.

5.4 Annealing

Immediately before annealing, the substrate should be cleaned following the simple
cleaning procedure described in proton-exchange section above. The horizontal Lindberg
furnace is first heated to the anneal temperature. Dry nitrogen gas is pumped through the
oven at a rate of 0.5L/min. The substrate is put in a hollow cylindrical ceramic crucible
(to allow gas flow) and moved from the edge of the oven (at close to room temperature)
to the center of the oven (at the anneal temperature) over a span of 2 minutes. This is
done to prevent thermal shock. During these two minutes the substrate warms up to the
anneal temperature, so this ramping time is not included in the anneal time. When the
anneal period is over, the substrate is removed from the oven and left to cool to room
temperature. This cooling period is also not included in the anneal time. The annealing

experimental set-up is shown in Figure 5.3.
5.5 Effective Index Measurements - Prism Coupling

A waveguide’s effective indices can be found with the prism coupling method [90].
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Figure 5.3: Annealing: experimental set-up

A high index prism is held in contact with the substrate surface to couple light into the
waveguide. Specially designed clamps (see Figure 5.1) are used to hold the substrate
and the prism together. The screws on the clamps are tightened wntil a whitish spot
at the prism base (indicating good contact hetween the two surfaces) is observed. The
screws should not be too tight - the pressure stresses both the prism and the substrate
and may cause either or both to crack. For good coupling, the surfaces of both the prism
base and the substrate must he free of any dust particles or contaminants. The simple
cleaning procedure described in the proton-exchaunge fabrication section should he used
to clean both surfaces before they are mounted on the holders. The following is a simple
mathematical model for prism coupling. More detailed and complex models which take

other factors into account are available, but a simple model suflices for this work.

A high-index prism of index n, and base angle a, is held in close proximity to the
waveguide but is separated from it by a very small air gap (see Figure 5.5). The surface
roughness of both the prism and the substrates prevents a perfect contact hetween the two
surfaces. Light incident upon the prism’s base at an angle 6 greater than the critical angle
will be total-internally reflected, so a standing wave field distribution will occur within
the prism. In the air gap and wavegnide, an evanescent field (exponentially decaying away

from the prism) persists. The propagation constant /# of the light along the waveguide

IR
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plane (the z direction) is given hy
3 = knpsing (5.2)

where & is the wave number and k = 27 /A, If this 3 is equal to the propagation constant
of a guided mode, then by phase matching. the light will no longer reflected but will rather

couple into the waveguide. The propagation constant of a guided mode is given by

B = kg g p(m) (5.3)

where nqyy is the effective index, m denotes the mode order (m = 0,1,2....), and n.gy(m) =
ny sinf,, for a slab waveguide. The phase matching condition is found by simply equating
the two previous equations:

nysinh = negy (5.4)

Note, of course, that light may be coupled out of the waveguide in the same fashion.

The angle @ can easily be related to the incident angle 8, by Snell’s law and trigonometry,
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and in the process, the following formula which relates the effective index 1o measured

parameters can be aiived at:

. . =y [ s, -
Reff = Npstn 0, + sin " (5.5)
P

Each mode has a different effective index value and henee a different. incident angle

9,. In the measurement set-up (see Figure 5.6), the prism and waveguide were placed on
a rotating stage. First the prism face is st perpendicular to the incident light (6, = 0)
so that the light was reflected back unto itself, and the angle on the rotating stage was
recorded. This is the reference angle. The stage is then rotated until a guided mode is
excited, which is evidenced by the sudden appearance of m-line(s) on the output, screen.
M-lines are vertical lines with a bright spot at the center. In-plane scattering during
propagation causes these lines to form. Cood. sharp m-lines usuably appear and fade (full
width half maximum - FWHM) in the span of three minutes of arc. M-lines which e

weak or are not sharp ususally indicate poor contact between the waveguide surface and
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Figure 5.6: Prism coupling: measurement set-up

the prism, or ineffective coupling. In such these cases it is prudent to clean the surfaces

and recouple.

The angle which gives the maximum m-line intensity is recorded. The difference
between this angle and the reference angle is 8,. Care must be taken not to rotate the
stage back if one missed the maximum m-line intensity. The stage should be rotated in
one direction only, in order to avoid gear lag. The angle is incremented until all the guided
modes have appeared and the angles recorded. Then the stage is rotated backwards, and
the angles are once again measured. including the reference angle. Recording the angles
in both directions should average out any biases in the rotating stage. A minimum of
four measurements for each mode was made. and the average was then used to find the
effective index, using Equation 5.5. .\ helinm-neon laser (A = 0.6328;/m) was used for all

measurements,




Calibration and Measurement Error

Since all the effective index measurements are made with the rotational stage, which
is a mechanical device and subject to deterioration, it is important that the stage be
calibrated to ensure accurate results. This can be done by measuring a refractive index
which is already known to a high degree of accuracy and precision. By calculating the
angle that one should obtain in order to arrive at the known index, and comparing this
with the measured angle, the rotational stage can be calibrated. For this purpose the
extraordinary index of bulk LiTaO; (n,=2.1820) and the index of the rutile prism (2.5837)
were used as standards. The indices of these materials are constant and are deemed to he
trustworthy. The prism index was measuied with the Birewster angle reflection method
and the minimum deviation angle method [91]. The LiTaO; substrate index was measnied
with the Brewster angle method. and was also inferred from effective index measurements,
Over 500 effective indices were measured for proton-exchanged and annealed waveguides,
and effective index values span the range of ny, < 1oy < ng, where ng has a maximum of
about 2.21. Because of the large number of measurements made, the lowest effective indices
will be at or just above ny. By correlating the measured angles with the expected angles

in the four measurement methods outlined above, a correction factor for the rotational

stage was arrived at (see Table 5.1).

Table 5.1: Calibrating the rotational stage: average corredtion = -0.20 °

The rotational stage has an estimated uncertainty of about one minute of arc, or

10.01667°, when measuring the apex angle and the angle 8,. The prism index is estimated

index method standard | calculated angle | measured | correction
measured value for standard value anglo
Ny Brewster Angle 2.1820 65.38° (K5.05° 0070
np eflfective indices 2.1820 33.7° 33.9° -0.20”
np Brewster Angle 2 OR37 (R.R1° 69.15° -().31;’“: _
np Min. angle of deviation | 2.9837 R1.56° R1.68° -0.127




variable value uncertainty

Neff - +0.0005
np, 2.5837 +0.0002
6, - +0.01667°

ap (prism ‘C°) | 15.253° | £0.01667°
ap (prism ‘B’) | 45.056° +0.01667°
A 0.6328;4m -

Table 5.2: Measurement: angles, indices, and their uncertainties

to have an uncertainty of 10.0002. The total error in the calculated effective index can be
found by summing the percentage error of n,,. a,, and #,. This works ont to approximately

0.025% of neyg, or £0.0005. Table 5.2 summarizes these values and their uncertainties.

5.6 Loss Measurements

Different loss mechanisms contribute to the total propagation loss of a planar optical

waveguide. These include [11]

1. Absorption loss of the substrate.

2. Scattering loss by boundaries and/or material defects (i.e. light is coupled from

guided modes to radiation modes and lost from the waveguide).

3. Mode conversion loss (or intermodal scattering: light is coupled from one guided

mode to another, usually by scattering).
As the light propagates, its intensity and power decreases exponentially with distance:

P, = Peok (5.6)

where P, is the output power. P, the input power, I, the propagation length, and o the

loss coefficient. By rearranging the equation above, the formula for a is found to be




10/0g( 4
o= og(#)

T (dB/em) (5.7)

Loss measurement methods include the cut-back method [92]. the two-prism sliding
method [93}, the three-prism method [94], and the scattering detection method [95]. For
this work the two-prism sliding method was used. The input coupling prism is clamped to
the substrate and does not move throughout the measurement procedure, thus maintaining,
constant input coupling efficiency. A drop or two of index matching {luid (glycerine, n=1.h)
is added to the output coupling prism’s base. This allows the prism toslide smoothly across
the substrate surface, and increases both the coupling efficiency and consistency., The
output prism is moved to different positions along the substrate, varying the distance [/
between the input and output prisms. At cach point, the output prismn must be clamped to
the substrate, the settings on the translating/rotating stage adjusted to give the maximum

output light intensity for the excited mode.

The same measurement set-up used for effective index measurements is used lhere
also (see Fig. 5.6), with the addition of a video camera focused on the modal lines that
reflect off the screen. An oscilloscope is connected to the camera output to display the
output light intensity. The distance [ and peak voltage V is recorded. Note that the
output power from the camera is proportional to the light intensity (after calibration),
and the oscilloscope displays only the voltage. 'Fhus the oscilloscope reading V' should
be squared (P = VI = VZ/R) in order to reflect the light intensity. ‘Ten or more such
measurements should be made. The coupling efliciency will not be the same at each point
(no matter how careful one is). so a large number of measurements should be made in
order to average out fluctuations. A least-squares fit is then applied to the log(V2) vs, I,

graph, and the slope of the line of best fit is the value of the loss coefficient o,




Chapter 6

Data Analysis Methods

6.1 Introduction

This chapter explains the methods used to reconstruct an index profile given a set
of measured modal indices. The step function, Fermi function. and generalized Gaussian
function are introduced as possible models for the refractive index profile. The numer-
ical techniques and algorithms used for analyzing proton-exchanged waveguide data are
developed. The Inverse WKB (IWKB) method. used for annealed waveguide data, is

implemented and tested.

6.2 Refractive Index Profile Models

Using a mathematical function to madel the refractive index profile gives us a basis
of comparison between different waveguides. We can quantitatively compare the function
parameters found for different index profiles, and hence determine how the fabrication
conditions affect the profile. The following three functions have been found to approximate
a wide variety of index profiles quite well: the step. the Fermi, and the generalized Gaussian

functions. The index profile is expressed in the form

n(z) =+ Angf(2) (6.1)




where ny is the substrate index (for LiTaO3, np = 2.182 at A = 0.6328;m), n, is the index

at the waveguide surface, An, = n, — np. and the profile shape f(z)is given by

1(0<z<d)
0 (z>d) step function
2) = d 1ed . . \ 6.2
4 (1 —exp~a +exrp™ |71 Fermi function (6:2)
e.rp’[«'zi]" generalized Gaussian funetion
0 step function
at z =d, f(z) = { [2—exp~5]~" Fermi function (6.3)
1/e generalized Gaussian function

where d is the waveguide depth, and «a controls the degree of curvature of the profile, For
the Fermi approximation, a small @ (a < 0.2) gives a sharp, step-like shape while a large
a gives a smooth, gently sloping shape. For the generalized Gaussian, the reverse is true:
a large a (a > 10) gives a step-like shape while a small « gives a smooth curve, Figure 6.1

shows the shape of each function with different a values,

The step-approximation is the simplest model, having enly two parameters (An, and
d) while the Fermi and the generalized Gaussian both have three parameters each (An,, d,
and a). After proton-exchange. the index profile is known to resemble a step funetion, so
all three functions can adequately model it. After annealing, the profile becomes graded

and smooth, so the step function model is no longer adequate,

There are two different approaches for relating effective indices to the index profile,
One approach finds the optimum index profile parameters by minimizing the error belween
measured effective index values and values calculated with the dispersion relation. This
is called the forward approach and proton-exchanged wavegnides were analysed in this
way. There is also an inverse approach, in which the profile is recovered using a recursive
formula derived by inverting the WKB dispersion relation. This method was used for

annealed waveguides.
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Figure 6.1: The step, Fermi. and generalized Gaussian profiles

6.3 Proton-Exchange Waveguides: The Forward Approach

In Chapter 2, it was shown that the dispersion relation is used to calculate effective

indices when the index profile is known. The situation is now reversed: the effective

indices are known hut the index profile is not. To recover the parameters of the index

profile, we simply assume values for the parameters and calculate the effective indices.

The parameters are adjusted until the error between the calculated indices and measured

indices (i.e. | neggleale] - noprfmeas]]) is at a minimum. The step function approximation

was used because only two parameters. An, (note that for proton-exchange, An, = Any)

and d,e, need to be found. From linear algebra, we know that the number of unknowns

must be equal to or less than the number of independent equations for a unique solution

In this case, the parameters are unknown and the effective indices represent equations

Thus, if a three parameter model is used. the measured waveguides should support at

least three modes or more. In fact. most of the waveguides support two modes, due to
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fabrication constraints. Therefore, using a three parameter model requires that one of the

parameters (the shape parameter a) be assumed.

Table 6.1 is a numerical example showing how the analysis is performed. For each
waveguide, we assume a value for An.. and use a root search technique (the secant method
[96]) to find the depth d which gives the minimum error between measured and caleulated
effective indices. This procedure is repeated for a range of An, values. It was then assumed
that waveguides fabricated at one temperature all have the same An,. This may not be
entirely valid due to some annealing effects (see Section 7.4.2), but anncaling eflects are
likely to be small. With a group An, value, one can observe whether the dependence of
An. on the exchange temperature exists, Its value is found by summing the errors of all
the waveguides exchanged at the same temperature (see the “sum error™ column in Table
6.1), for each An, value. The An, with the lowest sum error is taken as the group An,
value (in Table 6.1, it is An, = 0.011), The depth associated with this An, is taken as
the waveguide depth (in Table 6.1. d = 2..10 for waveguide 1. d = 1.1 for waveguide 2, d
= 2.85 for waveguide 3). For three parameter models, this entire process is repeated for
several values of a, and the value of ¢ associated with the lowest sum error determines the

group An. value.

An, wavegnide 1 | wavegnide 2 | waveguide 3 sum
d |errord| d |errorédy d |erroréd || error
p | x 107N | <107 gon | x 107 | 107

0.010 || 2.60 3.0 1.35 2.0 3.1 25 [RE)
0.011 |} 2.55 2.6 1.30 1.7 3.0 2.2 6.5
0.012 | 2.50 2.1 1.25 1.3 2.95 1.9 3

H
0.013 || 2.45 1.8 1.20 1.0 2.9 1.7 1.h
0.014 || 2.40 1.8 1.15 1.2 2.85 1.4 4.4
!
3

0.015 || 2.35 2.2 1.10 1.5 2.8 1.2
0.016 || 2.30 2.5 1.05 2.2 2.7 1.2

Table 6.1: Finding the group An, value for step-index waveguides. & = | n.gp(cale) -
ne”(meas) |




6.4 Annealed Waveguides: The Inverse WKB (IWKB)
Method

The IWKB method [98, 99] reconstructs index profiles by providing a recursive
formula, obtained by inverting the WK B dispersion relation, which can progressively plot
out the index profile. The derivation of this recursive relation begins with the WKB

dispersion relation (see Section 2.6):

2/2' k2n2(z) - 32dz + b, + ¢y = 2mm (6.4)
(o]

where the integral is the phase delay of the travelling wave, ¢, the phase shift at the
air-waveguide boundary, and ¢, the phase shift at the turning point z; in the substrate

(sce Figure 6.2). For TM waves, these phase shifts are given by

2 [r2 o2
Ma\negy — e

¢ = =2tan” (6.5)
‘ n\/n3 —nZ;,
oy = -3 see Section 2.6 (6.6)

where n, is the surface index of waveguide, n. the refractive index of air, and n.yy the

effective index (n.y; = 3/k).

Only integer values of m (i.e. modes m = 0.1,2,...) represent physical, guided modes.
Hence, the propagation constant 3 and the effective index n.ss are both discrete functions
of the mode order m, i.e. F(m) and n.gg(m). The turning point 2, is also a function of
mode order since a different turning point corresponds to a different effective index. Given
the refractive index profile n(z), the WKB dispersion relation can be used to calculate the

discrete effective indices.

The key to the IWKB method lies in the fact that at the turning point, the effective
index is equal to the refractive index. From Figure 6.2 we see that at the turning point

2ty 0=0 sa n(2) = neyy. ie. nfz(m)] = n.pp(m). If the effective index is made to be a

"
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Figure 6.2: Light propagation in a graded-index wavegnide

continuous function of m instead of a discrete function, then the turning points z, also
become a continuous function of m. By inverting the WKB equation, the function (i)
may be obtained. The continuous function n,yr(1) may be interpolated from the discrete
measured effective indices. Since the eflective index is equal to the refractive index at
turning points, the index profile n(z) can be found. Though non-integer values of m have

no physical significance, they can be used to recover the index profile,

The WKB dispersion relation may be inverted by replacing the integral with a

summation:
2t
o = / Jk2n2(z2) - 3 dz
()}
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= ki:{\/n?(z _%)— nfn(m,) x (z, - zJ-l)}
=1

= k [(z, - zo)\ﬁﬂ(,:%) — nzu(m,) + (22— 21) n'b’(zl%) - nfn(m.) +.. ] (6.7)

where z, — z,_1 approximates the increment dz, n(z

J_%) is the average value of n(z)

over the interval z;, — 2,_;, and 2 an integer denoting the ith interval in the interpolated
cffective index function n.ss(m,). The greater the number of intervals A (see Figure 6.3),
the better the resolution of the recovered profile. Note that z, = z(m,), so nf[z(m,)] =

nf{z,] = neys(m,). Referring to Figure 6.3, we define
N(m,) = n(zj_%) = [nerp(my—1) + nesp(m,))/2 (6.8)

so that the summation may be rewritten as

i

k [(21 - zo)\/1V2(m] ) - ngfj(m,) + (22— )\/N2(mz) - nfﬂ(m,) 4+ ...+

o,

(2 - 2.-1)\[N2(m.-)— r??,,(nu)]

(6.9)

By rearranging this equation to isolate z,, we arrive at a recursive eqnation which allows

us to solve for z, in terms of the previous z,’s:

. = o, — kz:;;ll z, (\/N2(1n_,) - n’f“(m,) -~ \/N2(7n]+1) - 723“(717,)) (for i 2 2)
k\/Nz(m,)— nf”(m,) -

(6.10)
N
5 = (6.11)
I.'\/n""(ml ) - "ij("ll)
Xt - g
and Q, = / F2n2(z) -~ g2 dz = mym + ¢ (m,) + n (6.12)
0

The recovered profile is the set of points [z, ness(m,)]. With equation 6.10, we can

progressively calculate z,. The only unknown left is the surface index n, used to calculate

61

11
k z,\/N2(m,) - nsz(m,) + Z} 2 (\/N"(m.,) - ng”(m,) - \/4\’2(1771.,.1) - n;"ff(m,))
]=




_______ iIn 0O = measured effective index value
for mode m

’—" ne(mj"l)

_,-—N(mj)
T "
A

st Al

s SR -
Mo My M3 0 1 Mjoqp My My 2 m

Figure 6.3: The cffective index function

the phase shift ¢.. This can be obtained by setting i = 0, or equivalently z, = 0. We have

then n.ss(mg) = n, since

nepp(me) = nlz(mg)] = n(0) = n,

Substituting this into equation 6.5. we find ¢, = . Turning to equation 6.4, we see that
the integral is equal to zero since z; = 0. The values of ¢, and ¢y, are —7 and —n/2,
respectively. Solving for mg, we find mg = —0.75. Therefore ng = n,sy(—-0.75), and this

value may be extrapolated from the effective index function (see Fignre 6.3).

One limiting condition on the applicability of this method is that the refractive
index profile must be monotonically decreasing (i.e. decreasing from n, to n, without
maxima or minima). One can sce that we must have n(m,) > n.zr(m,) for equation 6.10
to work, and from Figure 6.3 we sce this corresponds 1o a monotonically decreasing index
profile. The effective index function must then be monotonically decreasing also. For an-

nealed proton-exchanged waveguides in Li'TaQg, the index profile is always monotonically
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decreasing so this condition does not pose any problemns. However. the IWKB method

cannot reconstruct index profiles that are buried, for example.

The Effective Index Function

The effective index function n.sr(m,) is generated from a small number of data
points. Inside the range of the data points (0 < m < Mipaz), the function is interpolated
and the accuracy is usually good. Qutside this range, (—0.75 < m < 0 and m > My, ), the
effective index funetion must he extrapolated. The surface index (at mg = —0.75) and the
substrate index (at m = 20) are extrapolated since they lie outside the 1ange of data points.
It was found that a polynomial curve fit. was the most versatile interpolation /extrapolation
scheme. Most other schemes (lincar. cubic spline, etc.) do not extrapolate well. The
polynomial

P =anz® + an_13" Vo @zt ag {6.13)

is used to fit the effective indices of a waveguide which supports n — 1 modes. Thus a
straight line (i.e. order 1) fits a two moded waveguide, and a fourth-order polynomial (i.e.
21) fits a five moded waveguide. Each guided mode [m, n.pp(m)] yields a data point in
the form of [z, p(z)] for the curve fitting. Solving for the polynowmial’s coefficients can be
done using matrix techniques (since cach guided mode is the solution to an independent

WKB dipersion equation) or by using a linear regression algorithm [96).

Evaluating the IWKB Method

This method was tested on a variety of data to evaluate its accuracy and to identify
its strength and its flaws. Firstly, the accuracy of the method was tested by calculating
mode indices from the WKB dispersion relation, and then applying the inverse method

to recover the index profile. Waveguides supporting two to five modes with the step and
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the Gaussian index profiles were used to generate the indices. Their index profiles are

typical for annealed proton-exchanged LiTaOg wavegunides. Judging from Pigures 6.1 and

6.5, the method does not recover the original profile well for two moded waveguides, but

is increasing accurate for three or more moded waveguides. This holds true for both the

step and the graded Gaussian profiles. Three modes are thus the minimum required for

an accurate profile, and the more the better. Since most proton-exchange waveguides

were two-moded, the IWKB method could not recover their profiles,

Traded profiles

are reconstructed more accurately than step profiles. This is to be expected since the

WKB dispersion relation assumes a graded-index profile inits derivation, Annealed guides

typically support three to ten modes and have graded profiles, so one can expect aceurate

results from the IWKB meihod.

22
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Figure 6.4: Reconstructing step profiles
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Figure 6.5: Reconstructing graded profiles

Secondly, sensitivity of the method to the measurement error was tested. The ex-
act data was generated with the WKB dispersion relation assuming a generalized Gaus-
sian profile, with various degrees of curvature «. Alternating errors of +0.0005, -0.0003,
+0.0005, ... or -0.0005, +0.0005. ... {£0.0005 = measurement error) were then added to
the exact mode indices. These alternating errors created the most distortion in the data,
and was deemed the worst case scenario. Cleatly, if all the errors were of one sign then

the reconstructed profile would merely he shifted up or down,

Upon initial testing. the method was found to be highly sensitive to errors. The
recovered index profiles were severely distorted and did not even remotely match the

original profiles. The following problems were encountered:

1. The reconstructed profile was not smooth or was physically implausible.

2. The surface index ny was grossly overestimated.




3. The method does not work because the effective index function is not monotonically

decreasing (usually with a maximum between m = 0 and m = -0.75).

4. The reconstructed profile did not tend to the substrate index ny

Fortunately, it was found that these problems could mostly be alleviated by using a lower-
than-maximum order polynomial for the effective index function [98]. Fitting a third-order
polynomial to seven modes, for example, produced an excellent reconstructed profile, The
justification for doing this is that the measurement error causes fluctuations in the data,
and such fluctuations are incorporated into a maximuam-order effective index function. A
lower-order polynomial does not necessarily pass through all the data points, so the effect
of the error fluctuations is diminished. In fact, the lower order fit may even correct for
the measurement error. An effective index function generated from caleulated mode index
data is smooth. The low order n.sg(n) is smoother and more closely resembles a w, g o(m)
generated from calculated mode indices than a high otder one. Usually, a polynomial of
order two to four produces the best (i.e. physically plausible, most likely., and smooth)

profiles. This is true even if the measured modes number over ten,

Comparing the recovered profiles to the original profiles (see Figures 6.6 and 6.7),
one sees that the IWKB method performs well in spite of the errors. The recovered and
exact depths match consistentlv and with very good precision. The shape matches that
of the exact profile, though not perfectly. The recovered profile diverges from the exadt
profile particularly at the tail. The surface index n, does not match quite as well; with
the largest difference between the exact and IWKE value being 0.001. Though one might
wish the accuracy to be better. it is adequate for the purposes of this work. In general, the
match is good, and the reconstructed profile ave reliable and representative of the actual

index profile

The lower order fit works well for most cases. some instances of problems 2, 3,

and 4 remained. The underlving canse for these problems is that the effective index
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function simply does not extrapolate well. It is possible to force the eflective indox funetion
to extrapolate more reasonably by introducing an extraneous mode index data point,
thus transforming the formerly extrapolated region into an interpolated region. Inside an
interpolated region, behaviour of the effective index function is controllable, For problems
2 and 3, the extraneous point can be the surface index at m = —0.75. Its value should
be one which will result in a monotonically decreasing effective index function and which
will produce a reasonable index profile. For problem 1. the extrancous data point should
be introduced at m > my,u,. Its value should be at or slightly above the substrate
index. The interpolated function will he forced to diminish to a value elose to n,. With
these additional corrections, just about any set of data can be made 1o yield a reasonable

refractive index profile.

Summary

The IWKB method numerically generates a refractive index profile given a set of
measured effective indices. For anncaled waveguides with graded profiles, the recon-
structed profiles are expected to be accurate even taking into acconnt the measntement

error in the data.

The IWKB method is not an exact method because a continnous effective index
function neps(m) must be generated from discrete data. Depending on which interpo-
lation/extrapolation algorithm is used, a different refractive index profile will be recon-
structed. Choosing the appropriate scheme is somewhat arbitrary: any scheme which gives
a recasonable and likely profile is acceptable. Thus, index profiles obtained hy the IWKD
method cannot be regarded as “the true profile”. Nonetheless, under most conditions,
the method produres faitly accurate, reliable, and trustworthy results, with the advantage

that no index profile function n(z) is assumed.
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Chapter 7

Results & Discussion

7.1 Introduction

The main objective of this research is to obtain accurate and extensive waveguide
characterization data, which will be useful in the fabrication of pyvrophasphoric acid ex-
changed LiTaOg devices. This chapter is the heart of the thesis: it contains the data and
the analysis of proton-exchanged. buffered proton-exchanged, and annealed waveguides in
s-cut LiTaO3. The proton-exchange parameters An,. dpey De, Dy, Eq, and propagation
losses were found for a range of fabrication conditions and presented in both tabular and
graphical format. This data is compared against other results in the literature. New
insights into the proton-exchange process on LiTaOg are discussed. The annealing param-
oters Ad(t,), An,(1,). and propagation losses were also found for a range of fabiication
conditions and again presented in hoth tabular and graphical format. The observed be-
haviour of the refractive index profile is explained, and new insights into the effects of
annealing are discussed. Finally, a waveguide design procedure, based on the characteri-
zation data, is presented. The selection of fabrication conditions for certain sample designs

is illustrated.
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7.2 Proton-exchanged Waveguides

The aim of this portion of the research is to obtain accurate characterization data
for LiTaOz waveguides proton-exchanged in pyrophosphoric acid. This data could then

provide the answers to the following questions:

1. Whether pyrophosphoric acid produces waveguides with better properties than ben-

zoic acid.

2. Whether a Fermi or a generalized Gaussian index profile model is more accurate

than the conventional step-index approximation

7.2.1 Step-index, Fermi, generalized Gaussian models

Four substrates were proton-exchanged at cach of the four different fabrication tem-
peratures (230°C, 240°C, 260°C', 280°C"). Their modal indices were measured and analyzed
(following the methods described in C'hapter 6) to determine the wavegnide depth d,,, and
the extraordinary index increase An, of each waveguide. Figure 7.1 plots the theoretical
dispersion curve of a step-index profile waveguide with the measnred maodal indices for
240°C. Plots for the other exchange temperatures are very similar. Fxcellent agreement

was obtained hetween the theoretical and experimental data.

Other researchers have used the more complicated polynomial [12], truncated [43],
and modified Fermi [10] functions to mote accurately deseribe the refractive index profile
of waveguides proton-exchanged in pyrophosphoric acid. Our data was analyzed using the
modified Fermi and the generalized Gaussian models in addition to the step-index model.
Table 7.1 shows the error between the calenlated and the measured mode index valnes for
cach model. The sum error. i.e. the sum of | u,rp(cale) - nopp(meas)| for all 30 modes
from a total of 16 waveguides, is an indication of the accurtacy of each model, The Fenmi

and generalized Gaussian models do indeed have lower sum errors. ot the improvement
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is only marginal, and within the range of experimental error. The theoretical mode index
values are calculated with an exact dispersion relation for the step model. For the Fermi
and generalized Gaussian model, however, the calculation is approximate becausz the ray-
optics approximation is used. Since these models yield only a slight increase in accuracy,
but require an additional fitting parameter @ and an approximate calculation method, the

step-index model is used in the following analysis.

all errors are in x 104 Sum FError
Temp. 230°C | 240°C | 260°C | 280°C | T | neyg(meas) - n.s(calc)|
Step-index 5.7 4.7 6.5 17.1 34.0
Fermi 5N 4.3 6.5 15 30.9
Gen. Gaussian 5.0 4.5 6.1 1.8 30.7

Table 7.1: Accuracy of the step-index, Fermi, and generalized Gaussian models
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Figure 7.1: Step dispersion curves with measured data: T, = 240°C




7.2.2 An.,d, and D,

Figure 7.2 plots the depth dpe versus the square root of the exchange time and shows
that, as expected, proton-exchange in LiTaOj3 is a diffusion-limited process governed by
the equation

dpe = 2y/tye X D((T) (7.1)

where D (T') is the effective difTusion coefficient (in pm?/hr) and varies with the exchangoe
temperature Ty.. Table 7.2 presents the values of An, and D(T) found for all four ox-
change temperatures. It was found that An, was larger for higher exchange temperatures,

The dependence of D, on temperature is given by the Arrhenins law:
D (T) = Dycep o 7.2
AT) gy ( T ) (7.2)

where Dy is a constant for diffusion (yum? /hr), 2, is the activation energy (eV), kis Boliz-
mann’s constant (eV/K), and 7} is the exchange temperature (Kelvins). This equation is
graphically illustrated in Figure 7.3. which plots the natural logarithm of D, against the
inverse of temperature. The values obtained for Dg and E, are given in Table 7.2, The
exchange parameters for each individual waveguide is recorded in ‘Table 7.3. Figure 7.4
plots the waveguide depth versus the exchange temperature for different fabrication times,
with experimental data and some data interpolated from Figure 7.2, The close conver-
gence of the three lines at 198.5 £ 1 °C' indicates that this is the minimum temperature

for proton-exchange with pyrophosphoric acid in LiTa0.

[ Temp. | 230°C | 210°C [ 260°C ] 280°C"]
An, 0.0122 ] 0.0125 ] 0.0128 ] 0.0140
D, (427) | 0.0823 | 0.1259 | 0.2823 | 0.5511

Do = 11947 10% e jhr, B, = 0.9101 eV

Table 7.2: Dependence of D and An, on temperature
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Sample | modes | Ty | 1y Ang | dye | Loss (a)
°C' | hrs pm | dB/em
84 1 2801 | 0.0140 | 1.51 0.7
101 2 - 3 1257 *
102 2 ! “ 1 2.86 *
85 3 6 “ 1 3.76 1.6
73 * “ 7.5 substrate cracked
72 * 0 substrate cracked
62 1 260 ] 0.0128 1.1 *
65 2 - | 20 I
8] 2 6 | 2.68 1.1
61 3 9 “ 3.1 *
93 | 2000 6 1 0.0125 1 1.74 *
63 2 » 9 “ 12018 1.0
92 2 Ih “ 279 1.3
83 3 21 3.5 *
61 I 207 9 Joor] e 07
103 2 ” |8} “ 1223 *
82 2 21 283 1.0
74 3 - 32 “ 3030 ¥

Table 7.3: Proton-exchange data.

* indicates value not measared,




7.2.3 Propagation Loss

The propagation loss of the fundamental mode was in the range n = 0.7 - 1.6 dB/cm,
as can be seen in Table 7.3. The two lowest-loss waveguides (samples &1 and 61, both 0.7
dB/cmn) were both single-moded, while the waveguide with the highest loss (sample 85,
1.6 dB/cm) supported three modes, the most of any waveguide. Most of the waveguides
measured were dual-moded, and the average loss of these five waveguides (samples 65, 81,
63, 92, 82) is 1.1 dB/cm. Though this data is not extensive, it does imply that power
from the fundamental mode is conpled into higher or ler modes (i.e. mode conversion loss).
"This was in fact experimentally observed - the m-lines of higher order modes could be seen
even when only the fundamental mode was excited. Thus, intermodal scattering likely
caused the loss of the fundamental mode to appear higher. For single mode waveguides,

intermodal scattering is not a problem. so the losses are lower.

On LiNbOj3, the loss for single-mode pyrophosphoric acid exchanged waveguides is
about 1 dB/cm lower than that of benzoic acid exchanged waveguides [12]. Our loss values
(0 7 dB/cim) are on average lower than that of henzoic acid exchanged waveguides (0.7 -

1.8 dB/cm [6]), but more data is necessary to substantiate this claim.

7.2.4 Index Instability

Some waveguides were kept in storage (ambient atmosphere) after exchange and were
not annecaled until several months later. Their effective indices were remeasured prior to
annealing, and it was observed that they had changed (see Table 7.1). The changes can
be significant, even for relatively short storage durations. In general, the decrease is most
pronounced for the fundamental mode. while higler order modes do not change as much
(except sample 65). The longer the storage time, the greater the decrease. These results

are similar to those of benzoic acid exchanged LiNhQ3 waveguides [68].

~1
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sample | weeks in | mode | nqsy after | n.sy after [ change
storage exchange | storage
81 7.5 0 2.1921 2.1908 -0.0013
! 2.1868 2.1855 -0.0003
82 8 0 21916 2.1905 -0.0011
] 2.1860 2. 1860 none
85 14 0 2.1917 2.1931 -0.0013
1 2.1895 2.1893 -0.0002
2 21817 2. 1836 -0.0011
61 14 0 2.1891 2.1879 -0.0012
74 34 0 2.1926 2.1895 -0.0031
1 2.1879 2.187h -0.0001
84 38 0 2.1901 2.1868 -0.0033
65 39 0 2.1911 2.1901 -0.0010
! 2,182 1 2.1879 | +0.0855
64 H6 0 2.1930 2.1%96 -0.003 1
1 2877 2.1877 none

Table 7.4: Index instabilities; fluctuation of effective indices

7.2.5 Discussion

The main advantages of pyrophosphoric acid over benzoic acid for LINDO, waveg-
uides is a higher An, and lower propagation losses, but these effects did not seem to
extend to LiTa03. Compared to z-cut, benzoic acid exchanged LiTaOy waveguides {7,
our waveguides exhibit a similar D, and a slightly lower An, (=0.013 versus =0.017) at
the same temperatures. Losses are lower, hut there is insufficient data to claim this con-
clusively. Table 7.5 compares the proton-exchange waveguide studies of various workers,
The results differ significantly from one worker to the next, and variations in the expers
mental procedure makes it difficult to compare theni directly, For example, all other z-cul
1.iTaO3 studies used surface acoustic wave (SAW) quality LiTaOuq, while we used a higher
photonic grade. Li [7] used sealed glass tubes for the exchange, while we used insealed
glass container. The only comparable study is Li [8], who also used pvrophosphoric acid,

However, their data is not as extensive, and we use the —z face for exchange. while Li [¥]
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nses the 4z face. The crystal orientation crucially affects the exchange parameters.

Though our results do nnt point to any major advantages of pvrophosphoric acid over
benzoic acid, it should be noted that waveguides may be fabricated up to five times faster
in pyrophosphoric acid. This is due to the fact that the boiling point of pyrophosphoric
acid is 300°C versus 250°C for benzeic acid, and the effective diffusion coefficient D, is
five times higher at 300°C than at 250°C (refer to equation 7.2). It is also possible that D,
would be higher if the waveguides were fabricated in sealed containers (acid degradation
is reduced). A full explanation for the temperature dependence of An, is delayed until
section 7.4.2, where it will be shown that annealing effects during proton-exchange causes
the index to increase, and the higher the temperature, the greater the index increase will

he.

z-cut LiNhO4 z-cut LiTaOg
Acid benzoic pyro benzoic | benzoic | pyro pyro
An, 0.126 0.115 0.017 0.017 0.009 0.013
D.(200°C)
pm? /hr 0.078 0.113 - 0.012 | 0.017 0.022
De(249°C)
pam? /i 0.763 0.845 0.181 0.823 | 0.262 0.188
D,
x 108¢2m /hr [8.4 6.13 - 36.1 | 0.0391 1.195
E, (V) 0.97 0.855 ; 182 [ 071 0.91
Loss
dB/cm 2.4 < 1 0.7-1.8 | 0.1-0.3 0.7
Ref. Clark [34] | Pun [42] | Tada {6] | Li [7] | Li[R] | this work

Table 7.5: Comparison of proton-exchange results




7.3 Proton-Exchange with Buffered Melts

This second study is essentially the same as the previous study on proton-exchange,
but with buffered melts replacing concentrated melts.  The aim is to obtain accurale
characterization data. Eleven buffered waveguides were fabricated, and they were ana-
lyzed in the same way as non-buffered wavegunides, except that a group An, value for all
waveguides fabricated at one temperature was not assumed (refer to Section 6.3). Fach
wavegmde was individually analyzed, in order to reveal the effects of different degrees of
buffering at the same exchange temperature. The data is presented in Table 7.6, Since
dispersion curves are not plotted for each individual waveguide, the last column in Table
7.6 shows the error between the measured and theotetical effective index values., The An,,
D., propagation losses, and index instabilities of huffered LiNDhO; waveguides depend on
the amount of buffering [52], so it was assumed that the same would hold true for buflered

LiTaO3 waveguides.

Sample | Tpe | t,e | Buffering | An, iy | Loss () | | nogplmeas)  n gy(cale)]
°C | hrs pm | dB/em x 10~
122 280 3 1% 0.0137[2.19 1.3 2.0 o
121 « “ 2% 0.0136 | 2.51 ¥ 0.1 T
123 € « 20% [ 0.0136 [ 2.52 * s
75 « G 2% 0.0137 | 3.7 x iy
| 53 [260] 8 T 4% Toorx]so0r] * ] o
112 210 | 13 2% 0.0117 [ 2.72 1.0 s
54 « « % 0.0115 | 2.63 ¥ (R T
111 & < 6% 0.0113[2.70 * 0.31
113 230 [ 24 29 0.0111] 3.04 * N
55 “ E 1% 0.01137]2.92 1.0 1.2 i
114 “ w 6% 0.01127]3.038 * 0.62

Table 7.6: Buftered proton-exchiange data. * indicates value not neasured.,

The data in Table 7.6 shows that this hypothesis was only partially corteci. '] he
use of buffered melts reduces An,, but does not affect the waveguide depth d, the effective

diffusion coefficient D,. or the propagation loss «. At 230°C, the reduction in Awn, from

T




its value for unbuffered waveguides is =0.0009; at 240°C, =0.0010: at 260°C, =0.0006; at
280°C, x0.0003. Figure 7.5 plots An, versus exchange temperature T, comparing pure
melt against buffered melt results. The empirical curve fit gives the relations

Ane =6.59% 1077 T2 = 3.03 x 107" Tp, +4.7x 1072 for pure melts  (7.3)

Ane = 7.68x 107" T2 = 346 x 107" T + 5.03x 1072 for 1% buflering (7.1)

0.016 T T T T T T T
= mcasurcd data ¢ s
- g
u curve fit ==-===--- o0
0.015 o
""""" ‘I"
0.014 A .
Ang _ purc mclt - i
0.013 g .
B O e ""4 n
-------------------------- "’
£ -0
0.012 .o"""a—————— buffered 4% n
= ____‘o.--"" -
----- v-"--
1 1 1 —l ] 1 [
0.01

230 240 250 260 270 280 290) 300

o
exchange icmperature Tpc( (@)

Figure 7.5: Comparing An, for buffered (4%) and unbuffered melts

The reduction in An, was temperature dependent, being greater at lower exchange
temperatures. An explanation for this dependence will be given in section 7.4.2, where it
will be shown that anncaling effects during proton-exchange are greater at higher tem-
peratures, thus nullifying buffering effects. Not only is the An, rednction greater at a
lower T, it is also more sensitive to the amount of buffering. As the amount of lithium
phosphate increases, An, decreases. This trend can be clearly observed for temperatuyes
of 230°C and 210°C (sce Table 7.6). At 280°C, however, buffering up to 20% does not

further reduce An, from its value at 2% bhuffering. The buffering effect saturates quickly
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at high temperatures.

7.3.1 Index Instability

It was hoped that the index instabilities could be eliminated in buffered LiTaO3
waveguides. Unfortunately, buffered waveguides are still plagued by instabilities, even up
1o 6% dilution. The changes in the effective indices are similar to those observed in non-
buffered waveguides of the previous section. With increased storage time, the changes are

greater. Table 7.7 shows these instabilities.

sample | buffering | weeks in | mode | nesy after | n.sg after | change
B storage exchange | storage

111 6% T 0 2.1910 2.1901 -0.0006

| 2.1847 2.1849 | 40.0002

114 6% 0 0 2.1914 2.1905 -0.0009

I 2.1860 2.1857 -0.0003

112 2% 7.5 0 2.1913 2.1905 -0.0008

1 2.1851 21847 -0.0004

113 2% 7.5 0 2.1913 2.1903 -0.0010

| 2.1862 2.1858 -0.000

53 4% 9.5 0 2.1924 2.1910 -0.0014

1 2.1871 21867 -0.0004

54 4% 9.5 0 2.1911 2.1899 -0.0012

| 2.1815 2.1842 -0.0003

55 4% 9.5 0 2.1914 2.1901 -0.0013

1 2.1857 2.1858 +0.0001

Table 7.7: Index instability of buffered waveguides: change of effective indices

7.3.2 Discussion

The effects of buflering the pyrophosphoric acid with lithium phosphate were lim-
ited. Only An, was reduced, while index instabilities, propagation losses, d, and D, all
remained unaffected. The chief benelits of buffered melts - elimination of index instabili-
ties and reduction of propagation losses - were not observed. However. one major benefit

of buffering is revealed by these results. With unbuffered waveguides. the only way to con-
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trol An, is through the exchange temperature. If a low An, is desired. one must choose
a low Ty, for which D is very small and therefore all but the shallowest waveguides will
require days to exchange. With buffering, one can obtain low An, valnes (even lower than
unbuffered waveguides) but still work at a high 7}, for which diffusion will be much faster.
Buffering is a tool for tailoring the index change An, according to design requirements,

and thus provides enhanced flexibility in choosing the fabrication conditions,

The only published work on buffered z-cut LiTaQOs waveguides that cites values for
An, and D, was made by Yuhara and Tada [80]. They reported an increase in An,
for buffering up to 2%, after which it decrease !, As well, D, was reduced. Our data
differs markedly from theirs, though different experimental conditions may account for
these discrepancies. They used buffered benzoic acid melts, the 4= surface, and very long,
diffusion times (48 hours and 121 hours). The effects of buffering may be entirely different

in pyrophosphoric acid from those in henzoie acid.

Surprisingly, d and D, were not affected while An,e was. This suggests that proton-
exchange mechanisms are different in LiTaO, from LiNbOs. Hydrogen diffuses into the
LiTe.O3 crystal via two different processes: the first is an exchange reaction with lithium;
the second is a surface reaction with water (see Section 3.5.1). The latter is not lithium
concentration dependent. Perhaps. this is the dominant reaction for proton-exchange in
LiTaOg3, while the exchange reaction is the dominant reaction for LINHOy. This would
explain why buffering scems to have a limited effect, and would also explain the difference
in diffusion specds. An alternative explanation is that lithium precipitates out of solution
as the acid degrades during proton-exchange. The solubility of lithinm phosphate in
pyrophosphoric acid saturates at low concentrations, so even high levels of buffering would
have little effect on the waveguide. These explanations are speculative in nature, and

further work would be required to provide a greater understanding of this result.
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7.4 Annealed Waveguides

The effacts of annealing on the refractive index profile of proton-exchanged waveg-
uides was studied and carefully characterized. Upon annealing, the protons diffuse fur-
ther into the substrate, causing the step-index profile to increase in depth and to grad-
nally smooth out into a graded-index profile. The change in the surface index An,
(An, = n, — ny) and the change in the waveguide depth Ad (Ad = d ~ d,.) were mon-
itored throughout annealing. The evolution of the index profile with anneal time t, for
four waveguides is shown in Figures 7.6 - 7.9. Of the sixteen annealed waveguides, the
profiles of only four representative waveguides are shown. Fach waveguide was annealed at
a different temperature. All the annealing data presented here is from waveguides proton-
exchanged in concentrated melts. Section 7.1.5 contains the annealing data for waveguides

exchanged in buffered melts.
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Figure 7.6: Index profiles of annealed waveguide (T, = 500°C): sample 63




1 1 i 1
221 .
......... lines = reconstruted profiles
\ ¢ = measured modal indices
2205 e —_— .
k) =033 i
£ ly=1hr
$ 1, =2hrs
3 o T
£ 2195 _ _ % o ty=4hrs -
8 = S e \? ~t, =6hrs
ey, 9 1, =8 hrs
y \ P69 0= S
after s “\‘3.,3 ...... a
cxchahge & e NP
2185 N te e _.1'-'0*;'_"-'_0._._. . B
1 ..., s ) Tt 2 gty .
0 S 10 15 20 25
depth (um)
Figure 7.7: Index profiles of annealed waveguide ('T'y = 100°C): savaple 101
2.21 T T T T T T
P lg=1hr
2.205 |F ~~ \f ty=2hrs -
la=06hrs
é T/ / ty=12hrs
£ 2.2 b
w
2
‘g hines = reconstruted profiley
& 2.195 + + = measured modal indices .
-
2.19 [ afler 7
exchange
2.185 B B
] 1 1 - A
0 2 4 6 8 10 12

depth (wm)

Figure 7.8: Index profiles of anncaled waveguide (T, = 350°C"): sample K1

83




2.21 . . ' ' ' '
T i S EI '\ lines = reconstruted profiles
ao0s E T \‘o ¢ = measurcd modal indices .
--------------- N
..CE, 2.2
= 1, =4hrs
(& = a ]
% 2195 F = — — — 1 ty=6hrs
e ] \ X /t =8 hrs
2.19 | | \ <-b«-————l =12 hrs -
after | . "\ \ %, “\\-l =30 hrs
exchange : Noah N
2.185 g 5 Sk el T
I . .\ K -0 S
I I L L3 ! L —
0 1 2 3 4 5 6 7
depth (ftm)
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7.4.1 Change in Depth Ad

The change in the waveguide depth Md as a function of anneal time is plotted in
Iigures 7.10-7.12. The shape of the Ad curve is most strongly affected by the anneal
temperature T, after 2 hours of anncaling. Nd is approximately 1.1pym for T, = 300°C
(Fig., 7.10) and 10.4m for T, = 500°C' (Fig. 7.12). The higher the temperature, the
faster and greater the depth increase will he. For a fixed T,, the initial proton-exchange
conditions determine the shape of the curve: after 4 hours of annealing at T, = 400°C
(Fig. 7.12), Ad = 5.9um for sample 84 (d,, = L5um) and 7.5pm for sample 74 (d,, =
3.3pm). For pure melts. the greater the proton-exchanged depth, the greater the depth

increase Ad will be during annealing.
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Empirical Relations

The waveguide depth has a simple power law dependence on the anneal time:

Ad=d—-d, =0t {7.5)

where « is the wavegride depth (for a generalized Gaussian profile, as defined in equation
6.3), dp. the depth after proton-exchange. 7, the anneal tir.ne, and b.c are curve-fitting
parameters which depend on the anneal temperature and the initial exchange conditions.
This equation has previously been used [38, 2] to describe the depth in annealed LiNbO3

waveguides. The values of b and ¢ are given in Table 7.8.

The parameters b and ¢ are well correlated with the anneal temperature T, and the
proton-exchanged depth dye. Figure 7.13 plots b against dy, for three anneal temperatures,

and the dependence is shown to be quite linear. The relation is given by
b= 0.1 Td])p + 2.7 fOI‘ T(, = 400°C (7-6)
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b= 0.47dpe +1.075 for T, = 350°C (v.7)

b= 0.47dy +0.16  for T, = 300°C (7.8)

The parameter ¢ is seen in Table 7.8 to be constant for all waveguides annealed at
the same temperature. For different anneal temperatures, its value varies. Pigure 7.11
plots the value of ¢ against T,. The data at 500°C" consists of only one point and scems
to be an aberration, so it is not included. Otherwise, the dependence of ¢ on 7, is @

polynomial expression given by

c=dx 10772 =2 x 1070 T, + 0.56 (7.9)

The annealed waveguide depth d has been carefully characterized and related to the
annealing conditions. With the empirically derived equations of 7.5 1o 7.9, the wavoguide
designer will be able to select the anneal temperature 7T, anncal time £,, and proton-
exchanged depth d,. required to fabricate a waveguide of a desired depth d. Examploes of

how this is done will be presented in Section 7.5.

Sample | T, dpe 11y {oe b ¢
°C | pem | °C | hours | hrs™©
63 500 | 2,18 1 210 9 R6 | 028
84 400 | 1.51 ] 280 | 3. .10

101 o257 | 280 3 3.93 10440
74 h 3.1 230 32 4.26 1 0.0
65 350 1 2,11 | 260 1 2.06 | 0.35

81 h 2.68 | 260 3 2.45 |1 0.5
82 Tl 2.83 ] 230 21 24 1045
102 T 286 | 280 ! 24 | 0.35
61 300 1 1.61 1 230 9 0.95 | 0.31
93 b 1.7H] 210 ] 1.04 | 0.32

103 T 2.23 230 1H 1.1 0).32

Table 7.8: Annealing parameters for Ad = b 1},
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7.4.2 Surface Index Increase \n,

With annealing. the waveguide's surface index initially incicases quickly, peaks, and
then decreases slowlv. The variation of the saurface index inceease An, with anneal time
t, is shown in Figures 7.15 - 7.17. As discussed in Chapter 1, the conversion of H-OH
ions to OH ions causes this increase. When most of the H-OH ions have been converted,
the surface index peaks and then declines due to difusion. The rate of conversion s
greater at higher temperatures: for T, = 300°C' the index peak oceurs at about 16 hours
(sce Fig. 7.18): for T, = 500°C' the peak occurs before 15 minutes (see g, 7.17).
Anneal temperatures of 350°C" or 100°C' strike a good balance hetween processing time

and accurate control over the surface index,

The surface index increase upon annealing explains the dependence of Xn, on tem
perature for proton-exchange. Temperatures of 230°C" to 280°C" are high enough for an-
nealing to take place simultancously with proton-exchange, albeit ai a slow rate. This
slow and continuous anncaling process converts H-OH jons into OIl ions even during
proton-exchange. Since the conversion is faster at higher anncal temperatures, An, will
consequently also he greater at higher exchange temperatures, This anneaiing effect, which
increases An., will in part nullifv the effects of buflering, which decreases A, This ex
plains why the eflects of buffeting are more pronounced at lower exchauge temperatures,
where the annealing effect is weaker. For pure proton-exchange. An, may also depend
on the exchange time. More H-OH ions are conveited for longer exchange times, so the
index increase ought to be greater. Therefore, the combination of a higher temperature
and longer duration should produce a waveguide with a larget An,; conversely, a lowes

temperature and shorter dusation should pioduce a smaller An,.

The general behaviour of Ang in Figuies 7.15 - 7.17 is thus: initially, Awn, increases,
with the slope of the curve positive and decreasing. The slope approaches zeto at the

An, peak (Anpk), which has an average vaine of 0.02566 (standard deviation = 0.0006%).
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Figure 7.15: Surface index inerease Ang versus anneal time: T, = 300°C
Then Ang begins to descend. and the slope is negative and still decreasing. The slope then
reaches an inflexion point and begins 1o increase. The surface index continues to decreasa

but the slope approaches zero for very loug anneal times (see Fig. 7.17).

At a fixed T,. the influence of the initial proton-exchange conditions is apparent.
Comparing sample 65 (d,, = 2.1pm) with sample 102 (dpe = 2.86m) in Fig. 7.16, it
is observed that the index peak Ay occuis later for the waveguide with the larger d,,..
For two waveguides with the same . the measutred peak occurs later for the waveguide
exchanged at a higher T, (compare samples 82 [T, = 230°C] and 102 [T}, = 280°C']
in Figure 7.16). The index peak deserves closer scruting. When the depth d at Anpy,
(this depth is refered to as d,,,) is normalized by the waveguide’s proton-exchanged depth,
it was found that the ratio dpi/d,, was very similar for all waveguides, regardless of the
anncal temperature. The average value was dy /dy,, = 2.27, with the standard deviation =
0.15. For example, d,x = 6.8um for sample 102, and dp1 /dpe = 2.38. The measured An,,x

may not be the highest that An, reaches. since the annealing and henee the measurement

9%




0.026

0.024

0.022

s 002 it

0.018

sample 65 ~&—
sample 81

0.016 sample 82—+
sample 102 —8—
0.014 curve fit = - |
0012 1 1 . 1 1 , |
0 2 4 6 8 (0 12 ” "

Anncal tme Lthours)

Pigure 7.16: Surface index inciease Mg versus annedl time: 'I') = 3500

0.03 . T T T T T

sample §4 —*—

sample 10 —+—
sample 74 26—
sample 63 44—
curve fil

0025

An

0.02 TN =400t

0.015

.....

0.01
Anncal time t (hours)

Figure 7.17: Surface index increase Xng vorsus anneal time, 5, = 10077, 500°C

91



interval is not fine euough to resolve the exact prak. The exact peak will occur slightly
before or after the measured peak. and be slightly higher. As for the height of the measured
peak. there is some variation in the values but no discernible relation to either proton-
exchange conditions or T,. In general. the An, versus 1, curve exhibits more complicated

hehaviour and dependencies than the Ad versus {, curve.

Empirical Relations

After attempting severa, curve fits (e.g. polynomial. exponential. etc.). the following
power law relations have been found to provide the best fit to the An, versus 1, curves.

In region of initial increase, up to the peak. the relation is given by:

Ane = An,. + ¢ I{ (7.10)

where An, is the index increase due to proton-exchange. and e. f are curve fitting param-
eters. This formula was fitted to the data for T, = 300°C and T, = 330°C. as shown in
Iigures 7.15 and 7.16. For T, = “30°C and T, = 500°C. An, peaks quichly and there are
not enough data points for a meaningfui curve fit. Another power law relation is used to
fit the data after the peak:

Ang=dnpfte -t + 1) (7.11)

where Anyy is the measured An, peak. t,; is ¢, at Anp,. and g a fitting parameter. This
formula was fitted to the data for T, = 350°C. 400°C and 500°C. as shown in Figures 7.16
and 7.17. For T, = 300°C. An, peaks very slowly and there are not enough data points
for a curve fit. The values of €. f. Anyi. and g are given in Table 7.9. The parameter g

was found to be linearly related to d,, {see Figure 7.18): the relations are given by

g = 0.086d, —0.55 for T, = 400°C (7.12)

g= 0.010d,, -0.23 for T, = 350°C (7.13)
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Unfortunately. a dependence on fabrication conditions could not be found for ¢ or f.
Nevertheless, equations 7.10 - 7.13 can be used to select the proper annealing conditions

for a waveguide with almost any desired An,. Examples of how these equations and graphs

can be used will be presented in Section 7.5.
Sample | T, | dp ¢ f An g
°C | um | hra=f hrs™9
63 500 | 2.18 * * 0.0151 | -0
R4 400 | 1.51 * * 0.0265 | -0.1
101 25T * * 0.0268 | -0.35
74 Tl 3.3 * * 0.0266 | -0.26
[ 63 350 1210 00115 012 0.02331 | -0.115
[ s1 TO12.6%00.01125 0 0.12) 0025 | -0.115
82 TOL2R3 ] 0.0012 [ 0.1 00251 | -0.12%
102 ) 28610 00078 | 0.2% 1 002541 | -0 11
61 300 | .61 00097 | 0.1 * *
93 ) 1.7 0.0105 | 0.11 * *
103 122230 0.0091 | 0.15 * *

Table 7.9: Annealing parameters for An,. * indicates values not obtained.
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Figure 7.18: Linear dependence of g on d,,: T, = 350°C, 100°C
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7.4.3 Index Profile Area and Index Instability

The area of the index profile (the integral of the refractive index profile with respect
to depth) is a measure of total amount of OH ions in the waveguide. The H-OH ions do
not affect the refractive index. but as the H-OII ions are converted into OH ions during
annealing, both An, and d increase, resulting in a growing index profile area. The area
is plotted against anneal time in Figure 7.19. After most or all of the M-OH ions are
converted, the area levels off to a stable value, or a plateau. This plateau area arp can
be quantified by taking the average of all the arecas in the stable region. The start of
the plateau is fonnd by noting the time ¢, when the area begins to level in Fig. 7.19. It
was observed that for all waveguides. no significant changes in the area occur after 1,
the time when the index peak is reached. Thus, ¢, defines the start of the plateau. For
sample 74, tpy = 1hr, the plateau aiea ary = [0.171(1hr) + 0.173(2Nhrs) + 0.179(4hrs)
+ 0.183(8hr) + 0.168(12hr)]/5 = 0.175. Tables 7.10-7.12 contains the parameters #,,
ary, and other annealing data for each waveguide. The column in these tables, labelled
“poly. deg.”, gives the degree of the polynomial effective index function used in the IWKB
reconstruction of that index profile (refer to Section 6.4). Different degrees may be used,
resulting in slightly different reconstructed profiles, so the degree actually used is given

here to prevent confusion.

Annealing condition fur eliminating index instabilities

It was observed that the effective indices of waveguides annealed for less than the
time required for attaining the platean area were not stable. Similar to index instabilities
in proton-exchanged waveguides, the effective indices of the fundamental and first-order
modes decreased, while higher order modes did not change much. The indices were stable
for long anneal times (for example, 30 hours at 300°C, 16 hours at 350°C, and 6 hours at

400°C). The source of index instabilities are believed to be H-OH ions. When they are all
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converted into OH ions, index instabilities should disappear. The H-OH ions are almost
fully converted when the index profile area of the waveguide reaches the plateau arca.
In order to ensure that the waveguide is free of index instabilities, it should be anncaled
into this stable region. The plateau begins at {, = f,1, so the anneal time necessary to

guarantee stable waveguides is given by

ta > bk (7.1 1)
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Figure 7.19: Area of index profiles with time. Samples are labelled by their number. Solid
lines indicate the areas used in the calculation of ar,.

A waveguide’s plateau area ar, was found to be related to its index profile avea after
proton-exchange (ar,e). Figure 7.20 plots ar,; against ar,, , and a simple linear dependence
is observed (see Fig. 7.20 for the empirical equations). For the same proton-exchange area
arpe, the plateau area ary is greater for waveguides exchanged at 7T, = 230°C than a1
Tpe = 280°C (see Fig. 7.20). Since the proton-exchange area ary,, = An, % d,, and d,,
is a function of both temperature 7, and time {,,, a longer ¢, is needed to achieve the

same ary at a lower Tp,. The longer the exchange time, the greater the number of H-OH
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ions that diffuse into the waveguide, and hence the greater ar, will be.
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Figure 7.20: Dependence of ary, on profile area after proton-exchange

Physio-Chemical Interpretation

The proton-exchange arca ar, is a measure of the total number of Ol ions in the
waveguide after proton-exchange. H-OII ions do not affect the refractive index, so they
are not taken into account. Annealing converts H-OH ions to regular OH ions, and the
plateau area ar, is a measure of the total number of OH ions after annealing. Therefore,
ary also reflects the number of H-OTI ions after exchange, plus the original OH ions. By
plotting ary against arpe, the ratio between the amount of O and H-OII ions present
in the waveguide after proton-exchaunge is revealed. If ary; = ary, then there would be
no H-OMH ions; if ary; = dary.. then there must be three times the number of H-OH ions
than OH ions. The linear dependence of ar,; on ar,. indicates a constant ratio between
the two jon types, with a slightly different ratio at different exchange temperatures. This

result differs from that of Savatinova ¢t al [61], who found the ratio of 1-OI to OH ions

96




1o increase with increased exchange time. However, Savatinova et al used r-cut 1Li'TaQy,

which is much more susceptible to H-OH ions than z-cut substrates.

After all the H-Q1II ions are converted, the amount of QOH ions in the waveguide re-
mains constant. If the refractive index depends linearly on concentration, thea the index
profile area would remain constant upon further anncaling. A non-linear dependence on
concentration, on the other hand, would cause the index profile area to vary as the con-
centration changes during annealing. The existence of ary, a constant value for the index

profile area, implies an approximately linear index dependence on Ol ion concentration.

7.4.4 Propagation Losses

The propagation losses of the fundamental mode of four waveguides (samples 81,
81, 82, 61) were measured throughout annealing, and are presented in Tables 7.10-7.12.
The losses invariably decreased to low values ( > 0.5dB/cm) after long anneal times, but
initially increased. The initial increase may be attributed to greater intermodal coupling,
since a waveguide supports more modes upon annealing. The high concentration of H-OH
ious at the wavegnide surface after exchange is the probable source of seattering and mode
conversion losses (refer to Section 3.5.1). Annealing causes a reduction in the H-OH ion
concentration. With prolonged annealing all the H-Oll ions are converted into Oll jons, so
the source of mode conversion losses is eliminated. Thus, losses eventually decrease despite
an increase in the number of guided modes. Auncaling the waveguide well into the placean

area ary clearly has beneficial effects not only for stability, but also for propagation losses.
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Lta (hrs) , An, | d (pm) r a | # of modes | poly. deg. I profile area l Loss (dB/Cm)-l

sample 63 - 7, = 500°C
Ion = 0.25hr, ny = 0.01511.d; = 38 d,,, ary = 0.125
0 00125 | 2.18 [ step 2 ¥ 0.0273 *
0.25 | 001511 | 8.3 8 % I 0.1181 *
0.5 | 001383 9.5 | 5.1 R 3 0.1201 *
0.75 | 001336 | 105 | 3.3 9 3 0.1258 *
20 1001218 126 | 2.0 10 2 0.1360 *
sample 84 - T, = 400°C
tor = 033h = 0.02i54. dpy, = 2.58 d,., ar,y = 0.085
0 0.0110 150 | step { | * 0.0211 0.97
0.333 [ 002451 ] 3.9 3.3 5 ' 3 0.0879 *
0.666 | 0.02111| 1.3 3.8 5 3 0.0833 *
1 0.01593 [ 1.7 3.1 5 3 0.0831 1.16
2 0.01616 | 5.9 2.0 0 2 0.0801 0.42
1 0.01289 | 7.1 1.7 7 3 0.0851 0.40
8 0.01051 9.2 16 R 2 0.0867 *
sample 101 - T, = 400°C
fon = 0.33hv np = 0.02626. dpy, = 2.04 d,e, arpy = 0.1311
0 00110 T 257 ] step 2 * 0.0360 *
0.333 10.02626 525 | 3.5 6 il 0.1210 *
1 002281 6.8 3 T 3 0.1385 *
D) 0.01R05 | 7.8 3 7 3 0.1320 ¥
4 0.01570 | 9.1 3.3 9 3 0.1321 * ]
6 0.01103 | 10.6 3 9 3 0. 1328 ¥
8 0.01220 | 11.6 1.7 9 I 0.1263 *
12 001121 13.3 19 i 2 01327 *
sample 74 - T, = 400°C
fon = Thu npp = 0.02660. dpp = 218 dye, aryy = 0,175
0 0.012207 33 [ step 2 * 0.0103 *
0.5 ]0.02505| 6.75 5 8 5 0.1552 *
1 0.02660 | 7.2 3.5 9 5 0.1711 *
2 0.02278 | 855 | 2.7 9 3 0.1732 *
! 0.01873 ] 108 | 2.3 I 2 0.1792 *
8 0.01576 | 13.1 IR 12 2 0.1836 x
12 0.01392 | 13.5 1.5 12 2 0.1677 *

Table 7.10: Detailed annealing data. * indicates values not measnred /available.
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[t,, (hrs) | An, l d (pm) I a—[ # of modes [ poly. deg. l profile area [ Loss (dB/cm) ]

sample 65 - T, = 350°C, wet O, atmosphere
tp = 2hres, np = 0.02534, dpy = 219 dpe. aryy = 0 110
0 0.0128 2.1 [step 2 ¥ 0.0270 ¥
1 0.02437 | 1.0 T ! 3 0.0012 ' |
2 0.02531 4.6 | 1.~ A 3 0.1070 ¥
4 0.02270 5.t | 1.2 6 3 IR B
6 0.01966 | 6.0 1.2 T 3 0.1072 .
8 0.01912] 6.45 | 3.5 T 3 0.1110 o
12 ]0.01805] 7.0 [ 2.1 8 3 0.1120 o
sample 81 - T, = 350°C -
tor = 2hrs, npp = 0.0250. dy = 2,05 dpe, aryy = 0.1 12
0 0.0128 [ 2.68 | step 2 * 0.0313 N
1 0.02416 | 5.05 6 0 5 0 1132 K
2 0.02500 | 5.75 5 7 5 0.1:320 e
4 0.0217t | 6.5 3.5 N 3 0.1115 T
6 0.02232 7.2 | 35 9 f 0.1116 0.3
8 0.02055 [ 7.6 3.7 9 1 0.1110 .
12 0.01903 ] =13 | 3.4 9 ] 0.1300 T
sample 82 - 1, = 350°C
toh = s, npp = 0.02510dy = 236 dpey arp = 0.1186
0 0.0122 | 283 [ stop 2 * 0.0315 0.07
1 0.0235 5.25 | G2 6 7 01117 * )
2 0.0245 | 5.85 6 7 ! 0.1330 116
4 0.02510 | 6.67 | 3.85 R 3 01511 B
6 0.02311 7.2 3.1 9 ! 0.1195 0.2
8 0.02117| 7.8 3.6 9 1 0.118% v
12 | 0.01887 | 852 | 3.5 ) 1 00187 1040
sample 102 - T, = 350°C )
tok = dhus, npp = 0.025 0 dyy = 238 d,,,, ary = 0.159
0 0.0140 2.86 | step 2 * 0.01001 *
0.333 | * * * I 2 * L
0.666 | 0.02036 ¥ * i 3 * L
2 0.02368 | 6.1 6.2 7 3 0.1312 L
4 0.02511 | 6.8 5 < 3 0. 158R '
6 0.02447 | 7.3 1 N 3 0.1619 7
8 0.02251 | 7.8 | 3.6 9 3 0.1582 T
12 [ 0.02011| RG | 3.5 9 1 0.1579 R
16 [0.01906] 92 | 33 0 4 0.1573 o

Table 7.11: Detailed annealing data. * indicates values not measured/available,
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[ t, (hrs) | An,

[ d(pm)] « [ # of modes | poly. deg. | profile arca | Loss (dB/cm) |

sample 81 - T, = 300°C
L = 12hes, np = 0.0260. dpy = 2.4 dye, arpy = 0.093

0 0.0122 1.64 step i * 0.0200 0.73
2 0.02343 2.9 10 3 2 0.06 16 0.89
4 0.02428 3.2 10 3 2 00739 0.69
6 0.02.134 3.55 ol 4 3 0.0814 0.61
8 0.02495 3.7 7 4 3 0.0861 0.44
12 0.0260 395 4.5 5 5 0.0931 *

sample 93 - T, = 300°C

Ion = 16hrs, np = 0.0265, dpy = 2.3 dype, ary = 0.101

0 0.0125 171 [step [ 1 * 0.0218 *
1 * * * I ¥ * ¥
2 0.0237 2.95 9 3 2 0.0662 *
4 0.0250 3.25 9 3 2 0.0769 *
6 0.02556 | 3.4 7 I 3 0.0813 ¥
8 0.02599 3.6 65 { 3 0.087" *
12 0.02634 3.8 5% | 3 0.0919 *
16 0.0265 4.0 H B H 0.0973 *
30 0.02502 4.85 b} 6 3 0.1113 *

sample 103 - 7, = 300°C

o, = 16hes, mpy = 0.02579.dp = 205 d e, ary = 0.112

0 0.0122 2.23 step 2 - 0.0272 *
2 * * * _i * * *
4 0.02365 3.95 8 | 3 0.088 *
6 00210 1.2 7 D h 0.0913 *
8 0.025 4.45 N J 4 0.1011 *
16 0.02579 1.8 1 6 3 0.1122 *

Table 7.12: Detailed annealing data. * indicates values not measured/available.

7.4.5 Annealing of Buffered Waveguides

The aim in this section was merelv to observe general trends for buffered waveguides,
and compar2 against unbuffered wavegnides., No attempt was made to gather extensive
data, as was done for unbuffered waveguides. Index instabilities
LiTaO3 waveguides, and since H-OH ions are the likely cause of these instabilities, it is
concluded that H-OH ions are still present in the waveguiding laver. The reduced An,

means that the concentration of O1 ions is lower, which would imply that the concentra-
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tion of H-OH ions is also lowered. 1f less H-OH ions are present, theu less can be converted
into OH ions. Thus, one would expect the surface index and depth of huflered waveguides
to increase during annealing, but not as much as unbuffered waveguides, 1t is likely that

the greater the degree of buffering, the less the increase in n, and d.

Four buffered waveguides were annealed (samples 112, 51, 111, and 75). Of the
four, three were exchanged at the same temperature and time, but with 2%, A% and 6%
buffering (samples 112, 54, and 111 respectively). Their dp. were about the same and
their An. were marginally different. (0.0117,0.0115, 0.0113) (see Table 7.6). The purpose
was to observe the effect of the amount of buffering on the index profile during annealing,
Surprisingly, the profiles of all three waveguides were identical throughout annealing. T'his
means that their Ad. Ang, and profile area curves were all the same, as wore their aunealing
parameters b, c,e, f, and g. Thus, the amount of H-OH ions in all three waveguides was

the same, and the degree of buffering had very little or no effect on the index profile.

L sample | dye l b | ¢ [ Ay | c ] f ] ] ] arp | ok |
buf. 111, 112,54 | 2.7 | 1.9 | 0.35 | 0.025 | 0.0122 | 0.12 - 0.128 | 2 hrs
pure melt 81 2.68 [ 235 0355 | 0.025 | 0.00125 | 0.12 | -0.115 | 0,142 | 2 hrs

Table 7.13: Annealing parameters of buffered vs. unbuffered waveguides

Table 7.13 compares annealing parameters for sainples 112, 54, and 111 against those
of sample 81, which was exchanged in a pure melt but ot herwise has the same d,, and was
also annealed at T,, = 350°C. The parameter ¢ is the same for both, in accordance with
the earlier finding that ¢ is constant for all waveguides anncaled at the same 7,. For the
buffered waveguide, b is noticeably lower, indicating that the increase in depth is mch less
(see Fig. 7.21 and equation 7.5). C'ontrary to expectation, the index peak Anpy remained
the same and occared at ty, = 2 hrs for both. However, An, decreased in a linear fashion

after the peak (see Fig. 7.22), and remained slightly higher for the buffered waveguide,
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The plateau area ary was, as expected, lower. confirming the hypothesis that there are

Ines H-OH ions in the buffered waveguide than in the unbuffered one.

It is difficult to draw conclusions from such scant data. For the same anneal time,
the depth d of a buffered waveguide will definitely be lower than that of an unbuffered
one, and An, will likely be higher (compared to unbuffered waveguides of the same dp.).
For the same An,, therefore, the buffered waveguide will have a smaller depth d. For
example, at t, = 2hrs, An, = 0.025 for both. but Ad = 24um (d = 5.1m) for sample
1] and Ad = 3.07pm (d = 5.75um) for sample 81 (sce Table 7.14). In terms of tailoring
the index profile for design requirements. the use of buffered wavegnides would lead to
combinations of An, and d values which may not be possible with unbuffered waveguides.

Further investigation in this area should prove worthwhile,

7 I ' N ! T T T T
6 S e "
e i
st smledl uomel) -
Ad(pm) (| e ORI J
4t P o
3 AI i
.-*. ._,ﬂ'." T = 3500C
2 A samples 112, 54, 111 (buf) dat_—a . i
curve fit -
1F -J
0 1 | i 1 1 L . .

Anncal time t y(hours)

Figure 7.21: Comparing Ad curves for buffered and unbuffered waveguides
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0.026 T T T

0.024 samples 112, 54, 111 (buf)) 7

0.022

Ang 002 F

0.018 [ -1
0.016 [ .

0.014 T,=350°C A

0.012 L L 1 1 L
0 2 4 6 8 10 12

Anncal time ty(hours)

Figure 7.22: Comparing An, curves for buflered and unbuflered waveguides

Wa (hrs) | An, l d (pem) | a ] # of modes | poly. deg. | profile ar(';\J

samples 112,54,111 (6%) - 1, = 350°C
b=1.9,¢=035.¢=0.0122, [ =0.12
tok = 2hrs, ny = 0.0250. dpy = 1.89 d,,, aryp = 0,128

0 00115 [ 2.7 [step : - 0.0311
1 0.02387 | 4.6 6 5 3 0.1019

2 0.0250 5.1 6 6 4 0.1183

4 0.0210 | 5.7 { 7 3.0 0.1240

] 0.02137| 6.6 | R 3 0.1308

12 001962 7.3 | 3.8 8 A 01204

sample 75 (2%) - 7, = 350°C
b=250c= 035 =0.000, [ = 0.20
tor = 16his, 0 = 0.02521. d g = 2.86 d,, ary = 0.235

0 0.01337[ 3.7 [step 2 - 0.0195

1 0.0188G | 6.3 G.% G 3 0.1110

2 0.02016 6.8 T O 3 0.1286

4 0.02203 | 7R G R 3 0.1591

6 0.02241 | 8.1 35 9 3 0.1731

8 0.02353 | 8.6 5 9 3 0.1R5R

12 0.02508 | 9.7 | 1.5 11 3 0.2220

16 10.02524| 103 | 4 12 3 | 0236

Table 7.14: Annealing data for buffered waveguides

103




7.5 Waveguide Design and Fabrication with Proton-Exchange
and Annealing Data

In this sectic, it will be demonstiated how the characterization data and the em-
pirically derived formulas of the previous sections (except Section 7.4.5, since the data for
buffered waveguides is not extensive enough) can be put to use in a waveguide design and
fabrication process. Our goal is to be able to sclect the conditions (i.e. Tpe, tpe, Tqy and
t,) required to fabricate a waveguide with the desired refractive index profile, specified by

Ang, d, and a.

7.5.1 Design Curves

A waveguide, if its modal indices are not stable, will drift away from its originally
designed parameters and cease to be useful. The first criterion that any waveguide must
meet is that of stability. In Section 7.1.3, a condition for obtaining stable waveguides
was established: the waveguide must be annecaled past the surface index peak and into
the plateau area region (1, > fp1). This requirement will limit the range of possible d,

Ang, and @ values. The stability condition #, > t,1 can be translated into the following

constraints by the results of Section 7.1.2:

d>dpy or d2227d,, (7.15)
Ang is past Anye or Ang < 0.02566 (7.16)
a is pastay or a<bh (7.17)

where dyi, Anpr, and apy, are the values of d, An,, and «, fespectively, at the surface index
peak (at time tpr). In Section 7.4.2, it was noted that for all waveguides, dpi. averaged
2.27 dye, and Anpi averaged 0.02566. By examining Table 7.10, one will note that o is
always less than or equal to 5 at 1. The average apy is 3.43 for T, = 400°C, 4.64 for T,

= 350°C, aud 4.5 for T,, = 300°C.
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The empirically derived relations of the previous sections can be manipulated to
provide us with an equation which will guide our selection of fabrication conditions. The
waveguide depth as a function of anncal time is given by equation 7.5, The surface index
increase as a function of anneal time is given by two equations: 7.10 for before the indes
peak, and 7.11 for after the peak. Since we are interested in stable waveguides for which

te > tpk, equation 7.11is the applicable equation. Therefore, we have

Ad=d—d, =bt, (T.18)

Qg = Ny (b, =t + 1) (7.19)

By rearranging equation 7.18 we obtain
1
d —d, 17
ty = [_—b—’] (7.20)

Note that at the surface index peak £, equation 7.20 still applies, i.e.:

Ia - l)l .']_
It = [3—‘—%] (7.21)

Earlier in Section 7.4.2, it was observed that d,; ocenrs at an average of dpyp fd,,, = 2.27.
Using this relation together with equation 7.21, we arrive at an expression for £,0 in terms

of dpe:

1.27d.,, :
lop = [———b—-’—] (7.22)

e

Now, by substituting equations 7.20 and 7.22 into 7.19; we artive at the following:

1 1 ]
- i v . lu ‘
An, = Anpi <[i—,d’ ] - [l 2[7{’ ] + l) (7.23)
) )

where b = 0.47dpe + 1.075, ¢ = 0.010d,, — 0.23,¢ = 0.35 for T, = 350 °C

100 °C

I

b=047d,. 4+ 2.7, g =0.086d, —0.55,¢=0.10 for T,

and Ay = 0.02566
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In equation 7.23, ¢ and An, are constants, and b and g are functions of d,.. Therefore,
An, is a function of two variables only, d and d,.. A curve may be plotted, relating An,
(y-axis, the dependent variable) to d (x-axis, the independent variable) by holding d,.
constant. In Figures 7.23 and 7.24, such curves are plotted for various values of d,, at T,
= 350°C and T, = 400°C:, respectively. Each curve represents a waveguide of a certain d.,
and shows how that waveguide’s index profile parameters (An, and d) will evolve during
anncaling. At the start of each curve (near the top of each figure). a =~ a,x since this
is close to the index peak; as d increases, a will decrease. Unfortunately, the behaviour
of @ could not he quantified. A thick curve in each figure is plotted for dp. = 0, which
represents the limiting values of possible (Ang. d) combinations. For example, it is not
possible to produce a waveguide of d = 2jun and Ang = 0.0! (see both Figures 7.23 and
7.24). Of course, without the minimmm anneal time requirement. such a waveguide could

be fabricated, but index instabilities would be present.

0.026 T T T T Y Y T T T

0.024 | Ipc= g-;“nml .

0.022 =777 zg O:Sﬁm -

0.02 dpe= 1.01m
An, 0018 | Vil Yo

0.016 | ; i

0.014 [ -

0.012 :

0.01 [ ; limit

0.008 |- i dpe=Opm \

0.006 F '

0.(x)4 1 L] 1 1 L 1 1 1 1

o 1 2 3 4 5 6 7 8 9 10
depth d (um)

Figure 7.23: Design curve for T, = 350°C: possible values of d and An,
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0.01 :
0.008 :
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Figure 7.24: Design curve for 7, = 100°C": possible values of d and An,

7.5.2 Design Examples

Let us now consider specific design examples using these curves and equations.

Example 1: We wish to design a strongly guiding (i.c. large An,), shallow waveguide, Let
us chose T, = 350°C and use Figure 7.23. We shall pick d,. = 0.3y, and a point on this
curve that suits our requirements is d = L.5um. Ang = 0.0221. An estimate for the shapoe
parameter a (equation 6.2) would be a = 2. At d/d,, =5, this point is neither close to the
index peak (where the a,(average) = 4.6) nor too far from it. Having chosen d and d,,,,
we use equation 7.20 to find the anncal time £, t, = [(d=d,.)/b)'Y = [(1.5-0.3)/(0.47 +
0.3+ 1.075)]1/0'35 = 0.963hr. Therefore, the annealing conditions are T, = 350°C, 1, =
0.963hr. For the proton-exchange conditions, we have the freedom to chose either 715, o
tpe since only dp, is fixed. Let us then extrapolate from the proton-exchange data and use
Tpe = 200°C, a temperature for which no measured data is available. With equation 7.2,

the effective diffusion coefficient D, can be calculated: D, = Doerp(~FE,[[kT).]), where
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., and Dy are parameters found in Table 7.2, and k is Boltzmann’s constant. Thus,
D, =1.195x 108¢zp(~0.9101/[8.583 x 10~° x (200 + 273)]) = 0.02196. Now we rearrange
equation 7.1 to find ty: 1, = d2,/[4 % D,] = 0.32/[4 x 0.02196] == 1.02hrs. Therefore, the

fabrication conditions are: t,. = 1.02hrs, Tpe = 200°C, t, = 0.963hr, T = 350°C.

Example 2: For this example, we have specific requirements for the index profile: d =
8pum, and An, = 0.018. This time we shall use 7, = 400 °C, and equation 7.23 instead of
Fig. 7.24. Substituting the values of d and An, into equation 7.23 gives us an equation
in which dp, is the sole variable and which can be solved by a root searching technique
[96]. Solving this equation results in dp, = 2.17pum. With this information, ¢, can be
found in the same way as demonstrated in the previous example (using equation 7.20);
doing so gives {,= 2.16hirs. Note that the index profile parameters of sample 101 is close
to that of this example: for sample 101, dp, = 2.57Tum, and after 2 hours of annealing,
d = 7.8um and An, = 0.01895 (sce Table 7.10). Numnierical calculations based on the
empirical formulas do scem to model reality fairly well. For proton-exchange, let us fix
tpe at 1.5hrs and solve for Ty, From equation 7.1, D = 2, /{4 x 1] = 2.472/[4 x 1.5] =
1.0168. By manipulating equation 7.2. T,, can be found in terms of D,: T,,. = —E,/[k x
In(De/Do)] = —0.9101/[8.583 x 10~*In(1.0168/1.195 x 10%)] = 297.6°C. Therefore, the
fabrication conditions for this waveguide are: T, = 400°C, t, = 2.46hrs, Tpe = 297.6°C,

tpe = 1.Bhrs.
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Chapter 8

Summary and Conclusion

Z-cut LiTaO3 waveguides were fabricated by proton-exchange and buffered exchange
in pyrophosphoric acid, followed by annecaling. The waveguides’ refractive index profile
parameters were related to the fabrication conditions. The goal is to be able to accurately
predict the proper proton-exchange and annealing conditions for a waveguide with specific
design requirements. This has been the primary objective of this research, and the results

show that the objective has been largely fulfilled.

The step-index profile model was found to be accurate for waveguides proton-
exchanged in pyrophosphoric acid. The index increase Ang, the proton-exchanged depth
dye, the effective diffusion coefficient D, the propagation loss a, the minimum exchange
temperature, and the constants Dy and E, were obtained. Simple equations relating d,, to
the exchange time t,. and D, (equnation 7.1). 1), to the exchange temperature 75, (equa-
tion 7.2), and An. to T}, (equation 7.3) were found. These equations and parameters will
prove invaluable when designing and fabricating waveguides. The wavegnide’s modal in-
dices were found to fluctuate after exchange (i.e. index instabilities), The unexpected temn-
perature dependence of An, is explained by the annealing effect during proton-exchange.
The advantage of using pyrophosphoric acid instead of benzoic acid is that waveguides

can be fabricated faster.

Annealing caused the waveguide's index profile to smooth out, the depth toincrease,

and the surface index to initially increase but later decrease. Annealing proved to bhe
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a versatile tool for tailoring the index profile to a wide range of heights, depths, and
to a lesser degree, shapes. The generalized Gaussian function was found to model the
index profile quite well, from very step-like to very smooth profiles. Propagation losses
decreased for prolonged anncaling. Empirical equations relating the depth increase Ad to
the anneal time ¢, (eqnation 7.5) and the surface index increase Ang to t, (equations 7.10
and 7.11) were found. The parameters in these equations showed dependence upon the
initial exchange conditions, and further empirical equations relating the parameters to the
exchange conditions (equations 7.6-7.9, 7.12-7.13) weie also found. These equations and
parameters will prove invaluable when designing and fabricating waveguides. By plotting
the area of the index profile versus anneal time, a minimum anneal time requirement for
oliminating index instabilities (equation 7.11) was discovered. The profile area attains a
stable value ary, and this figure can be used as an indicator of the ration of H-OH ions
to Oll ions in the waveguide. Examples of how 1o use the empirical equations and the
data accumulated in the proton-exchange and annealing sections to predict fabrication

conditions were given,

Buffering the acid during exchange reduced An,, but did not affect the profile shape,
the waveguide depth, or the propagation losses. Index instabilites were present despite
the buffering. The degree of buffering had a small effect on An, and this effect was more
pronounced at lower exchange temperatures. An equation relating An. to T, (equation
7.4) was found. Upon annealing, the Ad and Ang vs. 1, curves were different from those
of waveguides with the same d,,, proton-exchanged in pure melts. This result leads to the
possibility of fabricating waveguides with index profiles that cannot be normally achieved
employing pure melts. Further investigation, though, is necessary before the annealing

behaviour of buffered waveguides becomes predictable,

A mathematical model of annecaling in LiTaQ3 was developed. and a numerical
simulation was attempted (see Appendix A). The results from this preliminary effort were

encouraging. However, further work is necessary to improve and refine the model.
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Appendix A

Mathematical Modelling and

Simulation of Annealing in
LiTaO3

A.1 Mathematical Modeling

The diffusion and conversion processes that comptise the annealing process (refer to
Section 4.4) can be modeled by differential equations. The following describes how each

process is modeled.
Diffusion of OH and H-OH ions

To model annealing in LiTaO3. we use the same equation that is used to model

annealing in LiNbOj (Ficke’s Law - refer to Section 4.3):

dCon(z) _ O ( 06’011(2,’))
g = g \Pon—p— (AN

where Cop(z,t) is the OH ion concentration profile as a function of time, and gy
the diffusion coefficient (um?/hr) for anncaling. Doy may be a constant or a function of
concentration. This equation can also he used to model H-OH ion diffusion. T'he variables
Chon(z,t) and Dyoy are then used to represent the H-OH ion concentration profile and

diffusion coefficient, respectively.
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H-OH to OH ion conversion

The H-OH to OH ion conversion during annealing in LiTaO3 couples the H-OH and
OH concentration profiles in a way that renders the annealing process much more difficult
to model for LiTaO4 than LiNbO3. The dilliculty of modelling the conversion process
lies in establishing the rate of conversion. Although little is known ahout the conversion

process, it is hypothesized that the rate depends on these factors:

e the concentration of H-Oll ions Cpop
o the concentration of regular OIl ions Copy

e the anncal temperature 7,

Intuitively, one expects the conversion rate to be high for a) a high H-OH ion
concentration, b) a low OH ion concentration, and ¢) a high anneal temperature. One

possible formulation for the rate of conversion that behaves accordingly is

ICuon(z.t) _ 9Con(z1) _ Cron(z,t)

o ot ! l1)-‘30()”(:. )+ 1

(A.2)

where py, p2 are constants, and likely depend on T,. The 1 in the denominator prevents
the rate from escalating to infinity when Copy = 0. Many formulations are possible and

several were tested to see which produced the best results.

The Nonlinear Index Dependence on Concentration

Once the annealing is finished, the hydrogen concentration profile can be translated
into an index proiile by an index function n(Coyy). The index function for LiTaO3 has
yet to be found, so for the sake of simplicity, a linear index function (i.e. n = kCoy) was

used for this simulation.
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A.2 Numerical Methods

A finite difference method can be used to solve the nonlincar partial ditferential
equations of the previous section. The basic concept is simple and well-suited to imple-
mentation on a computer. The continnous concentration function ('(z,1) is discretized by

sampling it at regular intervals in z and ¢ (i.e. Az, Af). Thus C(z.0) is replaced by (7'

Ct =C(z,ty) (5 = 1Az, 8, = nAh (A

where i, n are integers. The smaller Az and At are, the better the resolution and the more

accurate the solution, but the longer the computing time. The partial desivatives of the

~i

diffusion equations can now be replaced with finite differences [100]. At a certain point =

the derivative may be approximated in one of three ways {see Fig. A.1):

Cigr =G

e forward difference method
ac -
- \
- =49 5 backward difference method (A1)

Cosr .
—'*—‘ﬁiﬁ—l central difference rothod

The forward difference method is so named because data from z,4¢ is used to evaluate
the derivate at z,; the two other methods also derive their names in the same fashion. The
central difference method is the most accurate because it uses the points on either side of

z,, so the estimated slope will be nearly parallel to the actual slope at z,.

Second order derivatives may be evaluated by applying the central difference method

twice. but using a half interval instead:

2c| 1 ((‘)(' oC’ )
22 . Az \ O, 9L,
— _l_ (('n+l - _ C, - C,-g)
TA: Az Az
]
= __.3(('1-{4 _2('t+(/'l—-l) (1\.5)
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Figure A.l: Finite difference estimable of the slope

To solve Ficke’s law for a constant diffusion coeflicient, we combine a central differ-

ence method for = with a forward difference method for ¢:

ac Di)l('

o T s
G o D, -2 ey
Y o= (P rD(CT, - 2CT +CR ) (A.6)
where r = %:2 (A.7)

A problem arises at the boundary, where i = 0. What is the value for (" ;7 Let us imagine
that C7* extends for both positive and negative i and is symmetric about i = 0. By the
principle of symmetry we can see that diffusion would proceed in the same manner in this
case as for a function which extends in the positive direction only. Hence we can take

™y = C} (this is the same result as that obtained by applying the Neumann boundary
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condition). Thus, for i = 0

(v61+1 - (v +92r D((vn m) (:\.h‘)

To solve Ficke'’s law for a concentration dependent diffusion coeflicient, we adopt a

similar approach:

ac 9 oC
a = % (o)

crtt —cr 1 aC " oC
A = A (D( 1/2) PR |i+1/2 D(CYy ) = os l/?-)
n At 'Y'n ('n " ('n m
e (D(CH/,)—EA——:— - D(C; '/*)_ST‘l‘) (A.9)
Crt = O+ (D(C )Cl = [DICT )+ DICE IO 4+ D(CE )0

Here, C:‘_l/z may be interpolated by (C7 + C7,)/2, and Croge by (C7 + O, )/2.

Once again, at the boundary i = 0, the principle of symmetry yields

Cvn-H (vn + 2 D((v|/2) ((vn vn (Al())
A.3 A Computer Simulation

The computer simulation models three concurrent processes: the diffusion of OH
ions, the diffusion of H-OH ions, and the conversion of H-OH ions into OH ions. 'T'he

simulation works with the following variables and constants:

o Coy(z,t): the normalized concentration of OH ions as a function of time ¢ and depth

z (i.e. the OH ion concentration profile)

e Cyon(z,t): the normalized concentration of H-OI ions as a funetion of time § and

depth z (i.e. the HOH ion concentration profile)
e Doy diffusion coefficient for OH ions (prm? /hr)
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e Dyonr: diffusion coefficient for H-OM ions (p2m?/hr)
o (1,2 constants for a concentration dependent diffusion coefficient function Don(Cop)

e py1,p2: constants in the II-OIl to OH ion conversion rate equation

Using the finite difference method, the partial differential equations of diffusion and
conversion are applied in incremental, discrete steps of Az and Af. When annealing is
finished, an index function n(Coy) translates the Ol concentration profile to an index

profile. Figure A.2 depicts the algorithm of the simulation.

The IWKB profiles of sample 81 (d,, = 2.68um, An, = 0.0128, T, = 350°C) were
used as the basis of comparison for the simulated profiles. Depending on how well the
simulated profiles match the measured profiles, the constants or even the equations in the
model are revised. The simulation is repeated until the closest match possible between

the simulated resnlts and the profiles of sample 81 is achicved.

Initial conditions

The OH ion concentration profile was initialized as a step function with a depth
of 2.68um and a normalized concentration of 1 (which translates into an index of 0.0128
through the index function), in accordance with the proton-exchanged conditions of sample
81. The H-OH ion concentration profile may be initialized in a number of ways. It has
yet to be measured experimentally, and the relevant information is scant and seemingly

contradictory:

o After annealing, the index profile area grows to abont four times the proton-exchanged
area (see section 7.4.3). Further results from section 7.4.3 suggest that the index
function n(Coyy) is roughly lincar, so this data suggests the presence of three times

more H-OH ions than ON ions.
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o Infra-red spectroscopy measurements also suggest that a greater abundance of 1-OH

ions than O ions [64].

o IOl ions occupy only a thin surface layer, while OH ions extend to the proton-
exchanged depth [64]. Thus the H-OH ion concentration must be very high if H-O11

ions exist in greater abundance than Ol jons.,

o lydrogen concentration at surface is [.15 times the bulk Li concentration [67].

Set Initial Conditions

Diffusion of OH ions
Equation: Ficke's Law

Diffusion coeflicient: Dy or Don(Con)

Diffusion of H-OH ions

Equation: Fiche's Law

Diffusion Coefficient: Dyoy or Dyon(Cron)

H-OH to OH ion Conversion
Equation: Many formulations possible

Conversion Coeflicients: py,p2

next time cycle 7\ g ]
Is annealing ovvy no

Yes

index function n(z) = n(Cop(2))

Figure A.2: Algorithm of Computer Simulation




If I-OH ions are confined to a thin surface Jayer (0.2-0.3 pm), and they do outnumber
O ions by a factor of three, then the 11-OH ion concentration in that surface layer would
have to be over twenty times greater than the Oll ion concentration. This is unrealistically
high, and much greater than 1.15 times the bulk Li concentration. In order to have a ratio
of thice between H-OH and OH ions, the H-OIl ions must extend deep into the waveguide,
as deep as the proton-exchanged depth, at three times the concentration of Ol ions. Thus
it is not possible for an initial H-OM ion concentration profile co satisfv all the conditions.

Two alternatives, each of which satisly one condition but not the other, are considered:

1. H-OH ions exist only near the surface. but not at a high enough concentration for

the total to outnumnber OH ions.

2. H-OH ions exist throughout the wavegunide, and the total number of H-OII ions is

greater than the number of Oll ions by a factor of three.

In either case, the H-OH concentration profile was taken as a step function for the sake
of simplicity. Both alternatives were tested: the first produced simulated profiles which
were highly implausible: the second produced plausible profiles and a An, versus ¢, curve

which matched with that of sample Rf. Therefore. the second alternative was used.

OH ion diffusion

With a constant diffusion coeflicient Ngy. the simulated index profile became smooth
and graded very quickly. The IWKB profiles of sample 81 remain step-like for some time,
and becomes smooth and graded only after An, has begun to decline. A concentration
dependent Doy (Con) was required to produce more step-like profiles. Several “simple”
functions for Dop(Cor) were tested. A simple function, in this case, is loosely defined
as a function with a small number of constants and whose slope is cither monotonically

increasing or decreasing. Lines and exponential curves are examples of simple functions.
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More complex functions, such as those with discontinuities (representing changing, diflusiv-
ities in different phases of the I, Liy_, 'aO3 compound), requite more constants m therr
expression. The greater the number of constants and parameters, the more complicated
and unwieldy the annealing model becomes, so complex equations and functions were
avoided where possible. The following exponential function was found to give reasonably
step-like profiles:

Don(Con) = g1 cxplq:Con) (A1)

where ¢ = 0.43 pm?/lir and ¢2 = 1.0 (dimensionless, since Copy is normalized).

H-0OH ion diffusion

It was found that either a constant Dy or a concentration dependent DyomlCnon)
(same function as equation A.11) could be used since hoth lead to simulated tesults that
matched the Ang versus ¢, curve of sample 81, For a constant diffusion coeflicient, Dyony
=1 ,umz/l\r. For a concentration dependent function, Dyop{Chyon) = 02 ceplnon)
pum*/hr. Depending on which Doy is used. the values of some of the other constants

(i.e. p1,pa,ete.) will change slightly. for optimal results,

H-OH to OH ion conversion

Several equations describing the conversion process were tested. T'he most successful
(i.e. producing profiles that were the closest mateh to those of sample 81) was equation

A.2 described earlier in Section A.1:

Ionl(zt) _ dyou(=z)  pCuon(=,!)

= A2
il ! PCon{= 0+ 1 ( )

The rate of conversion is linearly dependent on the H-OH ion concentration and ynversely

dependent on the Ol ion concentration. Here, py = 0.55 he = and p, = 0.2,
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Simulation Results

It was possible to simulate the change in the surface index increase An, with an-
nealing time 1, - the initial rise. the peak. and the decline (see Figure A.3) - with some
accuracy. Unfortunately. the model was not as successful at simulating changes in the
depth d {Fignre A.4) or at simulating the IWKB profiles of sample 81 (Figure A.5). de-

spite tryving numerous equations and constants for the diffusion and conversion processes.

0.026 T T T T T
004 I
0.022
Ang 002 };
0018 samplc 81 —— e |
’ ] simulation data "+
0.016 - N
.014 .
0012 1 1 iy 1 !
0 2 4 6 8 10 12

Anncal ime t z(hours)

Figure A.3: Ang verans 1,0 simulation data compared to sample R1
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Discussion

The annealing model correetly simulates the change in Ang, but is not accurate for

Ad or the profile shape. This prompts the question: where is the model flawed?

¢ OH diffusion: The effect of distinct phases of H,Li,-.,TaQO3, and the effect of both
lithium atoms and H-OH ions were not taken into account. The diffusion coeflicient

may depend on much more than the concentration of OH ions.

o H-OH diffusion: The diffusion mechanisms of H-OH ions are not known, and again,

the diffusion coeflicient function may be highly complex.

o H-OII to OH ion conversion: The rate conversion equation was simple and based on
intuition. Possibly it has a space dependence (i.e. it depends on the concentration

at several points) or perhaps a dependence on the slope of the concentration profiles,

Unfortunately, because the model is flawed, any conclusions based on the results of this
simulation exercise are tenuous. Nonetheless, the fact that the model is successful at
simulating the change in An, indicates that parts of the model are correct. This exercise
has laid the foundation for further work, having outlined the essential features of modelling
anncaling in LiTaQy, and charted successful avenues of pursuit. With more testing and

new findings in this area, an accurate model may vet be found.
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