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Abstract

-

Two types of optical modulator were studied, both of
the vqltage induced opticai waveguide type first.préposed
and demonstrated by Channin in 1971. An optical waveguide
was created in anvelectrooptic_substrate by applying voltage
between two electrodes deposited on the substrate. Channin
used wide electrode spacings which resulted in large
operating voltages.being necessary. vThe devices discussed
in this thesis had much smaller electrode spacings and
B therefore operated at much';edﬁced.volﬁages. They are of
the planar and :idge types. 1In £he planar type the
‘electrodes were deﬁdsited on.top‘of a planar substrate and
in the ridge type ' a ridge of'electrooptic materiai separated
thick electrodes. The theory of operati;n'for both typés of
Aewrire was developed and they were modeled, fabricated, and 
--tested. Numericaiij.&ériveé.iesﬁits.ﬁéfé‘obtained for light
. with wavelengths of 442 and.633 nm which showed that the

‘confinement of therlight iﬁcreased with increasing voltage,
mdecreasihg gap widfh, and decfeasihgiwaQelength. The fheory
was further déveioped td investigate the performance of the
device as a voltage—cbntrolled linking waveguide between two
optical fibers. The optimum coupling efficiency, as a
function of voltage and interelectrode gap width, from
optical fibers to both types of device was calcuiated in

terms of the model. Key aspects of the theory were
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confirmed by the measurements made on the fabricated
devices. A planar device was used as a front-end switch
between a laser and an optical fiber using a V-groove etéhed
in silicon to align the voltage induced waveguide with the
fiber. One pr@blem was a decay phenoménon in which the -
induced waveguide disappeared over a period ofltime during
which a constant voltage was applied to the electrodes.

This was believed to be due to the photorefractive effect.
It was foﬁnd that the device would recover upon the

application of a fly-back cycle. -
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Chapter 1

INTRODUCTION

Integrated optics is the name given to the analysis,
design, study, and application of devices made using opticai
components that are fabricated by the same methods as, and
are similar in scale to, integrated electronic components.
One of the most commonly used materials for the fabrication
of integraféd optic components aﬁd systems is LiNbO3. The
kinds of components that can be fabricated in LiNbO3 include
waveguides [1,2], ﬁodulators [3-71, polarization converters
[8,9], and frequency converters [10,111}1.

This thesis is concerned with the fabrication of
voltage induced optical waveguide modulators (VIOWM) in
LiNbO3. The voltage induced optical waveguide was first
introduced by Channin in 1971 [12]. Channin’s device had a
serious limitation in that it needed an minimum operating
voltage of 300V. Channin’s work was followed by that of
Soref ét al. [13] which also needed such lérge véltaéés?

The apparent need for such large voltages caused the voltage



induced optical waveguide to be disregarded and other
devices to receive more attention. 1In this thesis it is
shown that the voltage levels can be reduced by at least an
order of magnitude.

Baumert et al. [14] fabricated and tested voltage
induced optical waveguides in KNbO3 (which has a larger
electrooptic coefficient™ than LiNbO3) with on-off ratios of
12dB for 35V applied. These devices had large electrode
spacings, large capacitances, and large optical field
distributions. Our devices were able to achieve equally
good characteristics at lower voltages and had much lower
capacitances.

Savatinova et al. {;5] have demonstrated an
electrically induced Ti:LiNbO3 strip-waveguide. 1In theif
device the optical characteristics of a planar waveguide,
formed by modifying the surface layer of the LiNbO3 by the
in-diffusion of Ti, are changed by applying voltage to.l
electrodes on the surface of the waveguide. "Light is
selectivély coupled into and out of a'particular mode uéing
prism cduplers. Regions of the output in which there is a
change in the light intensity can then be interrogated.
They reﬁort a 9V operating voltage with a possible 95%
modulation. The devices studied in this thesis differ from

the device of Savatinova et al. in that there is no

* The electrooptic coefficient is discussed in appendix A.



diffusion and that coupling is achieved by the more direct
method of “butt-coupling” [16] or “end-fire-coupling” [17]
which removes the need for prisms. Prisms are bulky and
make for an optical system needing somewhat precisev
alignment. Also in our devices the optical field
distributions of the guided modes can be controlled so as to
be well matched to the field distributions in single mode
fibers. As single mode fiber is being used more and more
frequently this is an important advantage as regards
coupling efficiencies and possible applications. The
ability to butt-couple to our device will have further
advantages as far as the size of the device and the
packaging of a device with fiber pigtails attached is
concerned.

Another device that has been investigatéd by Kawabe et
al. [18] consists of a planar diffusedITi waveguide in
LiNbO3 in which a 420 nm high ridge has been etched. When
voltage is applied to electrodes 6n either side of the ridge
the optical characteristics of the substrate are altered and
the guided wave is radiated into the bulk of the crystal.
Kawabe et al. report an extinction coefficient -19dB for
+10V (a 20 volt difference) for the EZ mode on a 3 mm long
device. We have been able to achieve similar results with
out the need for either a Ti indiffusion or a ridge by using
long devices (in long devices the couplihg from the input

fiber to the output fiber due to bulk modes is small). Also



where the throughput of their device seems to saturate ours
continues to increase for voltage differences beyond 20V.
Further problems that were encountered by Kawabe et -al.
included surface waveguiding and the propagation of EY modes
for which the voltages required were about 3 times as large.
They did not comment on the effect of bulk mode coupling in .
"their device.

In this thesis two types of VIOWM are studied; the
first is planar and the second has a ridge. The first is
easy to make but the second has added advantages. It will
be shown that their performance is as good or better than
the performahce of the other devices of the voltage induced
genre which have been discussed above. They are both
strictly of the voltage induced waveguide type in that the
surface of the substrate has not been modified in order that
it be ﬁredisposed to the guiding of optical waves.

In the planar device (figure 1.1) two metal.electrédes,
separated by a narrow gap, are isolated from a single -
crystal LiNbO3 substrate by a thin 1ayér of SiOjp.

The second device (figure 1.2) differs from the planar
in that a ridge is included between the electrodes which
ideally are of the same height as the ridge.

Applicatibn of voltage to the electrodes establishes an

electric field in the substrate. The substrate is a crystal
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which exhibits the linear electrooptic effeét.* Therefore
the electric field alters the refractive indices of the
substrate. The field is largest in the‘regions close to tﬁe
electrode edges as well.as in the immediate region of the
interelectrode gap hence as the voltage is increased the
optical wave is increasingly confined to that region.* The
Si07 layer is included to act as an opticai buffer layer
isolating the optical field from the metal electrodes.

While the operation of the device is conceptually
straight forward to study and design VIOWMs it was necessary
to develop a method of analysis. Our method consisted of
using conformal mappinQ techniques to calculate the
refractive index distribution established in a GEOWM for a
particular voltage. Then following the approach used by
Marcuse for analyzing step index fibers [19],-wé used a
variational technique to find the optical field
distributions for waveguides with these refractive indek
. distributions. In this method appropriate trial functions
with Qariable parameters are assumed to approximate the

optical field distributions. We have used Hermite-Gaussian

* See appendix A for a discussion of the linear electrooptic

effect.
* As will be seen in section 2.2 the voltage must have the

correct sign, relative to the crystal axes, for the
refractive index to increase otherwise the refractive
index will be decreased and light will be radiated out of
that region. '



functions as the trial functions. The variable parameters
are determined'for these functions by making use of the
stationary nature of the eigenvalues of the scalar wave
equation. The width parameters vary with voltage allowing
one to predict the development of optical field
distributions with increasing voltage.

When designing VIOWMs in LiNbO3 the controllable
parameters include: the substrate orientation, the
wavelength of the light to be guided, the optical buffer
layer material, the optical buffer 1aye¥ thickness, the
interelectrode gap orientation, the interelectrode gap
width, the operating voltage, the ridge height, and when
being used with fibers the fiber location and if possible
the width parameters of the fiber mode.

One application of a VIOWM is as a voltage controlled
linking waveguide between two optical fibers (figure 1.3) in
which optical power is transferred from one fiber tb'thé
other via the VIOWM. 'In this application it is not V
sufficient'to know how the optical field distribution in the.
'VIOWM‘develops only but one must also know how the
development.effects the coupling of liéht to and from the
fibers. A closed form expression for the coupling
coefficient for butt-coupling between an optical fiber and a
VIOWM is developed in this thesis. Thus a complete model
for the study and design‘of VIOWMs in this application has

been developed. The hodel allowed us to predict the modus



operandi of the VIOWM as a linking waveguide for several
applications. For instance it is shown that the VIOWM can
be used as a digital switch or as a linear modulator. When
being used as a digital switch the change in optical power
transfer can be maximized for a given voltage level or the
sensitivity of the device to small variations in input
voltage level may be minimized.

The theory of operation of VIOWMs was confirmed by
fabricating and testing several devices. These were of both
the planar and ridge types. The method of fabrication is
described in chapter 3. Also arrays of V-grooves [20] were
etched in silicon substrates for the alignment of optical
fibers with VIOWMs in a flip-chip arrangement [21].  Their
fabrication is described as well, as is the alignment
technique and the method of eutectic bonding between
electrodes on the V-groove substrates and on thé electrodes -
on the VIOWMs. |

-Tests were made on the devices. - Their voltage response
was measured. ‘The coupling coefficients between VIOWMs and
optical fibers were measured. The devices were tested as
digital modulators. It was shown that the output power
could be modulated in a linear fashion by the applied
voltage and that the coupling éfficiency could be optimized
for a particular voltage for a particular location of the
input optical field distribution, both these phenoﬁena ﬁere

predicted by the theory. Another prediction was that a
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“turn-on” voltage exists for ridge waveguides at which light
~rapidly becomes confined to the ridge. This effect was also
experimentally confirmed. A device with an optical fiber
attached, using an array of silicon V-grooves, was also
fabricated and tested. This device was envisiohed to be
used as a ffont—end switch for the optical system of an
optical image recorder such as the FIRE 9000 produced by the
local company MacDonald Dettwiler and Associates of
Richmond, British Columbia, Canada.

A d.c. decay phenomenon was observed which is believed
to be due to the photorefractive effect [22]. It was found
that this could be compensated for by the application of a
negative “fly-back” voltage to the electrodes of the VIOWM.
The application of a negative voltage was also found to‘be
useful on short devices as it created a sort of “anti-
waveguide” out of which light in bulk modes was refracted

enhancing the extinction ratio of the device.
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Chapter 2

THEORY

2.1 Introduction

The theory of the VIOWM is contained in five sections
of this chapter entitled:

The Electrooptic Effect,

The Conformal Mappings,

The Variational Method,

The Hermite-Gaussian Approximations, and

The Coupling Coefficient.

In the section on the electrooptic effect expressions
for the change in the refractive index are derived and for

the rotation of the indicatrix about the X-axis®™ of the

substrate. Both are given in terms of the applied electric

* In the coordinate system used here the x, y, and z-axes
are coincident with the X, Y, and Z-axes of the LiNbOj
substrate, respectively. They correspond to the x3, x3,
and x3-axes in appendix B of Nye [23] pp. 276-288, i.e.,
x|Ixyila, yllxzlxy, and z||x3]lc. The result of this is
that the x-direction becomes the direction of propagation
therefore the symbol, B, will designate the propagation
constant in the x-direction.
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field. It is assumed that Y-cut LiNbO3 is the electrooptic
" substrate. This corresponds to the orientation that was
used.in the fabrication and testing of the experimental
devices described in the following chapters. The applied
electric field is assumed to héve Y and 2 components only.
Again this corresponds to the case in our experiments.

The electric field distribqtion inside the eledtrooptic
substrate needs to be analyzed in order to predict the
behavior of the devices at various voltages. In the
conformal mappings section both the planar and ridge device
types are modeled and the electric field distributions
established in them are derived.

In the variational method section a technique for
approximating the electromagnetic field distribution of an
optical wavé propagating in a voltage induced optical
waveguide, using thé«éalculus-of variations, 'is presented.

in the.sec£ion on fhe ﬁéfmite-Gaussian approximatioh
the reasons for choosing these trial functions are
- presented. Also included in this section is a discussion
justifying the use of a Gaussian approximation for the
" optical field distribution in a single-mode optical fiber.

In the coupling coefficient section a closed form
analytic expression for the coupling coefficient is derived
for coupling between an optical fiber and a voltage induced
optical waveguide. - Thisjexpression is derived uéiﬂé the

approximate optical field distributions assumed for both the
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optical fiber and the voltage induced optical waveguide. It
is assumed that the ends of the two waveguides can be
polished to such a high degree that they can be brought into
intimate contact and that power is “butt—éoupled” from one

waveguide to the other.
2.2 The Electrooptic Effect

In this section we will obtain the reiatiohship between
the change in the refractive index and the applied electric
field. Both the magﬁitudes of the principal axes and the
orientation of the indicatrix éte affected. The change in
orienﬁation is'shown to be sméll fbr the fieldé used and can
be ignored. However the change in‘the magnitude of the
principal axes contains a quédfatic tefm‘thaf méy be as much
as 10% of the change due to the lineéf‘terﬁ, for the'fieids
used, énd is retained. The mathématicai:féfmalism forlthe
electrooétic_effeét is included:in éppendix A.‘

The largest iinear electrooptic coefficient of LiNbO3
is r33 [24] and it is clearly desirable that advantage be
taken of it. Y-cut LiNbO3 was chosen to faké advantégé of
r33. The devicesbwere fabricated so that the interelectrode
gap runs parallel to the X-axis. This ensured thé£ the
distribution of the electric field component parallel to the

Z-axis of the substrate, E,, was symmetric with respect to
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the XY¥Y-plane. The distribution of the electric field
component parallel to the Y-axis of the substrate, Ey, was
anti-symmetric to the XY-plane. In what follows an equation
giving the change in the extraordinary refractive index,
Ang, in terms of the two electric field components Ey and E,
" is derived.

The general equation relating the change in the optical
indicatrix to an electric field is given in appendix A. When
a field is applied to an electrooptic crystal a change is
incurred in the impermeability. One can construct the new
impermeability tensor in terms of the electrooptic
coefficients and the electric field components. When the
substrate is LiNbO3 and the electric field is entirely in
the yz-plane theﬁ By = r42Ey is the only nonzero off-

. diagonal element. B4 will have an effect only in the yz-
plane and the distortion in the indicatrix, in this plane,
can.be found using the Mohr Circle”. The distortion wiil, 
in general, consist of changes in both the magnitudes and
orientations of the principal axes. The change in
orientation can be expressed as an angle of rotétion, e,
with respect to the original axes. Following the procedure

. * * .
in Nye one can obtain

* Nye [23] pp. 43-47.

* % Ibid.
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2r42Ey

tan(28) = ' (2.1)
-2 -2 :

Ne ~ Mo + T33

Ey - r23Ez

Ez T T22

which is derived in appendix A. Since the electrooptic
coefficients are small the last three terms in the
denominator can be ignored. We can approximate the angle of

rotation of the indicatrix in the YZ-plane by

The highest values for E, were in thé regions near the
electrode edges for the thin electrodes and near the corners
of the thiék electrodes. The peak wvalues of Ey-are on the
order of 10® V/m and will cause a rotation of less than 1°.
Therefore the rotation is ignored.

All the guided optical modes of this device will
propagate in the deirection;' Howéver‘they will not ha§e
the same propagation constant. This is due t0'the 1arge'
anistropy of LiNbO3. The guided modes can be divided into
two basic types TE and TM like modes. A TE like mode is one
in which the electric field of the mode is predominantly
polarized parallel to the Z-axis of the substrate and a TM
like mode is one in which the electric field is .
predominantly polariied in the XY-plane. These modes-axe

analogous to the E¥_, and EY_ , modes of rectangular channel
g Pq Pq



waveguides described by Marcatili [25] (where the

. superscripts x and y refer to the coordinate system used by
Marcatili). Due tovthe difference in the electrooétic
coefficients r33 = 30.8x10712m/V and rp3 = 8.6x10712m/v [24]
the change in the refractive index “seen” by a TE like mode
will be approximately 3 times.that seen by a TM like mode.
The lowest order TE like mode will be the most important of
the modes propagating in the VIOWM for the voltages used.
Therefore it will be assumed‘throughout this thesis that the
mode being coupled into, or out of, and propagating in the
VIOWM is a TE like mode. Polarization-preserving fiber
could be used to ensure that this is the case.

For TE like modes the waveguide created by the
application of voltage to the electrodes of a VIOWM involﬁes
the ektraordinary refractive index, ng, of LiNbO3. It is
the change in the corresponding principal axis of the
éptical indicatrix due to the applied'elecﬁric field thét
causes the wavéguide to be created. The 'change in the -
principal axis‘consists-bf bofh'a~change»in'magnitude and a
change in orientation. " However, éince the rotation is small
we héve‘ignofed it and havé treated the éhange as a change
in the magnitude of extraordinary refractive index only.

The change Ang (y,z) is given by

e

3 3 2
n_ra3E (y,z) ne{r42Ey(y,Z)} - »
an (y,z) =~ - - - : S (2.2)
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which is also derived in appendix A. The first term on the
right hand side of equation 2.2 is the change in the z-
direction alone and the second term is the added change in
the magnitude of the principal axis. We have retained the
second term because it may be as much as 10% of the first
term in the regions near the electrode edges or corners even

though the rotation is small.

2.3 The Conformal Mappings

The conformal mappings that were used to find the
applied field distributionsg, Ez(y,z) and Ey(y,z), are
discussed in the following subsections for both thé planar
and ridge devices; |

First, however, we must derive the Laplacian'for'the
.orientation of the substrate used by a transformation of
variables. This is necessary due to the anisotrépy of
LiNbO3. The same transformation is good for both the planar
and ridge devices.

| Poisson’s equation with respect to thé,Yz-plane of
LiNbO3 is given by
VD = ¢ ___+ez_=0

Y 2

32V' aZV
Iy Jz 2

which by the transformation of variables
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€ 1/2

(2.3a)

(2.3b)

where ey and e; are the Y and Z-components (g5 and &) of the

diagdnalized permittivity tensor respectively, can be

written as the Laplacian

9 2V 82V
+

— =0 .

ayl 2 azl 2

2.3.1 The Planar Device

2.3.1.1 The Device Structure

The planar VIOWM (figure 2.1) consists of an

electrooptic substrate with two thin metal electrodes,

(2.4)

separated by a narrow interelectrode gap, deposited on one

of its faces. A thin optical buffer layer is included

between the substrate and the electrodes to reduce

transmission losses due to interactions between the optical

field and the electrodes.

The metal electrodes and the optical buffer layer are

thin with respect to the interelectrode gap width and their
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Figure 2.1: The planar VIOWM structure.
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thickness may be ignored in modeling the device. The actual
structure was replaced by the structure shown in figure 2.2
in which two coplanar electrodes of infinitesimal thickness
are situated directly atop the substrate. This structure
may in turn be analyzed, and the electric field distribution
in the substrate calculated, by substituting one in which
the electrodes are embedded in an anisotropic subétrate as
in figure 2.3. This second substitution will give exact
results for the anisotropic half of the structure as it has
equivalent boundary conditions to those of the anisotropic
region depictgd in figure 2.2. The boundary condition for
the normal component of the applied field in the

interelectrode gap in the plane of the electrodes is

for both structures.

2.3.1.2 The Electric Field Distributions

The conformal mappihg consists of mapping the strip 0 <
u < n in the W-plane to the region exterior to a hyperbola,
with its foci at #g/2, in the S-plane. This mapping is

achieved by the mapping S = —(g/2)cos(W).* Figure 2.4

* Ramo et al. [26] section 7.6 pp. 331-340.
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Figure 2.2: An intermediate model of the planar VIOWM
structure.
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Figure 2.3: The model used to analyze the planar VIOWM
structure.
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depicts the W and S—planes.‘ The current problem is
concerned with the limiting case in which the foci are
coincident with the ends of the electrodes resulting in the
electrodes being représented by the lines |ol2> g/2.

If the lines u = 0 and u = = are assumed to be
electrodes at ground and V, volts respectively then the

potential function in the strip is given by
\

o
V(u,v) = — u .

1.1

The electric field components in the S-plane, E; and E,, are

given in terms of the potential function by

oV (u,v) VvV _du

o
E = — = -
[
90 . 7dc
and
WV (u,v) Vau Vv
Em=—- = - =;
do . nom RIo

where the Cauchy-Riemann condition du/ée = - dv/dc has been

used. Here au/ac_and.av/ao, are the real and iméginary parts

of dw/ds,

dw Ju ov
[ L T
ds 90 doc

respectively.
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The inverse mapping of S = —(g/2)cos (W), giving W as a
* function of S, is W = =n - cos_l(ZS/g). Therefore the

derivative, dw/dsS , equals ((g/2)2 - 32}-1/2 or

daw 1

ds 2 1/2

Q

2 2
-0 + o0 - i2cw

which after rearrangement gives

1 . 200
Vocos — tan—‘1
' 2
2 (g/2)2 - 02 + @
E0 = — : (2.5a)
2 2 1/4
g 2 2 22 '
T —_ -0 + o + 40 o
2
and
1 200
V_siny — tan_1
o
2 | (er21? - 6% + o |
E, = (2.5b)
2 2 1/4
g
r — -6 + o + 40 o
2

Obviously the positive oc-axis should correspond to the
positive z’-axis. Therefore if we wish the positive o-axis
‘to correspond to the positive y’-axis this fixes the

positive x-axis to be oriented so as to point into the paper
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in figure 2.2. Finally on substitution of equations 2.3a

‘and b into 2.5a and b one obtains

1 2z (e /e )1/2y
-1 ’ z Y
V _cosy{ — tan
e}
2 2 2
2 (g/2)” - z= + (ez/e 13
E, = - 4 (2.6a)
g 2 c 2 c 1/4
z z
x - - z2 + — y2 + 422 —_ y2
2 € €
b's Yy
and
1 22(5 /e )1/2y
-1 Z Y
V_sinjy — tan
o
2
2 (g/2) " - z" + (e /e )y
E, = ¥ (2.6b)
g 2 . 2 . 1/4
z z
. - - 22 + _ y2 + 4z — yz
2 € €
Y Yy

Sputtered silicon dioxide has a much smaller refractive
index than LiNbQ3 (apprbximately 1.46 as compared to 2.20
for ng at Ay = 633nm). For us it was a good choice as the
optical bﬁffer layer material as it was available in the
solid state laboratory here at U.B.C. and is easy to work
with. Using it we can approximate the decay constant for
the evanescent fieid, normal to the surface by
{(2n/7o) (2.202 - 1.462)1/2) which is about 16/pm this means
that the field decays to about 4% of its value at the

surface in 2000A. An even better result is obtained at A, =



~28~

442nm. However, at low frequencies the dielectric constant
of S8iO, is significantly lower than either K, = %ﬂ%o or K,
= €,/€ec for the LiNbO3 (approximately 4 as compared to 43
and 28 respectively). This difference in the relative
permittivities of the two materials affects the electric
field distribution in the device. It reduces the applied
field in the high permittivity region as compafed to the
case where the electrodes are placed directly in contact
with the LiNbO3. Therefore it was important that the buffef
layer be kept thin so that the effect was small. 1In the |
calculations made for this thesis it was assumed that the
buffer layer thiékness was 5% of the interelectrode gap
width.- and was treated as a mere offset from the electrodes
in calculating the electric field distributions. In other
words the electric field distributions were calculated'as
though the electrodes were directly in contact with the

- substrate then the surface of the induced waveguide was.
taken to be at a distance of 5% of the gap width away from
the electrodes and into the»substrate. The applied field
distributions Ey(y,z) and E; (y,z) are plotted in figures 2.5
and 2.6 reépectively. In both of these plots it is assumed
that the voltage, V, applied across the electrodes is

negative* so that E;(y,z) is positive. Although the y-

* The IRE Standards on Piezoelectric Crystals is used for
the sign convention here. See Lines and Glass [27] p.
147.
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component of the applied field is seen to be of the same
order of magnitude as the z-component in the regions near
the electrode edges the term {r42Ey(y,z)}2 in equétion 2.2

is very small for the field strengths used.

2.3.2 The Ridge Device

2.3.2.1 The Device Structure

»While the planar VIOWM works to create a linking .
waveguide between the input and the output faces of fhe
device it is obvious, by inspecting the structure shown in
f;gure 2.2, that it_dpes not make the best use of the 1arge
field in the interelectrode gap region; In ordér fp make
the devibe more efficient a ridge of the electrooptic'medium»
can be included between thick elecf;qdes:as_in'figure.2;7.

If the ridge is high enough the.po;mal_component éf the
applied field at the surface, Ey, will be ;elative;y‘small
and the tangential cpmponent, Ez, will be essentia;ly‘
uniform. It can be seen that Ey will be small byvcomparing
the‘normal component of the field on both sides of the
boundary. 1If Eys is the normal component of the field in
air at the boundary and Eyg is that in thé substrate then
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A plot of Ey(y,z) for the planar VIOWM.

Figure 2.5
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Figure 2.7: The ridge VIOWM structure.
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that if the ridge is high enough* that we can approximate
the actual structure by that shown in figure 2.8.

The structure depicted in figure 2.8 is similar to that
commonly used for calculating the fringing field in a
parallel plate capacitor (28] with the difference that the
upper electrode makes a 90° angle rather than folding back
on itself. 1In the case of the parallel plate capacitor the
fringing effects quickly disappear as one moves away from
the edge, into the capacitor, and the field becomes uniforﬁ
and normal to the electrodes. It is one of the goals of
this sectiop to show that this is also the case for the

structure of -figure 2.8.

2.3.2.2 The Electric Field Distributions

In.order to find the applied field distributions in the
structure under analysis it is necessary to do two mappings.,
First the strip 0 < < n in the {-plane, figure 2.9a, is
maéped to the upper half plane of the intermediate W-plane,
figure 2.9b, and second the upper half plane of the W-plane
is mapped to the unshaded region of the S-plane, figure

2.9c. It is sufficient to analyze the structure shown in

* High enough being when Eys = 0.
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figure 2.9c rather than that shown in figure 2.8 due to the
symmetry of the two structures.

V The mapping used to map the {-plane to the W-plane is W
= eb and a Schwartz-Christoffel transform is used to map the
W-plane to the S-plane. The Schwartz-Christoffel transform

is found by integrating the derivative

ds (W + 1)1/2

daw W

which gives

wen) /2 Z 1

‘1 s c

w2 4

S = K { 2(W+1)1/2

(u+l+iv)1/2 -1

+1 bec. (2.7)

(u+1+iv)1/2 +1

/2

= K { 2(u+1+iv)1

The complex constants, K and C, are evaluated by first
letting u - -1 on the line v = 0, which maps to the point

ig/2. By doing this equation 2.7 becomes

g
i % (K1 + iK2)ln(-1) + (C1 + iC2) = iK

2

& - Kzn + C1 + iC2

equating the real and imaginary parts of which gives
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Figure 2.9: The (a) {, (b) W, and (c) S-planes.
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g
K, = — - C,
2rn
and
1
K, = —
x
and by letting u - 0* on v = 0, which maps to S = -,

equation 2.7 becomes

—o = (K1 + iKz)(Z + 1n(0)) + (Ci + iCz)

the imaginary part of which is

0 =K, (2 - =) +C,

which implies that Ky must be equal to zero and therefore so

must C; and Cz so that one obtains

g9
K= __

2r

and

As it turns out the term (u + 1 + :Lv)l/2 appears
continually through out the solutions for the applied

electric field distributions. Therefore we will first find

an expression for it in the form Mel®. This gives
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M= {(u + 1)2 + v2}1/‘1
and
1 v
-1
8 = _ tan
2 u + 1

Rewriting equation 2.7 one obtains

g 1
S = 2Mcos (6) + _.[ 1n (M2 - 2Mcos(0) + 1) - ln(M2 + 2Mcos(6) + 1) ]
2r 2
Mcos (8) Mcos (6)
+ i| 2Msin(e) + tan ? - tan™t .
Mcos(8) - 1 Mcos(0) + 1
or
g 1 .
o = 2Mcos(ey+__[1n(M2— 2Mcos (8)+ 1)- 1n(M+ 2Mcos (0) + 1)] (2.9a)
Y ‘2 )
and
g . Mcos (8) - Mcos (8)
®© =-—| 2Msin(@) +tan | — | -tan | — . (2.9b)

2r Mcos(8) — 1 Mcos(0) + 1

Equations 2.9a and b give the coordinates, ¢ and ®w, in the
S-plane in terms of the coordinates, u and v, in the W-
plane. 1In the next paragraph expressions for the electric
field components, Eg; and Eg,, in the S-plane in terms of the

W-plane coordinates, u and v will be derived.
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It is convenient to consider that one of the electrodes
is held at zero volts with Vo volts applied to the other
eléctrode. It is possible to use the symmetry of the
electrode configuration to see that if the model of figure
2.8 is used to analyze the electrode configuration and if it
is assumed that the upper electrode is at +V, volts then the
lower electrode must be at +Vo/2 volts. In the {-plane this
gsituation corresponds to the &-axis being at +V,/2 volts and
the line n = = being at +V5 volts. The potential function
in thg strip between the §{-axis and the line n = r will be

denoted, V(§,m), and 'is given by‘
\Y

(o]
VEM = —n
2x

the electric field components are then given by

3V (&,m) v o
E = - = -
]
oJ0 2rdo
and
V() Voan v V°a§
E = - = - = -
[+
Qm 2xd0 2ndo

where the Cauchy-Riemann condition dn/de = 9t/dc has been
used. The partial derivatives df/dc and dn/do, are the real

and imaginary parts of the derivative d{/ds,
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respectively. Thus the relations

v dg

o
E = — __ Im P

o

2n ds
and

VO d¢-
Em = — — Re JE—

2n ds

are obtained. The derivative d{/ds is given by

df df{ dw d 1ln(W) ds 1 W

1/2 _ M-le—le

ds dw ds dw dw w (W-#-l)1

which givés

v
o 0
Ec = sin (0)
2
and
\'
[¢)
Em = — ———— cos(8)
2xM

From figures 2.8 and 2.9c it is obvious that the c-axis’
will correspond to the y’-axis of the device and that the

o-axis will correspond to the z’'-axis. Therefore if we wish
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to find the electric field in the yz-plane, using the above
method, the transformafiens of the equations 2.3a and b must
be applied after the conformal mapping.

Figures 2.10 and 2.11 show the distributions of Ey(y,z)
and E; (y,z) in the substrate. An offset from the electrodes
of 5% of the gap width has been assumed to account for the
optical buffer layer. Again, as in section 2.3.1.2, it is
assumed that the voltage applied across the electrodes is
negative i.e. V, is negative. Althouéh the y-component of
the applied field is of the same order of magnitude as the
z-component in the regions around the corner in the
electrode the square of the prbducﬁ r42Ey,-in equation 2.2,
is very small for the field strengths used.

By inspection of figures 2.10 and 2.11'it is apperent
that fof ridge heights of g/2 er greater the y-component of
the applied field is much smaller than the z-component.

‘ Therefore this model of the ridge VIOWM can be ueed for

ridges g/2 high or higher.

2.4 The Variational Method

In order to exactly determine the distribution of the
optical field of an optical waveguide with a refractive
index distribution that varies in two dimensions it is

necessary to be able first to construct the appropriate wave
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Figure 2.10: A plot of Ey(y,z) for the ridge VIOWM. Here
the plot has been cut along the line z = 0 showing the field
for z < 0 only.
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for z < 0 only.
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" equation and second to solve it exactly for the optical
field distribution. Indeed there exist certain refractive
index distributions for which an exact approach is possible
[29-31]. It is, however, far more common that while a
solution obviously exists, as is evidenced by the fact that
a certain waveguide guides optical waves, the problem of
finding it exactly is intractable. Hence approximate
methods are needed for obtaining the optical field
distributions in optical waveguides with arbitrary
refractive index distributions and over a period of time
these have been developed.

The two main approximate methods that have emerged are
the effective refractive index method and the finite element
method. The development of both methods began ca. 1969.
The concept of the effectife dielectric constant*.was first
introduced by Knox and Toulios in 1970 [32] as an extension
to the method of Marcatili [25]. Hocker and Burns [33].used
“to it find thevprdpagation constants for arbitrary
waveguides. Optical fieid distributions can be obtained
using the propagation constants and any of a number of
numerical techniques for solving second order differential
equatiohs, for example ﬁhe method of Runge-Kutta [34]. The

«

application of the finite element method to solving

* The term effective refractive index was applied somewhat
later but the only difference is that the effective
dielectric constant is defined to be ere = B“/kg‘ and the
effective refractive index is defined to be ng¢f = B/kg-
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electromagnetic waveguiding problems began with Ahmed and
Daly’s paper [35]. Later it was applied to arbitrarily
shaped inhomogeneous optical waveguides by Yeh et al. [36].
More recently Koshiba et al. have used the finite element
method to analyze anisotropic optical waveguides [37].
Other techniques based on, for example, expansion in terms
of circular harmonics [38], the WKB method” [39])], Green's
functions [40], or finite difference methods [41l] have been
applied té optical waveguiding problems but the finite
element method and the effectivevrefractive index method
have received by far the most attention.

| Variational methods have long been applied to
electromagnetic waveguiding problems in metal clad
waveguides.** The variational method has also been used to
obtain approximate width parameters for the optical field

S L

2lztzikutions and propagation constants of circular core

* %

optical fibers.” In fact the finite element method is

itself a variational technique [44]. Here the variational

* The eigenvalue equation derived in the WKB method can be
used to find the effective refractive index and is in fact
the same as that derived by Hocker and Burns [33] using a
wave vector (ray) approach. Therefore it is not
necessarily a separate method but may in fact be
considered as part of the effective refractive index
method. :

*x Harrington [42] chapter 7 pp. 317-380.

*hK Marcuse [19] pp. 339-347 or Okoshi (43] pp. 114-121.
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method has been extended to derive the optical field
distributions of the fundamental mode of a channel waveguide
with an arbitrary refractive index profile.

In the variational method an expression for the
eigenvalues of the Euler-Lagrange equation of a-stationary
integral of a functional is derived. In this application"
the Euler-Lagrange equation is the scalar wave equation.
Using the integral of ‘the functional an expression for B2
(the eigenvalue), of a particular mode of the waveguide, is
obtained. Furthermore it is known that the eigenvalues are
stationary values. Thus by'plotting'b2 as a function of |
certain variéblé parameters of a function chosen to
approximate the optical field distribution those'vélues of
the parameters which make 52 stationary may be found.

In section 2.5 the choice of Hermite-Gaussian functions
as the approximate optical field distribution will be
motivated. The Hermite-Gaussian functions used have'tﬁé
variable parameters that determine the transverse extent of
the optical field distribution. Here the equations relevant
to the variatibnal method are developed for the exact
solution.

The general‘form of the scalar wave equation can be

expressed in the form

2 2
Vtw + v (y,2z)y =0,
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where

%y aly

Vt\v=.__+__..

3y2 322

If the above wave equation is multiplied by y and the result

is integrated over the entire yz-plane* it gives

f I [ v Viv + v2(y,z)v2 dydz = 0

and if Green’s Theorem is applied to the first term of this

integral one gets

- - - o 2 2
Iij:vdydz=—II{ iv_ + ai ]dydz+J\yaids

e - ¥y z C on

of which the last term on the right hand side is equal to

zero. Finally the integral

- (w2 (W) : |
T = f f { —_ + _— - vz(y,z)w2 } dydz = 0 (2.10)
—o0 —00 ay az .
is obtained.
* The domain of integration for a dielectric optical

waveguide is the entire transverse plane. This is due to
the boundary condition for the guided modes of these
waveguides which forces the optical field to be zero at
infinity if the guided power is to remain flnlte Yariv
and Yeh {[45] chapter 11 pp. 405-503.
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It remains to be shown that equation 2.10 is in fact
stationary and that it is a minimum. In appendix B the
proof is presented that equation 2.10 is stationary and that
the general form of the scalar wave equation, given above,
is the Euler-Lagrange equation.*

The wave equation for the exact optical field
distribution, ®q(x,y,z) (the subscript e is for exact), is
obtained from Maxwell’s eQuations. In this work the scalar
wave equationrfor an optical waveguide in which the

refractive index varies in two dimensions, in the yz-plane,

is
2 2 2 2 . 2
d ¢e ] ¢e 0 ln[nz(y,z)] aln[¢e] aln[nz(y,z)]
2 2 2
+ + + + nzun2)ko-8 ¢
dy 2 0z 2 dz 2 9z 9z 3
where ®g(x,y,2) = e_in¢e(y,z), ny(y,z) is the refractive

index distribution, and k, is the free space wavenumber (kg
= 2r/Ay) . From the above equation the function v2(y,z), in

the general form of the wave equation (page 46), is given by

2. 2 2
d 1lnin_(y,z)] oln(¢ ] dln(n (y,2)]

2 2 2
v ly,z) = + +n (y,2)k, - B

az2 0z 0z

2

* Fox [46] chapter 3 pp. 59-79.
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However, in appendix B it is shown that equation 2.10 is
stationary and the general form of the scalar wave equation
is the Euler-Lagrange equation provided that &v(y,z) = 0.
In the above equation this is obviously not so. In section
2.5.2 an approximation to v2(y,z), based on the approximate
optical fie}ds distributions, will be introduced that is
independent of ¢ and which is then invariant and which will
be the function that is actually used. In fact if one had a
priori knowledge of the function ¢, then the above
expression could also be treated as being invariant.

In the following section the approximate functions for
the optical field distributions in the bptical fiber and the
VIOWM will be given and equation 2.10 and the above equation

will be presented in terms of the approximations.

2.5 The Hermite-Gaussian Approximations

In this work approximations té the optical field
distributions of the waveguides employed will be used. The
approximation consists of choosing functions that are
similar to those that are expected to be solutions fo the
scalar wave equation. The choice of thé approximating
functions should be based on a knowledge of the
characteristics of solutions to similar problems where the

exact solution is known. In the following subsections a
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discussion of the choice of each of the approximate’
functions will be given in terms of its application to the
waveguide used.

Oﬁe of the»maih goals of this work is to show that the
VIOWM has an application as a linking waveguide between two
optical fibers (or other waveguides). It is therefore
necessary to be able to predict the efficiency of coupling
between the two waveguide types when they are brought
together in a butt-coupling arrangement. If the optical
field distributions in both waveguide types can be expressed
in terms of Hermite-Gaussian functions it is possible to
obtain a closed form analytic solution for the coupling"
coefficient.

As will be shown in section 2.6 the coupling
coefficient is obtained in terms of the overlaﬁ integral of
the two.fieldvdist:ibutions, The.qont;ibution.po‘thef.“
ovérlap integral made by the evéneécenﬁ fields is ébvioﬁsly
small. Therefore the fact that the evanescent fieldAof the
approximate functions will be qf the form exp(-rz) rather
than of the form exp(-r) will have ;ittle effect.* Thus it
is seen that if the approximate‘optical field distributions
are to bé used to calculate the coupling coefficients for

butt-coupled waveguides that it is most important that the

* For this reason Hermite-Gaussian functions should not be
used to approximate optical field distributions in
evanescent field coupling problems. However, in the
current problem they are entirely appropriate.
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approximations be close to the actual distributions in the

regions where the fields are largest.

2.5.1 The Optical Fiber

It has long been known that a high permittivity
dielectric rod can act as a waveguide* and solutions to the
wave equation have been obtained for rods with various cross
sections inciuding circular [29], ellipticai [30], and
rectangular [25]. Typically optical fiberé have refractive
index profiles that are either circularly symmetric or
elliptically symmetric in the transverse plane, i.e. a plane
normal to the direction of propagation. A useful
approximation to the refractive index distribution of many
fibers is the “step index” profile. The step index profile
1s one in which the refractive index of the core is assumed
to have one value, ngo, and that in the cladding is assumed
to have another wvalue, ngj, such that ngg > ngj. Fiéure
2.12 illustrates the refractive index profile of a step
index fiber. Few, if any, of the commercially available
optical fibers have a step index profile. The profiles of
these fibers have refractive index distributions that are

determined by the method of fabrication.

* See Okoshi [43] chapter 1 pp. 1-16 for an historical
development. . _
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Figure 2.12: The refractive index distribution of a fiber
with step index profile.
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‘ While exact solutions exist for both circular and
~elliptical cross section fibers with a step index profile
[29,30] they are in terms of rather complicated higher
functions. For example the circular core step index fiber
has solutions that are in terms of Bessel functions in the
core and in terms of modified Kelvin functions in the
cladding.* While such solutions form a complete set of
basis functions useful in describing the optical field
distributions in large core multi-mode fibers and for
calculating the propagation constants of the various modes,
thus allowing the study of optical fibers in a general
theoretical sense, they are of little practical use when
dealing with the light emanating from a particular single-
mode optical fiber.

Often it isveasier to work with an approximation to the
exact solution. Gaussian” approximations are particularly
useful. They are mathematical simpler to use having thé
form exp(—rz). They are known to propagate in ffee space*f*
and so the propagation characteristics (the diffraction

characteristics) of a beam launched into free space from a

* Marcuse [19] chapter 8 pp. 286-347.

* % A Gaussian function ‘is a Hermite-Gaussian function
multiplied by the Hermite polynomial Hy which is equal to
1.

* Kk Verdeyen [47] chapter 3 pp. 53-69.
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fiber, say as part of an optical system, is predictable.
The coupling efficiency of a focused laser beam to a guided
Gaussian mode is easily calculated [48].  Furthermore the
Gaussian profile is found to be the solution to the wave
equation for fibers with a quadratic refractive index
profile.*

It is also demonstrable that the Gaussian approximation
is in fact a good approximation to the optical field
distributions encountered in single-mode optical fibere.
Cbmparisoqs of theoretically predicted profiles for fibers
have been compared to the Gaussian function [41] and have
indicated a close correlation between the'two;‘ Also
comparisons between meaeured'power distributions emanating
from actual fibers and the Gaussian funetion have been made
[49,50] again showing a convincing correlation;

The optical field diStribution of a circularly
symmetric fiber May iﬁ‘general be seen as being:composed of
two degenerate, orthogonal polarizations.”* The choice of
the directions of polarization is erbitrary for these two |
modes, therefore in this ﬁork it will be assumed that one
polarization‘is coincident with the y-axis and one with the
z-axis. 1In the case of polarization-preserving fiber the

two modes are no'longer degenerate still it will be assumed

* Ibid.

* % Okoshi [43] chapter 4 pp. 48-81.
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that the fiber is oriented so that, as above, one
polarization is coincident with the y-axis and one with the
z-axis.

Since the electric field of the optical distribution in
a VIOWM is polarized parallel to the z-axis only the optical
field distribution in the fiber that is also polarized
parallel to the z-axis need be considered. The optical
field in the fiber can thus be approximated by the

‘expression

—ip x
O (x,y,2) = e ¢ (v, 2) . S AT (2.11)

where the subscript f stands for fiber and

: : -(y2/w2 + zz‘/w2 )/2
¢gly,z) = age vE =£
where af is the normalized amplitude and wyf and wyf are the
~width parameters in the y and z-directions respeétively;
The normalized amplitude is a constant that ensures that the
mode carries ﬁnit power and will is discussed further in
appendix C.

Figure 2.13 shoﬁs a Gaussian optical field distribution
in which wyg = wz¢ and figure 2.14 shows one in which wyf =

wzf/2.
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Figure 2.13: A Gaussian optical field distribution in which
Wyf T Wzf- '
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Figure 2.14: A Gaussian optical field distribution in which
Wyf = woe/2.
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2.5.2 The Voltage Induced Optical Waveguide

Based on the material presented in sections 2.2 and 2.3
it can be seen that the refractive index distribution will
be rather complex for boﬁh the planar and ridge VIOWM.

Since it is véry unlikely that an exact solution to the wave
equation could be found for a waveguide with such a
Arefractive index‘distribution the variational method will be
used. In this section the choice of Hermité-Gaussian
functions to approximate the actual optical field
distributions is justified.

To begin with, certain‘observations can be made about
the refractive index distribution and a knowledge of the

optical field distributions in similar waveguides can be

used:

1) The refractive index distribution is symmetric with
respect to the xy-plane,

2) The difference in the refractive index of the
substrate and the optical buffer layer is large,

3) And for a certain range of applied voltages the change

induced in the refractive index of the substrate is
larger in the interelectrode gap region than in the

“surrounding” region and the change induced in the
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surrounding region decreases monotonically to zero at

infinity.*

From the above observations certain characteristics of a

bound mode can be anticipated.

1) The optical field distribution will be either -
symmetric or anti-symmetric with respect to the xy-

plane,

2) The shape of the optical field distribution will be
such that it is very small at the boundary between the
substrate and the buffer layer as compared to its peak

value further into the substrate,

3) Most of the power will be confined to the
interelectrode gap region and will decrease
monotonically to zero at infinity in the surfouﬁdihg

region.

Hehce trial functions must be chosen which will have similar
characteristics.

In order to understand the modus operandi of the VIOWM
only the lowest order mode need be considered. The lowest

order mode will be the most highly confined mode for the

* The “surrounding” region is defined here as that region in
which the refractive index decrease is monotonic.
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lowest operating voltage and will have the highest degree of
coupling to or from the fiber if the fiber is well
positioned. The approximate optical field distribution for
the VIOWM will be designated &, (y,z), subscript v for
VIOWM, and is given by

-if_x

e ¢, (y,2) ¢ y20 .
o (v,2z) = ' (2.12)

0 ; y <o

where B, is the propagation constant of the mode and

y 2,2 2,2
-(y /wyv + z /wzv)/Z

¢ y,2) =a | — | e

w
yv

where a,, is the normalized amplitude, w&v and wgy are the
width parameters in the y and z-directions respectively.*
The narmalized amplitude is discussed further in appendix C.

Figure 2.15 shows a Hermite-Gaussian optical field.
distribution in which wyy = wzy and figure 2.16 shows one in
which wyy = wzy/2.

As can be seen from figures 2.15 and 2.16 the Hermite-
Gaussian approximations to the field distribuﬁions meet each
of the désired characteristics: they are symmetric with

respect to the xy-plane, they are small, zero in fact, at

* As can be seen ®,(y,z) has the form Hl(y)eXP(—yZX:in the
y-direction, for positive y, and Hp(z)exp(-z¢) in the z-
direction, for all z, hence the name Hermite~Gaussian.
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Figure 2.15: A Hermite-Gaussian optical field distribution
in which wyy = Wy
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‘the interface between the substrate and the optical buffer
layer, and the evanescent field goes to zero monotonically
at infinity.

In section 2.4 all the results were derived in terms of
the exact field distribution. Now the equations are
presented in terms of the approximate functions. To begin
with the approximation to v2(y,z) is given in terms of the

approximate optical field distribution by

2 2
0 ln[nz(y,z)] z Bln[ni(y,z)]

2 2 2
v,lv,z) = - tn (y,2)k, - B

9z w2 2z
zv

2
v °

which gives the stationary integral for this approximation

_ - - ov 2 v 2
I = J I { — + —_— - vi(y,z)\v2 } dydz = 0 _ (2.13)
I y oz
which becomes
ez a¢v 2 a"’v 2 -
1, = f f [ _ + | — - vi(y,z)¢3 } dydz (2.14)
- oy 9z

in terms of the approximate function.
The first two terms of the integral Iy, can be evaluated

exactly and are giveh by
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I I — | dydz = — | | ¢, dydz
——e  —so 2 == ‘
ay Yo
and
AN 0.5
At oo 0o 2
I J’ — | dydz = — [ | ¢, dydz
™ oz w2

Since I is a minimum I, must provide an upper bound on
I; i.e. Iy, 2 I. Therefore if 2.13 is rewritten to provide

an equation for By

v )2 (o
— |+ —
3y 9z

-:EZE[ 2 2

3z w 9z

2 {azln[ni(y,zn z alnln2(y,2)]
v

- + ni(y,z)kg ’ 12 ] dydz

L. !___ vz dydz

then rewriting equation 2.14 in a similar fashion provides a

lower bound on B+

- e azln[ni (v,z)] z Bln[ni(Y, z)]
‘ I J e —————hd n:(er)kg ¢3 dydz
2 1.5 0.5 —o —wo az2 'gv 3z
B2 2 - -+
w2 w2
v zZv - .,
I 1 ¢, dydz

Since the propagation constant is a stationary value the

above equation can be used to find the width parameters Wy
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and wgy. Proof that B, is a stationary value is provided in
appendix B. By varying the width parameters a grid of
values for sz can be created and the values of wyy and wyy
for which sz is stationary may be found graphicaliy.
Figure 2.17 shows a plot ofnﬂv2 versus wyy and wyy for
a planar VIOWM with a 4um interelectrode gap with 50.0V
- applied to the electrodes and where A, = 442nm, ng = 2.2884,
ng = 2.371, r33 = 30.8x10712m/v, and rg2 = 28.0x10"12m/v.
Figure 2.18 shows the development of the optical field
for‘the VIOWM wiﬁh the 4um interelectfode gap with |
increasing voltagé, for applied voltages of 10.0, 30.0,.and

50.0 volts, as predicted by the variational method.

2.6 The Coupling Coefficient

Hermite-Gaussian functions have the advantage, as the
chosen approximate optical field distfibutions, that tﬁéy'
are_convenient to manipulate mathematically. In the
folloﬁing, the coupling coefficients are determined'by
expanding the optical fields in the two butt-coupled |
waveguides in terms of both guided and radiation modes.
This approach has been used bf Burns and Milton [51] to
study the conversion of modes in separating waveguides and
by Hunsperger et al. [52] to study butt—couplingubetween

solid state lasers and surface waveguides.



—-66—-

Maximum (2.88,2.38,1 058.693)

7058.690

G210 1Zrad </ m<)

7058.685
_/

2.60

= 270

Figure 2.17: A plot of sz versus w and w,., for a VIOWM

v
with a 4pm interelectrode gap with g0.0V applied to the
electrodes for A5 = 442Z2nm.
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Figure 2.18: The developmenf of the optical field for a
VIOWM with a 4um interelectrode gap for (a) 10.0, (b) 30.0,
and (c¢) 50.0V applied to the electrodes for Ao = 442nm.
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The continuity of the tangential field components at
the interface between the optical fiber and the VIOWM is
congidered. If both waveguides are assumed to be designed

for single-mode operation one can write

©, + RO, +E . =TO +E (2.15a)
for the electric field and
Bfmf + Rﬁfa:‘f + l'!re:E = Tpvov + l-ltrans (2.15b)

for the magnetic field for coupling from the optical fiber
to the VIOWM; Here R and T are the reflection and
transmission coefficients, respectively, and Eyef and Egfpang
are the reflected and transmitted electric field
distributions of the radiated modes and similarly H,ef and
H¢ rans are the reflected and transmitted magnetic field
distributions of the radiated modes.

To solve for the coupling between the two waveguidés
the assumptibn is made that the power iﬁ the reflected
radiated modes is negligible and that the major part of the
'refiected powe:'is in thé back traveling guided mode. Each
of the remaining terms, remaining after the terms
representing the reflected radiated mode have been dropped,
is multiplied by szwv* in equation.2.15a and is mﬁltiplied
by ﬁvw* in equation 2.155 énd both are integrated over the
boundary piane, the interface between the opticél fiber and

the VIOWM, which is assumed to be the plane x = 0. ' The two



—-69-~

resulting equations are then subtracted, one from the other,

leaving

oo Aad * 00 o0 x
B,(Bge - Bv)f f O &, dydz - RB_(B. + Bv)f f @ ®. dydz = 0

—o0 —oo

and solving for R gives

Bf—ﬂ n%—n"r .
R = = = I (2.16)
Bf+$ ng + ng

where nf' and nv' are the effective refractive indices of
thé optical fiber and the VIOWM, respectively, and I' is the
Fresnel reflection coefficient for plane waves at normal
incidence.

To justify neglecting the power in the reflected
radiated modes one must look at the result that equation
2.16 represents. In effect the assumption is that the -
reflected power; r2, in the case of opticai waveguides is
essentially the same as that for plane waves at normal
incidence. The plane wave 8solution is, in fact, the
limiting case for weakly guided modes. In other words as
the variations in thevrefractivé index distributions of the
waveguides disappear on both sides of the boundary pléne the
optical field distributions extend to become plane waves and
the amount of reflected power is exactly equal to r?. The
modes of the waveguides considered in this work are‘Qeakly

guided, in that the extents of the optical field
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distributions are much greater than a wavelength, and the
amount of power reflected is small, r? ~ 5% of the total
incident powef, theréfore the approximation should lead to
reasonable results.

Using equations 2.15a and b the transmission
coefficient can be solved for. First 2.15a is multiplied by
ﬂvaov* and 2.15b is multiplied by Bv°v* and the resulting
equations are integrated over the boundary plane x = 0.

This time, however, the equations are added resulting in

2avaij f” ® o, dydz = TB_(B, + Bv’J“'I” o 0 dydz

which after some rearrangement gives

- - v 2, 2 2,2 2,2 2,2
—{y“/w + z%/w + (y - a)%/w + (z - b)“/w__}/2
2agP¢ f fo [ —] o 7 Myv Y ¥E .Zf

dydz
T = 'yv
- -( 3y )2 —@2wE s 22 mE )
a e+ 8y [ f [ — ] ° ¥ aydz
w0
W,

bad

where the wvariables a and b locate the center of the optical
fiber relativé to thé center of the surface of the
waveguiding region of the VIOWM, see figure 2.19. The ratio
af/ay, is determined by normalizing the power in each mode

and is given by*

* See appendix C.
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Figure 2.19: The interface between the optical fiber and the
VIOWM. '
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_ 21
2 2, 2 2,2 N
¥ -(y /w - + z /wzv) 2
B f j — | e ¥ dydz '
v : .
ar —= 0 w
= yv
a, _ = -(yz/wsf + zZ/Wif) ,
Bf I I e ‘ dydz

The expression for the transmission coefficient can be

. *
rewritten as

2,2 2, 2 2 4
-(a““/w + b/wS)/2 + PO /4w
2(8 B )1/29 /2 . vE zf z zf
v Yy Z :
T =
1/2 1/2
4 (Bf + ﬁv)(wvaszyfwzf) wyv
a’n /aw’ “a“;/Z
a01/2n1/2 e 4 £ erfc
o 2
zwyf
x 1 +
2
2wyf
L J
where
2w2 w2
yv yf
Qy =
w2 + w2
yv vE
and

(2.17)

* See appendix C.
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A similar line of reasoning yields an equation that is
identical to equation 2.17 for light coupled from a VIOWM to
an optical fiber.

As is evident from equation 2.17 the location of the
fiber relative to the input of a VIOWM is important in
deﬁermining the coupling. It is obvious that in the z-
direction the best coupling is obtained when b = 0 as this
will give the best overlap between any two Gaussian
distributions independent of their respective width
parameters. On thewéther hand finding the best location in
the y-direction will depend on the ope?éting voltage and

mode of operation, see chapter 4.
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Chapter 3

FABRICATION

3.1 Introduction

In this chapter the fabrication of both planar and
ridge VIOWMs in lithium niobate, including cutting and
polishing, and of V-grooves in silicon is described. Also
included is a section on the alignment of the VIOWMs and
optical fibers using the V-grooves. The fabrication and
alignment information is contained in three sections
entitled:

The.VIOWM,

The Silicon V-groove, and

Device/Optical Fiber Alignment.

The VIOWM section begins by discussing issues that are
common to the fabrication of both planar and ridge devices.
Then the fabrication techniques that are unique tb each

device type are contained in their own subsections. The
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cutting and polishing of two types of device is contained in
a separate subsection.

The silicon V-groove section is dedicated to a
description of the anisotropic etching of silicon to produce
V-grooves.

V-grooves etched in silicon can be used to form a
stable method of coﬁpling light into and out of integrated
optic devices by a flip;cﬁiﬁ-técﬁniq;e [21]. The
device/optical fiber alignment section describes the
alignment of a VIOWM and an optical fiber using an array of
.V-grooves. The combination of a VIOWM and an optical fiber
.on.the V-groove array is used as an optical front-end
switch. Measurements on the switch are presented in chéfter

4,

3.2 The VIOWM

The initial preparation of the LiNbO3 wafers was the
same for.both planar and ridge devices as was the final
cutting and polishing stage in the fabrication. The devices
‘'were fabricated on Y-cut” LiNbO3 wafers obtained from
Crystal Technology Inc., Palo Alto, Ca. The wafers were 3

inches in diameter and 0.04 inches thick. In order to make

* These substrates are cut and polished so that the Y-axis
of the crystal is normal to the optical quality surface.
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bétter use of the large wafers they were divided into
quarters by first covering the entire optically polished
face of the wafer with a coat of Al about lum thick
evaporated using a conventional diffusion pumped vacuum
system (made by Carl Hermann Assoc.) capable of holding 3
sources. The Al protected the optically polished surface
from scratches during the cutting process and provided a
means of undercutting any inert dirt that had been picked-
up. The cutting was done oﬁ'a'high speed diamond saw. The
Al layer was removed by etching in a 1:1 solution of
phosphoric acid and DI (dg—ionized) water at 50°C.

The wafers were then cleaned by immersion in a 1%
solution of Alconox for 5 min. followed by a 10 min. rinse
in DI water, a 5 min. soak in buffered HF followed by a 10
min. rinse in DI water, and a 5 min. soak with.ultrasonic
" agitation in bbiling methanol. The sample was heated with
the methanol then both were transferred to the agitatorlin
order to avoided thermal shock shattering the LiNbO3.

After removal from the boiling méthanol‘the wafers were
blown dry with nitrogen immediately prior to being loaded
into a Perkin-Elmer Sputtering System Model 3140.

The patterning of the waveguides on the LiNbO3
substrates was done using phbtolithography.' The mask used
was made by Sierracin,>Santa Clara, Ca. On the mask were
ldng stripes varying in length from 1 to 23 mm and in width

from 4 to 10 pm. Photoresist was patterned on the sample so
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- that the longer dimension of the stripes would run parallel
to the X-axis of the crystal. Thus the waveguides would run
paraliel to the XY-plane of the crystal and the electric
field, created by application of voltage to the electrodes,

would have a component parallel to the Z-axis.

3.2.1 The Planar VIOWM

A 200 nm optical buffer layer of Sidszas RF sputtered
(in the Perkin-Elmer éputtering System)'onto'the”optically
polished face of a section of the'LiNbO3 wafer. The target
was nominally of 99.95% purity. The deposition was preceded
by a 1 hr. preclean of the target with a shutter placed
between the target and the wafer. The atmosphere in the
chamber was 18 mTorr of Ar and 5 mTorr O,. The sputtering
was done at 100 W forward and about 2 W reflected pcwer.for
0.5 hr. The refractive index of SiO, is about 1.5 and it
therefore provides a good optical buffer layer 6n»LiNbO3
which has a refractive index of about 2.3. See section
2.3.1.2.

The wafer was removed from the sputtering system and
patternéd with photoresist so as to allow the interelectrode

gap to be formed using a lift-off technique [53].



._'78-.

The photoresist patterning was done as follows: the
photoresist* was applied in a photoresist épinner‘at 4000
rpm for 25 sec.; a pfebake was performed at 95°C for 25
min.; the photoresist was exposed to 320 nm radiation (UV)
with a power density of 25 mW/cm?: for ‘40 sec.; the
photoresist was then soaked in chlorobenzene for 2.5 min.
[53); a post-bake was performed for 25 min. at 95°C; the
photoresist was developed in a 1:1 solution of Shipley
MF-312 developer and DI water; the final step was rinsing in
flowing DI water. By this method a long and narrow
photoresist ridge was formed with some undercutting so tha£
the interelectrode gap could be fabricated using lift-off.

The electrodes of the planar VIOWM were designed so as
to be joined to similar electrodes on the Si V-grooves by a
eutectic bond. Therefore they were made out of AuGe with a
eutectic temperature of 363%L*- However, the adhesion of
AuGe on SiOp is poor and it was necessary to include a fhin
Ti layer between fhe two. Thus the electrodes were
fabricated in the Carl Herrmann system, with one Ti and one
AuGe source, by depositing 50 nm Ti on the SiOz and then 300

nm AuGe on the Ti.

* Shipley’s S1400-30.

* Ghandhi [54].p. 59.



-79-

Once the metal had been deposited the photoresist was
removed by immersion in a sequence of solvents for 5 min.
each: hot (95°C) Microstrip**, hot acetone, and 2-propanol.

Figure 3.1 shows the interelectrode gap of a VIOWM.

Here the gap is 4 um wide.
3.2.2 The Ridge VIOWM

In a ridge VIOWM the ridges must be formed first.
Etching LiNbO3 has been achievéd'by several authors by
several different methods including: argon ion milling [55]},
plasma etching in Freon plasmas using CF4'[56], reactive
ion-beam etching using CHF3 [57], and reactive iOn‘eﬁching
and using CF4 and CCloFo [58]. 1In this work the LiNbOj3
substrate was sputter etched in an argon plasmé.

After the initial'cleahing the wafer was placed in the
Pérkins-Elmer §puttering system with'alTi éoufcé. Thé ”
source was precleaned;”by éputter‘etching, with a shutter
between the target and the sample until the metal was being
deposited. The plésma had a distinctive blue tint when Ti |
was being deposited, prior to which it is uniformly pink.

The preclean usually takes between 1 and 2 hr.

* A product of Philip A. Hunt Chemical Corporation, West
Paterson, N. J.
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Figure 3.1: The interelectrode gap of a VIOWM. Here the gap
is 4 um wide.
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The Ti was deposited with 100 W forward and about 2 W
reflected power which gave a deposition rate of about 40
A/min. The deposition wés continued for 1.5 hr. giving a
metal layer about 500 nm thick.

The Ti was formed into stripes by applying a
photoresist mask to protect those areas thét were not to be
etched. The unprotected Ti was removed in a CF4 plasma in a
Plasma-Therm” system. The chamber pressure was 500 mTorr
and the forward power was 100 W with 2 W reflected. The
etch time varied with Ti thickness and was usuélly between
30 and 45 min. The photorésist was appliéd as described
above for the pPlanar VIOWM except that the chlorobenzene
soak wés omitted.

The remaining Ti stripes were then oxidized in a
MiniBrute oven at 600°C with a 1 1/min. flow of.02 for 12
hr. The oxide provided the maék for the sputter etch of the
LiNbO3. "'

The sputter etch was done in the Perkin-Elmer with 100 .
W forward and about 2 W reflected power at 18 mTorr. ‘Here'
too the time was détermined by the thickness of the oxidized
Ti. As the Ti has a different etch rate than the LiNbO3,
about half, the time was decided upon by monitoring the

differential etch rate. Before placing the sample in the

* A Multiversion Plasma, Reactive Ion Etch and Plasma
Deposition System Model PK-1250PE/RIE/PD.
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sputterer the thickness of the oxidized Ti was measured on a
Tehcor Alpha-Step 200 profilometer. After the first 4 hrs.
of sputter etching the sample was removed from the sputterer
and the new height was measured. The sample was then
returned to the sputterer and the etching was continued for
another 2 hrs. Then it was removed and the height was again
measured. This process was repeated until there was no
increase in the height of the ridges.

If the height of the ridge was insufficient then a new
layer of Ti was deposited, patterned and oxidized and the
ridge height was increased by further sputter etching.

Typically an initial Ti layer éf 0.5 pm resulted in an
increase in the ridge height of about 1.5 um.

Once the desired ridge height was achieved 'and optical
buffer layer of SiO, was deposited as~described abové for
the planar VIOWMs.

Figure 3.2 is a scanning electron micrdscope (SEM).
picture of a sputter etched ridge in LiNbO3. The width of
the ridge can be obtained from figure 3.3 where it is seen
to be about 7.5 pum. Figure 3.4 is a photocopy of the
profilometer output of the ridge shown in figures 3.2 and
3.3. The height of the ridge is seen to be 4 um.

The electrodes for the ridge VIOWM were aluminum. .They
were spuﬁter deposited with a bias applied to the sample
table in an afgon plasma at 18 mTorr. The:bias causes éome

sputter-cleaning of the sample’s surface which removes
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Figure 3.2: SEM picture of a ridge etched in LiNbO3. The
scale of the upper picture is 5 times that of the lower
picture.



Figure 3.3:
pm wide.
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SEM picture showing that

the ridge is about 7.5
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Figure 3.4: Profilometer output showing that the height of

the ridge is 4 pm
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adsorbed gases and which in turn increases the adheéion of
the aluminum. The forward power was 100 W and the reflected
power was about 2 W. The target was precleaned for én hour
with a shutter placed between the sample and the target
(with the bias applied to the sample table for only the last
few minutes). Then the shutter was removed and Al was
deposited for 2 hrs. The deposited metal layer was between
1 and 2 pmvthick. The electrodes were formed by a self-
aligned technique. Photoresisﬁ was spun onto the metal
coated sample (Shipley’s 1400-30 at 2000 rpm) at a low speed
to give a.thick layer in the valleys between the ridges and
a thin layer on the tops of the ridges. The photoresist was
hard baked for an hour at 130°C and etched in the Plasma-
Therm in an oxygen atmosphere. The chamber préssure was 320
hTorr and the forward power was 100 W and the reflected
power was 2 W. Etching was continued for about 50 min untii
the thin photoresist was removed from the tops of the ridges
forming a narrow, ~ 4 um, gap in the photoresist. The
sample was then placed in the Perkin-Elmer system and
sputter etched in an 18 mTorr Ar plaéma until the aluminum
along the tops of the ridges was removed (1/2 hr. longer
than it took to deposit the Al).

Figure 3.5 is a pictufe of the aluminum electrodes
fabricated by the self-aligned technique described above.
The central dark line running from the top to the bottom of

the figﬁre is the top of the LiNbO3 ridge.



=T =

Figure 3.5: The aluminum electrodes of a ridge VIOWM formed
by the self-aligned technique.
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3.2.3 Cutting and Polishing

The individual VIOWMs were cut from the substrate using
either a high speed diamond saw or a wire saw. The choice
of the cutting method depended on the desired yield. When
using the diamond saw the edge damage can be severe so that
the waveguides must be cut into about 3 mm long sections..
Using the wire saw the waveguides may be cut into 2 mm long
sections. In both cases the final device is to be about 1
mm long.

" The length of the device was kept short to minimize the
losses due fo absorption, scattering and opticallfield/metal
electrode interactions. The drawback of a short device is
that there is a relatively large amount. of coupling due to
bulk modes. Although a device about 1Iinch 1ohg was
fabricated most were between 1.6 mm and 0.8 mm.

The polishing jig consisted of two parts; the main body
and the polishing plate. The main body had a large center
screw that could be lowered to provide a backstop for the
crystal being polished and a set screw to hoid the center
screw in place. The polishing plate consisted of a
stainléss steel plate about 1 mm thick (the thickness
decreased with excessive grihding and polishing) with av2 mm
x 10 mm slot cut into its center. Figure 3.6 shows the

polishing jig: the main body and the polishing plate.
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Figure 3.6: The polishing jig: the main body (right) and the
polishing plate (left).
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The samples were polished two at a time. The faces of
the two bits of crystal containing the VIOWMs were epoxied
together using a 5 minute epoxy. The sandwich thus formed
was pressed‘together to remove excess epoxy from between the
two. It is important to reduce the thickness of the epoxy
layer so as to reduce the edge damage that results during
the grinding process.

When the epoxy between the two samples had had time to
set the sandwich was epoxied into the slot in the polishing
plate of the polishing jig so that it protruded equally from
both sides. |

The protruding LiNbO3.was then ground, using 600 grit
grindingnpaper, until it extended about a quarter of a
millimeter out from either side of the polishing plate. A
second grind is done using 800 grit compound. |

Polishing was done'using a 1 pm alumina slurry until
the edge damage was removed. The edge of the crystal-wés
continually monitored, using a microscope, to determine when
the edge damage haé been removed. The final polish was done
using a 0.05 alumina slurry.

Figure 3.7 shows the pdlished end face of such a
sandwich for two ridge waveguide samples following the 1 um
alumina polish. The large light areas at the top and bottom
of the picture are the LiNbO3 substrates, the dark central
region is the epoxy, thé thin bright stripes are the

aluminum electrodes. The central bump is the LiNbO3 ridge.
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The ridge height is about 0.4 times the width in this
figure. One can clearly see that the aluminum electrodes
climb up the sides of the ridge. Also the results of edge
damage can be seen on the upper substrate. v

Once both faces of both VIOWMs have been polished they
were removed from the polishing plate by soaking them in hot
Microstrip for about 5 min. Once they had been removed from
the polishing plate they were again soaked in hot Microstrip
until they came apart, about 1 hr.

Figure 3.8 shows a planar device that had been polished.
on both ends the interelectrode gap is seen to run from one
end to the other. This device was about 1.6 mm long.
Figure 3.9 shows the end of the device where the
interelectrode gap was perpendicular to the polished end
face. |

Finally the excess LiNbO3 could be removed from either
side of the device by mounting it on a glass microscope-

slide and cutting it using a low speed diamond saw.

3.3 The Silicon V-grooves

The use of V-grooves anisotropically etched in Si
substrates [59,60] for the_alignment of optical fibers with
in-diffused waveguides in LiNbO3 provides a practiéal method

of achieving efficient butt-coupling. The “flip-chip”
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Figure 3.7: The endface of two ridge VIOWMs, epoxied
together, after a 1 pm alumina polish.
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Figure 3.8: A planar VIOWM with the ends polished.
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Figure 3.9: The polished end of a planar VIOWM where the

interelectrode gap is seen to run perpendicular to the
endface.
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method of coupling between optical fibers and Ti:LiNbOg3
waveguides was first reported by Hsu and Milton in 1976
[21]. | |

In this method é V-groove is etched in a (100) p-type
silicon wafer. The depth of the V-groove is controlled so
that an optical fiber lying in the V-groove has its core
positioned at a height above the unetched surface of the
wafer that will result in efficient coupling of light to an
integrated optic device. The depth control is obtained by
taking advantage of the anisotropy of the etch rate of Si
which is about 35 times greater in the (100) direction than
it is in the (111) direction for the etchant described
below. Electrodes are formed on the unetched portions of
the wafer to provide electrical contact with the electrodes
of the integrated optics device which is placed “upside
down” on the wafer containing the V-grooves. 1In this way
the optical fiber and integrated optics device are locaﬁed
so as to facilitate a high degrée of overlap between the
- optical fields in both waveguides when they are butted
together.

The variables critical to the vertical alignment of an
optical fiber and an integrated waveguide, by this method,
are the outer diameter.of the fiber, the core-cladding
cohcentricity and the V—gréove depth. It would be necessary
to control each of these wvariables to sub-micron tolerances

(less than 1% in each case) if one were to predictably
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obtain a certain degree of coupling, therefore it is
desirable to have a method of varying the height of the
fiber above the surface of the Si wafer. Sheem and
Giallorenzi [61] accomplished this using a tapered fiber in
a second, deeper V-groove. In this method the height of the
fiber being aligned was controlled by sliding the second
tapered fiber in the deeper V-groove beneath it. 1In the
present work an array of 13 V-grooves was used each of which
is of a different depth, increasing by 1 pm from one groove
to the next.

The fabrication of the V-grooves consists of 6 basic
steps: oxide growth, electrode fabrication, oxide’
sputtering, V-groove window fabrication, V-groove etching,
and oxide removal.

In order to get repeatabie results it is ﬁecessary to
start wi£h a clean wafer. Therefore the fabrication was
preceded by cleaning the wafer uging'the well known RCA:
process [62].

A thermal oxide was grown'on the wafer for two reasons.
Primarily it is not attacked by the etchant used to create
the V-grooves, therefore it can act as the V-groove mask
fixing the width of thé‘windows and thereby the depth of the
V-grooves, and secondarily it serves to isolate the.
electrodes electrically from the substrate. The oxide was
grown to a thickness of 500 nm. To do this an oven was

heated to 1100°C with an O, flow of 1 1/min. The slices



-97-

were introduced to the oven and allowed to heat up for 5
min. A flow of 1.6 1/min. of H, was started giving an O,+H,
“wet” atmosphere. Wet growth is approximately ah order of
magnitude faster that dry growth (0O, only) [63)]. After 80
min. the Hy flow was stopped and 5 min. after that the Oy
flow was also stopped. There followed a 20 min flow of Ny
at 1 1/min.

The electrodes on the V-grooves-were formed using a
lift-off technique that was identical to that used to form
the electrodes of the planar VIOWM (section 3.2.1). The
reason that the electrodes were formed at this stage was
because if the V-grooves were formed first the application
of photoresist ‘was uneven in the intergroove regions making
the lift-off procedure uncertain.

A second 1ay¢r of Sibz was deposited at this point to
protect the elécfrodés from the V-gfoove etchant. This
layer was deposited in the Perkins-Elmer sputtering sysfem
and was about 700 nm thick.

Windows were etched in the Si0Oj. Photoresist was
applied to cover those areas that were not to.be etched
(including the back of the wafer). The SiOs was then etched
in buffered HF for 20 min. followed by a rinse in DI water.
The HF etch was inténded to be a bit too éhort to completely
etch the grown oxide. This was to avoid over etching which
would result in widening the V-grooves. The final layer was

removed by a 20 min. CF4 plasma etch performed as described
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in section 3.2.2 for the Ti etch. Finally the photoresist
.was removed.

The V-grooves were etched in a solution of KOH (20% by
weight), DI water (64%) and 2-propanol (16%). The solution
was heated to 85°C in a beaker with a condenser. The wafer
was immersed for 85 min. The wafer was then removed and was
biown dry with Nj.

The sputtered oxide layer protecting the electrodes was
then removed by etching for about 5 min. in buffered HF.
This was followed by a rinse in DI water and blow drying
with Ns. .

Figure 3.10 depicts the entire V-groove fabrication
process.

Since the device was to act as a front-end switch, in
which it is placed between a laser and an optiéal fiber,
controlling the light coupled from the laser to the fiber by
the application of vo;tage to its electrqdes, the V-groéves
were designed so that the VIOWM would slightly 6verhang one

end of the Si wafer with the V-groove on the other side.

3.4 Device/Optical Fiber Alignment

The coupling between a VIOWM and an optical fiber was
discussed in section 2.6. It was pointed out that the

theoretical development of the coupling coefficient was
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insensitive to whether light was coupled from the VIOWM to
the fiber or from the fiber to the VIOWM. Therefore it was
possible to align the device with the light propégating in
the reverse direction from that intendéd for the actual
operation i.e. with light from the fiber coupled into the
VIOWM.

First a length of optical fiber was prepared by
removing the plastic coating from both ends and then
cleaving them. The output of a laser was then focused on
one of the cleaved end faces while monitoring the output at
the other. Cladding modes were removed by a series of
tight, about 1 inch in diameter, loops in the fiber. 1In the
case that the fiber was multimode, having been designed for
monomode operation at a loﬁger wavelength, these loops also
served to strip the higher order guided modes.

The back of the sample VIOWM was cemented to a pin
which was attached to the boom of a crane mounted on a fwo
axis piezoélectric micropositioner. The sample hung upside
down with its electrodes facing tﬁe floor.

The Si wafer contaihing the V-grooves was mounted right
side up, so that its electrodes were facing the ceiling, on
a stage that could be heated to the eutectic temperatdre of
AuGe. The surfaces of the wafer and the VIQWM were aligned
by placing the two in contact and heating the stage just

enough to soften the cement holding the VIOWM to the pin.
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The output end of the optical fiber was laid in a V-
groove and a small weight was placed atop it hold it in
place. The sample VIOWM was positioned so as to be in
contact with the end of the fiber. A signal was applied to
the electrodes on the wafer containing the V-grooves and the
sample’s position was adjusted until it was felt that the
best couplingAfor that groove had been obtained. If it was
necessary the surfaces were realigned by heating following
rotations. This procedure was repeated from groove to
gré&ve until the groove giving the best coupling was found.

Once the best coupling was obtained a permanent bond
was formed by heating the stage to the eutectic.temperature
of AuGe, 363°C. During the heating cycle the cement between
the VIOWM and the pin was oxidized and the two were easily
separated after the stage had cooled. The bond was
reinforced by the application of droplets of cyano-acrylate
glue to both sides of the crystal. The fiber was also
bonded in place by applyinQ a drop of the same glue on the
" fiber at the far end of the V-groove away from the butt
couple; |

Figure 3.11 shows the V-groove array, fiber, VIOWM, pin
and probes during the alignment procedure.

Figure 3.12 shows the V-groove array, fiber, ViOWM,
probes and input objective after the alignment and permanent

bonding procedure.
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Figure 3.11: The V-groove array, fiber, VIOWM, pin, and
probes during the alignment procedure.
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Figure 3.12: The V-groove array, fiber, VIOWM, probes, and

input objective after the alignment and permanent bonding
procedure.
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The crystals shown in figures 3.11 and 3.12 are about 1

mm on a side.
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Chapter 4

RESULTS

4.1 Ihtroduction

The results, both calculated from the model and
measured, for the planar VIOWM are presented in section 4.2
and the results for the ridge VIOWM are presented in section
4.3. Section 4.4 cqntains the results of measurementé on
the VIOWM permanently mounted on the Si V-grooves with an
. optical fiber attached. Finally section 4.5 provides a
discussion of the various results obtained.

To predict tﬁe behavior of the VIOWM device with
optical fibers it was assumed that the fibers have
circulariy symmetric optical field distributions and that

the nominal width parameters were Wyf = Wzf = 1.5 um.*

* This was close to the value given to us by the engineers
at MacDonald Dettwiler and Assoc. for the width of the
mode of the optical fiber they use in the FIRE 9000 b/w
opt%cal image recorder. They measured the half width at
1/e“ of the peak power to be -~ 2 pm.
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Other fibers éould, of course, support modes with différent
mode widths.

The numerical integrations were done using adaptive
techniques for which the accuracy could be specified. Turbo
Pascal was used on an IBM AT compatible with an 80287 math
coprocessor; The integration routines were taken from the
Turbo Pascal Numerical Methods Toolbox. The accuracy was
specified to be to eight sighificént figures. The accuracy
of the routines were teéted on Hermite-Gaussian functions
and found to be within the specified tolerance. The limits
of integrationvwere set to 5 times the width parameter of
the trial functioniin both the y and z-directions. This
ensured that the error incurred by neglecting that part of
the integral that was outside of the limits of‘integration

would be less than the tolerance.

4.2 The Planar VIOWM

The calculafed results from'the modéllfor'the pianar
VIOWM are presenﬁed in section 4.2.1 and the measured

results are presented in section 4.2.2.
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4.2.1 Calculated Results

Figures 4.1 and 4.2 are topographical plots of the
width parameters, wyv‘and Wovr a8 functions of the applied
voltage and interelectrode gap width for a VIOWM for light
with a wavelength of 442 nm. Figutes 4.3 and 4.4 are plots
of the width parameters for 633nm radiation. Thesé results
indicate that the width paraméters decrease with increasing
voltage, with decrgasing gap width and with decreasing
wavelength. In other words the opticél field distribution
of a guided'mode becomes more highly confined to the high
tef:active index region in the vicinity of the
interelectrode gap as one applies an ihcréasing'voltage to
the electrodes and this effect is greater for smaller gaps
as well as at shorter wévelengths. |

The fact that increasing voltage will result in higher
optical confinement is ‘to bé'expected. As the change in the
refractive index distribution due to the application of
voltage to the eiectrodes'becomes.larger the turning point
of the mode moves closer to'the interelectrode gap. .This is
because the change in direction of a ray is proportional to
the gradient Qf the refractiye index distribution [19] and
the change in the refractive index is directly proportional
to the applied voltage. This argument is equally weli

applied to the increase in confinement with decreasing
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interelectrode gap width for the electric field in the
substrate is inversely propdrtional to the gap width. Also
the change in the refractive index distribution is directly
proportional to the cube of the refractive index of the
substrate which in LiNbO3 tends to increase as one
approaches the absorption edge [64].

| The location of the fiber relative to the input of the
VIOWM is an important factor in determining the coupling
coefficient. Here; in any practical switching application
the location of the optical fiber will depend on the
intended application and the range of applied voltages. The
optimum posgition for the fiber in the z-direction will
always be at b = 0. However, the location of the fiber in
the y-direction must be determined by the application.

In the case that the intended applicationvof the VIOWM
is as a digital switch situated between two single-mode
optical fibers onevmight want to ensure that the maximuﬁ
amount of powef is transferred from the input fiber to the
output fiber for a particular applied voltage or one might
want to ensure that the 6utput power is insensitive to
slight wvariations in the applied voltage. Both of these
situations can be achieved by judiciously choosing the fiber
location.

In figures 4.5 and 4.6 are plotted the coupling
coefficient T as a function of applied voltage. Eof these

figures it has been assumed that the optical fibers are
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'1ocated so as to maximize the power transfer for applied
voltages of 30 V and 50 V respectively. 1In this case the
VIOWM is assumed to have a 2 um interelectrode gap and the
wavelength of the light is taken to be 442 nm. It is
apparent from both figures that a greater degree of coupling
will occur at voltages greater than either 30 V, in figure
4.5, or 50 Vv, in figure‘4.6, however the coupling achieved
at these voltages are the greatest that may be achieved for
these voltages.

In figures 4.7 and 4.8 is plotted the coupling
coefficient T as a function of voltage for the optical
fibers positioned so that the maximum coupling'fhat can be
obtained for 30 V and 50 V applied to the electrodes for an
interélectrode gap width of 4 ym and 442 pm light.

In figure 4.5 the actual peak value of the coupling
occurs at ~ 37 V rather than 30 V. This indicates that if
the device were operated at 37:V then the coupling
coefficient woulg-Vafy by only a few pércent for a largér
change in the applied voltage. Also figures 4.5 and 4.7
show that for applied voltages of ~-37 V and 43 V
respectively the coupling‘coefficient T is stationary.. The
coupling coefficient remains within 5% of its maximum value
for changes exceeding 17 volté in figure 4.5 and for eveh
greater Qariations in figure 4.7.

The effect described above woﬁld also be useful‘in

rendering the VIOWM less sensitive to changes in the
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Figure 4.5: The coupling coefficient T vs. voltage for g = 2
pm where the coupling at 30 V is maximized.
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Figure 4.6: The coupling coefficient T vs. voltage for g =2
pum where the coupling at 50 V is maximized.
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Figure 4.7: The coupling coefficient T vs. voltage for g = 4
pm where the coupling at 30 V is maximized.
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Figure 4.8: The coupling coefficient T wvs. voltage for g = 4
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refractive index profile brought about by the
photorefractive effect.

In figure 4.9 are plotted the optimum fraction of‘power
transfer that can be 6btained for a planar VIOWM for light
with a wavelength of 442 nm as a function of both voltage
and interelectrode gap width. The fraction of power
transfer is given by T2. From this figure one can see that
it is possible to obtain -3dB power transfer between an
optical fiber that supports a mode with width parameters Wy f
= Wzy = 1.5 pm and a VIOWM with an applied voltage of only
20 V. Extrapolating the curves presented in figure 4.9
shows that at smaller interelectrode gap widths it would be
possible to obtain even better'power transfer. Calculations
for interelectrode gap-widths less than 2 pm were not
performed because a buffer layer thickness of 5% of the
interelectrode gap width would be less than 1000 A which
‘would not result in sufficient attenuation of the evanescent
field of the guided modes. ™

Finally the use of the VIOWM as a small signél linear
modulator between two opticallfibers is considered. If the
power is to be modulated in a linear fashion then the power
in the output fiber, Pgut, will be related to the power in

the input fiber, P;,, by

* See chapter 2 section 2.3.1.2.
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2 .2
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where Tzin is the fraction of power transfer to the VIOWM at
the input and similarly Tzout is the fraction of power
transfer from the VIOWM at the output. The input and output
fibers could, of course, be located independently. For
example one could be located so that the variation in the
power transfer was minimized for a particular voltagé and
the other could be located at the point of steepest descent
for the same voltage. Another possibility could be to
locate both of the fibers to have the same amount of power
transfer at the same voltage in ﬁhich case the relation

between the output power and the input pouwer beéomes

where T is the coupling coefficient at either the input or
the output. In figures 4.10 and 4.11 are plotted 74 fof the
cases in which both optical fibers are located so as to
achieve the optimum coﬁpling coefficient for a VIOWM with a
2 pm interelectrode gap for a wavelength of 442 nm when 30 V |
and 50 V applied to the electrodes respectively. Asvcan be
seen both figures indicate that there is a linear region in
the transfer curves. In figure 4.10 the linear region
appears to extend from éh applied voltage of ~ 22 V to ~ 26
V in which the fraction of the power transferred goes from -

0.25 to ~ 0.55. 1In this case the appropriate bias voltage
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would be ~ 24 V with a dynamic range of 4 V. Similarly in
figure 4.11 the linear range extends from ~ 25 V to ~ 35 V
and the fraction of power transferred goes from - 0.2 to -~
.0.6. Here an appropriate bias voltage would be ~ 30 V with

a dynamic range of 10 V.

4.2.2 Measured Résults

The apparatus (figure 4.12) consisted of a laéer, av40x
objective, an optical fiber; the VIOﬁM.under tést, a.10x
objective (acting as a projector),.a»pélarizer} é chopper;
énd an aperture and a detector. fhellight,‘xo = 442 nm, was
EOﬁpled into thé fiber, witﬁ cleaved ends, using the 40x
objective. The light was pqlarized in two planes at right
angles. The fiber was wrapped on a spool. It was long
enough for ahy claddihg modes té be sﬁriﬁbéd; A loop,'about

1 inch in diameter, was put in the fiber just before the

outpﬁt end to remove ény'loosély‘guided modes. This givéswm“—m

an output spotléonsisting primarily‘of'thé loweéﬁ 6fdé£ HEil
mode of the fiber. The polarizatibn sfate at the outpﬁt of
thé fiber was not known; however, upon monitoring the output
of the fiber with a ?olarizer placed between the output and
a.detector the power was seen to vary over time by only a

few percent (figure 4.13). The fiber was mounted on a three

axis micropositioner with rotation in the vertical and
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horizontal planes and thus could be aligned with the inputA
face of the VIOWM under test. The stage holding the VIOWM
was rigid. The output objective was also mounted on a three
axis micropositioner. The polarizer was placed between the
output objective and the aperture as was the chopper.

When light at the output of a VIOWM is focused upon an
aperture the.power»transferred to the detector will depend
on the shape and size of the aperture and the shape and size
of the projected optical field distribution at the aperture.
If the aperture is circular then the overlap is that between
the optical field distribution of the guided mode and the
rect (r/2c) function.” Since the transmission of the rect
function is 1 in the region of the total transmission and 0
otherwise its effect is to set limits on the region of the
projected image that is interrogated. If the éperture is
large enough it will pass ﬁhe majority of the power in the
‘projected image of the optical field'distribution for |
sufficiently high voltages and its effect on the
measureménts may reasonably be ignored. It is, however,
.included as it blocks much of the power in the bulk modes
which would otherwise be collected by the detector. Stili

some of the power in the bulk modes is collected resulting

* A rect function is a two dimensional step function. The
rect function is equal to 1 for r € ¢ and 0 otherwise
where c is the radius of the aperture. See Collier,
Burckhardt, and Lin [65] p. 94. This function is also
referred to as the circ(r) function by Goodman [66] p. 14.
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Figure 4.12: The basic laboratory apparatus used to make
measurements on VIOWMs.
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Figure 4.13: The polarized output of the optical fiber.
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in nonzero coupling when zero volts are applied to the
VICWMs electrodes.

The detector was a was a LeCroy Fibercom Analog
.Receiver FAR-4HS. Its gain was adjusted so that 100 pW of
input power corresponded to 1 V- at the output. Before
taking any measurements the fiber was positioned so that its
output spot passed though the bulk of the crystal and“was“
focused on the detector after passing through the polarizer
and chopper. The peak value of the power was then recorded.
This “straight through” power could then be used to
calculate the coupling efficiency to the waveguide.

All of the tests were performed on VIOWMs with a 4um
interelectrode gap.

In figures 4.14, 4.15, and 4.16 a 500Hz triangle wave,
with zero offset voltage, was applied to the eiectrodes of a
VIOWM, nominally 1 mm long. the peak-to-peak voltages
applied to the electrodes are 70, 100, and 130 volts
respectively.v

Figure 4.14 demonstrates the shape of the transfer
curves at low voltages as well as the advahtages of applying
a negative voltage to the VIOWM in the off state. In this
case —-35V needed to be applied to reduce the optical
throughput to a minimum. The negative portion of the input
signal is useful for two reasons; first it acts to create an
“anti-waveguide” and second it helps the VIOWM recover from

changes in the refractive index distribution believed to be



-128-

Figure 4.14: The output of a VIOWM with a 4 pm
interelectrode gap for a 70 V peak-to-peak triangle wave
applied to the electrodes.
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Figure 4.15: The output of a VIOWM with a 4 um
interelectrode gap for a 100 V peak-to-peak triangle wave
applied to the electrodes.
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Figure 4.16: The output of a VIOWM with a 4 um
interelectrode gap for a 130 V peak-to-peak triangle wave
applied to the electrodes.
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due to the photorefractive effect [67]. By‘the term anti-
waveguide is meant a low refractivé index region out of
which light propagating in the bulk modes is steered
creating a dark spot in the interelectrode region. Upon the
application of the negative voltage the dark spot was
located exactly where the output spot was located upon the
application of the positive voltage. Thus the extinction
ratio was enhanced. The mechanism for the change in the
refractive index distribution is discussed in more detail
below.

Figure 4.15 demonstrates that increasing the applied
voltage does, in fact, cause the power transfer to saturate,-
as predicted in the theory, furthermore figure 4.16
demonstrates that increasing the voltage fﬂrther will cause
a reduction in the coupling efficiency. .The mﬁximum
coupling efficiency here was determined to be about -4dB.
This calculation is obtained as 10 times the logarithm 6f
the output optical power from its peak value to its value
with 0 V applied divided by the straight through power. 1In
this way.atténuétiohs and reflections for both the‘output
- and straight through powers would be the same with the
exception that the output power would be scattered by
interactions with the LiNbO3/Si0O; interface. However these
interactions wouldibe small based on the measurements of
about -1 dB/cm loss for diffused waveguides which also have

scattering at this interface [68].
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In figure 4.17 the theoretical coupling coefficient 72
and the measured data are compared. The theoretical curve
is for a planar device having a 4 pm interelectrode gap with
the coupling optimized for 50.0 V. The measured data is
from figure 4.16 and has been scaled by a factor of about
2.0 to fit the theoretical predictions at 0.0 and 50.0 V. A
factor of this order is to be expected due to a slight fiber
to device misalignment. The shapes of the theoretical and
measured cufves are in good agreement except thét there is a
slight discrepancy at low voltage which is believed to be

due to bulk mode coupling.

Other experiments were performed using the apparatus

shown in figure 4.18. 1In this case polarized light was
end-fire coﬁpled into the VIOWM using a 40x microscope
objective and the output was projected onto a detector (an
Alphametrics model dcl010 using a model 11108 wide spectrum
head), through an aperture, as before. The wavelength éf
‘the light was 633 nm and the VIOWM had a 4 um interelectrode
gap but this time it was about an ihch long.

Figure 4.19 shows the output when a 0.5 Hz 70 V peak-
to-peak triangle wave with zero offset voltage was applied
to the electrodes. The total output power was low (21 ny
peak) to reduce the photorefractive effect. The length of
the VIOWM ensured that the bulk mode coupling would be
small. The input coupling was such that the peak output

occurred with about 30 V applied. This figure demonstrates,
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Figure 4.18: An alternate laboratory apparatus setup.
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in the absence of the photorefractive effect and bulk mode
coupling, the voltage controlled coupling behavior of the
VIOWM. The extinction ratio was 23dB. At even lower

optical power levels linear modulation of this device was

demonstrated by applying a 15 V bias to the electrodes.

4.3 The Ridge VIOWM

The calculated results from the model for the planar
VIOWM are presented in section 4.3.1 and the measured

results are presented in section 4.3.2.

4.3.1 Calculated Results

The effect of ridge height on the operation of the
VIOWM as regards the confinement of the guided mode as a
function of ridge width and voltage is studied in this
;section. It is important to understand the effect of ridge
height on the operation of VIOWMs. It will be shown that
the coupling to an optical fiber, at a particular operating
voltage, will depend on this parameter as will the “turn-on”
voltage. |

Here the turn-on voltage refers to the voltage below
which the mode becomes detached from the ridge. At.voltages

below the turn-on voltage the width parameters of the mode
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peak-to-peak triangle wave applied to the electrodes for Ag
= 663 nm.
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increase rapidly however the ridge VIOWM will continue to
act as a waveguide for any positive applied voltage. One
can see this by considering what the refractive index
distribution of the VIOWM looks like far away from the gap.
Using the technique of conformal mapping for two coplanar
electrodes separated by an infinitesimally small gap, with a
voltage V, applied between to the electordes, one finds that

the electric field parallel to the Z-axis is given by

V_cos(9)
E_(y,z) = - °
x P

where p = [(ez/ey)y2+zz]1/2 and 6 = tan'l[(ez/éy);/zy/z].
" From equation 2.2 one sees that the reffactive index
distribution will drop off as 1/r for any positive wvoltage
(one can ignore the contribution of Ey as it will be small)
as one moves away from the gap. Using either the WKB method
[39] or the wave-vector method of Hocker and Burns [33] one
finds that a ray travelling along a radial line will have a
turning point for any positive voltagé.*

- Calculated results are presented for ridge VIOWMs with
tidge heights 0.5, 1.0, and 1.5 times the gap width. These
together with the results for the planar device complete our

analysis of the effects of the variable parameters for

* Jaeger et al. [69] pp. 6-7.
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VIOWMs for which trends can be predicted and the modus
operandi explained.

Figures 4.20, 4.21 and 4.22 are topographical plots of
the‘wyv width parameters as functions of applied voltage and
interelectrode gap width for ridge VIOWMs with heights of
0.5, 1.0, and 1.5 times the gap width respectively for A, =
442 nm. Figures 4.23, 4.24 and 4.25 are the corresponding
plots for the wyy width parameters. The shaded regions on
the graphs indicate where the mode is detached from the
ridge. | A

In figures 4.26 and 4.27 are plotted the coupling
coefficients as functioﬁs of the applied‘voltage for a VIOWM
with a 7 pum interelectrode'gap éhd a haif?height'KO.S times
'~gép width) ridgé. For these figures'it has beeh assumed |
that the optical fibers are lécated s0 as ﬁo méximize'the
power transfer for applied voltagés of 30 V and 50 V
respectively.: Again} as for the pianar'device, one seeé
that,a‘greater degree of cdupiiﬁg will occur at voltages
Qreater than either 30 V,-in figuré'4.26, 6r 50 VvV, in figure
4.27, however the degree of coupling at these voltages is
the gréatest that may be aéhieved; | |

In figures 4.28, 4.29 and 4.30 are plotted the optimum
fraction of power transfer, Tz, that can be obtained for
ridge VIOWMs with heights of 0.5, 1.0, and 1.5 times the gap
iwidth respectiveiy, for A, = 442 nm, as functions of both

voltage and interelectrode gap width. From figﬁfe 4.28 one
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Figure 4.20: A topographical plot of w + for a ridge height
0.5 times the interelectrode gap width" where Ao = 442 nm.
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Figure 4.21: A topographical plot of wy. for a ridge height
1.0 times the interelectrode gap width where A, = 442 nm.
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Figure 4.22: A topographical plot. of wy, for a ridge height
1.5 times the interelectrode gap width where Ao = 442 nm.
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Figure 4.23: A topographical plot of W,y for a ridge height
0.5 times the interelectrode gap width where Ao = 442 nm.
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7 um for a half-height ridge where the coupling at 30 V is
maximized.
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maximized.
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can see that it is possible to obtain -3dB power transfer
haetween an optical fiber that supports a mode with width
parameters wyf = Wyy = 1.50 pm and a half-height VIOWM with
an applied voltage of only ~ 15 V. Also from figure 4.29
one can see that the same coupling can be obtained for ~ 12
vV and from figure 4.30 for -~ 11.5 V.

Again we have considered that the ridge VIOWM could be
used as a small signal linear modulator located between two
optical fibers. In figures 4.31_and 4.32 are plotted 4 for
the cases in which both optical fibers are located so as to
achieve the optimum coupling for a half-height ridge VIOWM
with a 7 um interelectrode gap for a wavelength of 442 nm |
when 30 V and 50 V applied to the electrodes respectively.
Again both figures show small linear regions but neither
figure indicates the same potential as a linear modulator as
aces figure 4.11 for a planar device with a 2pum

interelectrode gap.

4.3.2 Measured Result.é

Figure 4.33 shows a 500 Hz, 100 V peak-to-peak triangle
wavé, with zero offset voltage, applied to a half-height
ridge VIOWM with a fiber at the input as described in
section 4.2.2. The base of the ridge is about 7.5 um wide

and the device was nominally 1 mm long. The knee in the
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Figure 4.28: The optimum power transfer T2 as a function of
applied voltage and interelectrode gap width for a ridge 0.5
times the gap width.
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Figure 4.29: The optimum power transfer T2 as a function of
applied voltage and interelectrode gap width for a ridge 1.0
times the gap width.
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Figure 4.30: The optimum power transfer T2 as a function of
applied voltage and interelectrode gap width for a ridge 1.5
times the gap width.
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device.
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output can clearly be seen for an applied voltage of about
20 V. This effect is believed to be due tb a rapid change
in the width parameters of the fundamental modevof the VIOWM
as it becomes more highly confined to the region of the
ridge.

In figure 4.34 the theoretical coupling coefficient T2
and the measgred data are compared. The theoretical curve
is for a rectangular half-height ridge having a 7 um

interelectrode gap with the coupling optimized for 40.0 V.

- The measured data is from figure 4.33 and has been scaled by

a factor of about 2.2 to fit the theoretical predictions at
0.0 and 50.0 V. A factor of this order is to be expected
due to a slight fiber to device misalignment and scattering
at the ridge walls which were not ideally smooth. The
measurements show a knee at about 18.0 V in good agreement
with the theoretical turn-on voltage. Thé shape of the
curves above 18.0 V do not agree well. This is believed to
be due to the difference in the shapes of the recténgular

4 ridges studied in the theory and the ridgé with slanted
walls that was fabricated. .

Figure 4.35 shows a 500 Hz,.120.V peak-to-peak triangle
wave, with zero offset voltage, appliéd to a half-height
ridge VIOWM again with a fiber at the input. Again the base
of thé ridge is about 7.5 pm and the device is nominally 1
mm long. From this figure one can again see that the

coupling reaches a maximum and then decreases. The maximum
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Figure 4.33: The output of a half-height VIOWM with a 7.5 um
interelectrode gap for a 100 V peak-to-peak triangle wave
applied to the electrodes where Ao = 442 nm.
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coupling efficiency here was determined to be about -4.5dB.
Again, as in section 4.2.2, this calculation is obtained as
10 times the‘logarithm of the output optical power fromvits
peak value to its value with 0 V applied divided.by the
straight through power. This was not compensated for the
effects of scattering at the LiNbO3/SiO; interface although,
as can be seen in figure 3.2, the wallé of the waveguide are
far rougher than the surface and will probably result in
much more scattering than for a planar device. It is
believed, therefore, that the coupling effieciency at the
input is better than this result indicates.

Figure 4.36 shows a 500Hz, 20V square wave applied to
the electrodes of a half-height VIOWM. The peak output
power is seen to be about 50 pW and the minimum output is
seen to be about 10 uW corresponding to an extihction ratio

of about 7dB.

4.4 The Front-End Switch

In this sectién are presented the reéults of
-measurements on a VIOWM that was permanently aligned with an
optical fiber in a flip-chip arrangement on an Si wafer with
etched V-grooves. The voltage signal waé applied via probes

to the electrodes on the Si wafer. Here Ao = 442‘nm.
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Figure 4.35: The output of a half-height VIOWM with a 7.5 um
interelectrode gap for a 120 V peak-to-peak triangle wave
applied to the electrodes where A, = 442 nm.
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Figure 4.36: The output of a half-height VIOWM for a 120 V
square wave applied to the electrodes.
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The application of a VIOWM as a digital switch is
demonstrated by figure 4.37. 1In this figure a 500Hz, 150V
square wave is applied to the electrodes. The VIOWM is
acting as a front-end switch controlling the amount of
optical power coupled into the fiber. The other end of the
fiber was inserted into the LeCroy Fibercom Analog Receiver.
The output signal indicated that the peak-to-peak change in
optical power was ~ 240 uW.

It was found that with a constant voltage applied to
the electrodes over a period of time the waveguide would
decay and, in effect, turn off. It took several seconds for
the wavéguide to turn off although the effect set in
immediately. This was probably due to the photorefractive
effect [22] rather than domain reversal [70,71). Figure
4.38 shows a 0.1sz, +50 V square wave applied fo the
electrodes. As can be seen when 50 V is applied to the
electrodes, there is a rapid initial response by theIVIOWM
followed by a slow decay of the throughput. Similarly, when
the polarity of the applied voltage is re§ersed the
throughput is initially a minimum and increases with time.
The “melting” away of the waveguide and the dark spot can be
seen quite clearly when the output-is projected on a screen.

We believe that this effect is due to the
photorefractive effect rather than domain reversal. >If it
were due to domain reversal then after a long épplication of

voltage, long enough for the waveguide to turn completely
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the switched optical power is ~ 240 uW.
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off, we would have achieved the reversal of a sufficient
number of domains so that there would be virtually no
electrboptic effect. If this were the case then upon the
feversal of the field there should still be very little
electrooptic effect and the output power should remain
relatively constant. Figure 4.38 indicates that this was
not the case. 1In fact we see that ‘initially the throughput
is a minimum and gradually increases, i.e. the dark spot at
first is very much there and then gradually disappears.
Again if this were due to domain reversal then upon a second
reversal of the applied field.there should be little change
in the throughput but we see a rapid increase instéad. In
fact figure 4.38 indicates that during the application of a
negative voltage the waveguide recovers. The negative
voltage is therefore useful as a fly-back cyclé.
Furthermore domain reversal usually occurs in LiNbO3 in
which an impurity gradient exists [72], usually due to én
in-diffusion, although Pendergrass [71] has seen domain
revefsal in substrates into which no impurities were
diffused.

The photorefractive effect is the name given to a
variety éf effects thét cause changes in the refractive
indices of materials when they are exposed to light. 1In
LiNbO3 mobile electrons are produced when light is absorbed
by impurities such as Fe [22]. Without any extérnal electric

field applied the photoexcited carriers move in the crystal
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and so as to generate a voltage such that the +c-end of the
crystal is negative [73]. This is the bulk photovoltaic
.effect. 1If the carriers are captured by traps at the edges
of the illuminated region a space charge region may‘be
established that alters the refractive index via the linear
electrooptic effect.” Kraetzig and Kurz [73] found that an
external field can be applied that will stop the
photocurrent in LiNbO3 doped with either Fe or Cu. In our
substrates, intended fbr optical waveguiding, the Fe density
is intentionally kept low, nominally 5ppm, so that the
photorefractive effect will be minimized. This also means
that the photovoltaic effect will be small. Therefore, as
Jerominek et al. point out [75],’Qhen an electric field is
applied the carriers can travel in any direction. " However
gsince the power density in the bulk modes is still rather
high, especially at the input end of the VIOWM, the number
of photoexcited electrons need not be small. These carfiers'
can be attracted to the high field reéions near the
electrode edges where they will counteract the applied
field. 'When the switching speed is low enough for
sufficient accumulation of charge in the high field regions
the presence of the charge should, in fact, act initially to

enhance the reversed field upon switching, i.e., an extended

* See Guenter and Huignard [74] for a detailed discussion of
the photorefractive effect and photorefractive materials.
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application of a negative voltage during the fly—back cycle
may reduce the positive voltage needed to obtain a desired
degree of optical confinement. Such an effect may prove to
be beneficial in applications where there is a dead cycle.
At higher switching rates the charges do not have time to
accumulate and the decay effect need not be a problem.
Figure 4.37 illustrates that for high speed switching there

is essentially no decay in the output.
4.5 Discussion

In this section various results are highlighted ahdl
others are compared for both the oredicted and the measured
results. | | | |

The most 1mportant result 15 that the predlcted |
behavior of the VIOWM, as a voltage controlled wavegulde,l
has been verified. It has been demonstrated experlmentallv
»that the throughput of a VIOWM w111 1ncrease with 1ncreas;ng
voltage untll a p01nt is reached at which the coupllng is
maximized, then, upon further increasing the voltage the '
coupling‘willhdecrease.

>Figures 4.1 through 4.4 show that the confinement of
the modes is greater for 442 nm radiation than for 633 nm
radiation‘for any particular gap width/operating voltage

combination. This is to be expected as the change in the
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refractive index is less at longer wavelengths due to the-
reduction in the value of the refractive index. Also we see
that the confinement is expected to increése with decreasing
gap width and with increasing voltage for planar devices.
This is a reasonable result since the change in the
refractive index is inversely proportional to the gap width
and is directly proportional to the applied voltage.

Figure 4.9 indicates that for as little as 20 V applied
to a planar VIOWM with a 2 pm interelectrode gap -3 dB
coupling can be obtained when A, = 442 nm and for less than
25 V when the interelectrode gap is 4 pm.

The possible application of the planar VIOWM as a
linear modulator has been demonstrated theoretically énd
linear regions have been seén in the oﬁtputs of the |
experiméntal.devices; figures 4.15, 4.16, and 4,19.

Another result that was predicted by the}theor& and
¢onfirmed by experimeht was the turn-on voltage for ridée
waveguideé. In féct figuresv4.20 and 4.23 indicéte.thét é
half—height ridge VIOWM with a 7 um i#te#electrode gap.
should have a turn-on voltage of about 17 V and figure 4.33
shows the turn-on voltage to be between 15 and 20 V. This
is where the knee at the onset.of the increase in the
throughput occurs indicating a rapid change in the
confinement of light to the ridge. |

While ridge waveguides were not predicted to be very

useful as linear modulators, figures 4.31 and 4.32, we see
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from figure 4.33 that our device in fact demonstrates a very
linear region. This is perhaps due to the walls of the
experimental device being slanted allowing for a greatér
variation in the width of the méde than is. predicted for
devices with vertical walls in figures 4.23, 4.24, and 4.25.

Another result that is interesting is that increasing:
the height of a ridge VIOWM relative to the interelectrode
gap width can increase the coupling between a device and a
fiber at low voltages but it reduces the coupling that can
be obtained at higher voltages; figures 4.28, 4.29, and
4.30.

The improVed digital application of the ridge VIOWM
over the planar as a digital switch is seen by comparing
figure 4.14 with 4.33. The voltage difference between the
knee at the onset of the increase in the throuéhput and the
maximum value of the throughput for the planar VIOWM is a
full 50 V whereas for the ridge device it is‘only‘about 30
V. | '

Ridge devices are predicted to be able to achieve -3 dB
coupling for as'iiﬁtle as 11 V.

Finally for both device types we were able to achieve
large extinction ratios, > 20 dB, bf applying a large
negative voltage to induce a low refractive index anti-
waveguide out of which light in bulk modes was stééred.

That the need for a negative voltage was due to bﬁlk.mode

i

coupling in short, -~ 1 mm, was confirmed by tests on a long
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device, where bulk mode coupling is much reduced, for which
a 23. dB extinction ratio was obtained for a much reduced

negative voltage.
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Chapter 5

Summary, Conclusions, and Suggestions for

Further Work

5.1 Introduction

Here the contents of the thesis are summarized. Then
the conclusions that were drawn from this work are
presented. The chapter is concluded by a section suggesting

possible further research in this area.

5.2 Summary

In this thesis the VIOWM has been studied. Both planar
and ridge type devices were modeled (chapter 2), fabricated
(chapter 3), and results predicted by the theory and tests
on the devices were presented (chapter 4).

The model‘was developed in terms of the theory Ehat the

electric field established by the application of voltage to



-169-

two electrodes, separated by a small gap, can create a
waveguide in an electrooptic substrate. The electric field
distributions established in both the planar and ridge
devices were calculated by conformal mapping methods. Using
the refractive index distribution iﬁ the substrate, caused
by the applied electric field via the electrooptic effect,
width parameters for Hermite- Gausslan approxlmatlons to the
optical field dlstrlbutlons of the guided modes of the VIOWM
were obtained by a variational technique. An expression for
the coupling coefficient between an optical fiﬁer and a
VIOWM was developed baged upon the approximate optical field
distributions. It was possible using all of the above
results to étudy the predicted behavior of a VIOWM as a
voltaée controlled coupler. One envisioned appliéation is
as a 1inkihg waveguidé between two épﬁicél fibéfé another is
és a front-end switcﬁ between a focﬁséd iaser beém ahd aﬁ |
optical fiber. The VIOWM'S use és either a linear moduiator
or as é digital switch was studied.

 Planar devices with interelectrode géﬁs of 4‘um and
ridge devices with 7.5 pym gaps and 4 pm high fidges were
fabricated and tested. |

Finally a planér'devicebused in conjuction with a

‘8ilicon V-groove that acted as a front-end switch between a
focused Gaussian laser beam and an optical fiber was

fabricated and tested.
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5.3 Conclusions

The VIOWM offers considerable potential as an optical
modulator. Its possible applicaﬁion as a linear modulator
or as a digital switch has been demonst:ated. A front-end
switch has beén fabricated.

Both theoretical predictions and measured results have
shown that the VIOWM aéts as a voltage controlled'coupler.
While the voltages used are rélétiﬁely large when compared
to those used in devices suéh as integfated optical Mach-
Zehnders and cross-couplers they are of the éamé'magnitﬁde
as those used in some polarizétion:cdnverters.* Also the
dynamic region of the VIOWM is such that large chénges'in
the output powér can be achieved withoﬁt the need té'apply
the entire on-off voltage,'i}é., biasvﬁolﬁages could be uséd
to reduce the'voltage differénéeé'néeded. Furthermore we
have shown that the VIOWM can be ﬁsed.heér the'absoipﬁiép
edge of LiNbO3; This openslfﬁe ViOWM to applications at
wévelengths ﬁhere other devices_w6ﬁ1d suffer froﬁ the o
effects of the photorefractive effect. While the VIOWM

suffers from the photorefractive effect as do the other

* Examples of voltage levels for these devices can be
obtained from the data sheets provided for optical guided
wave devices by companies such as Crystal Technology Inc.,
Palo alto, California, U.S.A.
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types of device it will recover upon the application of a
fly-back cycle.

The planar device is easy to fabricate. It uses
relatively less real estate than other integrated optical
devices. It therefore promisesvto give high yields and to
be inexpensive. It does not require an in-diffusion cycle
in the fabrication nor do the electrodes require precise
alignment with preformed waveguides.

The ridge device, while more difficult to fabricate,.
needs ;ower switching voltages. Furthermore the ridgé seems
to fix the width parameter in the z direction of the mode
rather precisely. This could be an advantage in designing a

device to operate with a specific optical fiber.

5.4 Suggestions for Further Work.

While we have attempted to make our theoretical
analysis»of the VIOWM as thoréugh’aé pbssible'there is still
room for further study. ‘Thé is also room for improvement in
the fabrication techniques used.

One area which warrants further study is the_
optimization of the length of the devices. It is important
to have devices that are as short as possible to minimize
the capacitancé and to reduce losses. While our devices

were short, ~ 1 mm, they needed a rather large reverse
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voltage to increase the extinction ratio. It is desirable
to reduce this voltage if possible.

Of course here the reverse voltage aléo served as a
fly-back cycle to cause the devices to recover from the
photorefractive effect. The effect of the photorefractive
effect on the performance of the devices needs to be studied
further. Naturally it can be reduced by reducing the power
in the guided mode bﬁt this solution also redﬁces the
VIOWM’ s utility. As we have shown‘application of a negative
voltage, equal in magnitude to the positive voltage, is
sufficient for the VIOWM to operate as a digital switch.
However a study of the effect of applying a large voltage,
either positive or negative, during a dead cycle may be
useful in a certain applicatiohs by reducing the voltages
needed during normal operation. |

Better poliéhing techniques ﬁre héeded; for both the
VIOWMs and the optical fibers, than those that were used.

Other methods of fabricating the;ridgelwaveguides could
also be pursued. While our mefhod waé adequaté’fof
demonstrating the devices behavior betfer throughput should‘
be possible if the ridge wall roughness was reduced.

Finally it would be interesting to investigate the
effect of ridge wall slant on the performance of ridge
VIOWMs. The difference between our predicted results for
ridge VIOWMs with vertical walls and our measured results on

a device with slanted walls indicates that devices with
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slanted walls can incorporate both the turn-on voltage of a
ridge VIOWM while preserving the highly linear regions found

in planar devices.
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Appendix A

THE ELECTROOPTIC EFFECT

A.1 Introduction

This appendix covers topics relevant to this thesis
regarding the linear electrooptic effect. If begins with a
discussion of the optical indicatrix and its relationship to
the relative dielectric impermeability tensorg. Then the
vlinear electrooptic effect is discussed and the reduced
electrooptic coefficient tensor for LiNbO3 is given. ”
Finally both equations 2.1 and 2.2, relating the deformation
of the optical indicatrix to the applied electric field in

our example, are derived.:
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A.2 The Relative Diélectric

Impermeability Tensor

The optical indicatrix™ specifies the refractive index

of a crystal. The equation describing the ellipsoid is

|k
ol
) |<
wn N
NN INN

when x, y, and z are the principal axes. The coefficients
of the above equation, 1/nx2, 1/ny2, and 1/nzz, are the
principal components of the relative dielectric.
impermeability tensor. The notation used above is not.
convenient when discussing tensor transformations therefore
in this appendii the principal axes will be called the x;,
x2, and x3 axes following the convention’used by Nye [23].
'Using this notation éach of the components of the :elative
dielectric impermeability tensor is given by

éEi

Bij =€, — (i=1, 2, and 3; j =1, 2, and 3)

oD .
J
where g, is the permittivity of free space and Ej optical
electric field. The general representation quadric of the

relative dielectric impermeability can then be described by

* Also called the index ellipsoid by some -authors; see Yariv
and Yeh [45]) chapter 7 pp. 220-275.
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B..xX.x.
+3 1+ 3

where the Einstein summation convention is assumed.

The relative dielectric impermeability is a symmetrical
tensor*, i.e., Bjj = Bji. Therefore it is possible to
reduce the number of independent components. The nine

components are reduced to six as shown below:

B B B B B B

11 P12 Bis 1 B¢ Bs
Bo1 Baz Baz | 2| Be B2 By
Bj1 B32 B33 ] - [ Bs By B

A.3 The Electrooptic Effect

The change in the refractivé ihdei of.a‘c:yStal due to
an applied electric field is known as the‘electiboptié
effect. In general a éhan§é in‘ﬁhe.ieffactive‘inaex 6f'é
crystal'will resﬁlﬁ in a changé in the size andboriéﬁtaéion
of tﬁexoptical ihdidatrix. Becausé.of tﬁetrelationship
between the optical indicatrix and the components of the
relative dielectric impermeabiiity tensor changes in the-
optical indicatrix corresponds to changes in the
coefficients Bj 4.

When a crystal exhibits the linear electrooptic effect

the changes in the Bj4 are related to the applied electric

* See Nye [23] p. 246.



=177~

field (the low frequency field applied to the crystal as
Aopposed to the high frequency optical field) via the linear

electrooptic coefficients rjx by ™

AB i=1,2, 3; =1, 2, 3; k=1, 2, 3)

i5 T TigBi ¢
or using the reduced index notation

4By =xr; B, (i=1,23 45 6 3=1,2 3)

LiNbO3 is a member of the trigonal system of crystals
and it is of class 3m.”™ When the x1 axis is defined as the
 axis perpendicular to the mirror plane of the crystal, i.e.,
x1im, then the'electrooptic.coéfficient tensor has the |

nonzero components: rip, ri13, r22, r23, r33, r42, rsj,and

rgij. In matrix form the electrooptic coefficient tensor
looks like

0 r12 Ty

0 T2 Tz

0 0 Tig

0 Tao 0

e, 0 0

r o o

L 61 J

The change in the B; (i =1, 2, 3, 4, 5, 6) due to the

applied electric field is given by

* Here constant temperature and pressure are assumed.

** See Yariv and Yeh [45] p. 232.
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4B, 0 T3 Ti3 B
4B, 0 Typ Ta3 Ey
AB3 0 0 r33 E3
AB4 - 0 r42 0
AB5 ' r51 0 0

. ABG i Loy 0 0 ]

In LiNbO3 -rjo = rpo = -rgj = 3.4x10'12m/V, ri3 = rp3 =
8.6x10"12m/V, rgo = r5; = 28.0x10712m/v, and r33 =
30.8x10"12m/v.* When the applied electric field is in the
x2%x3 plane the components of the relative dielectric

impermeability tensor become

1
—_ - r22E2 + r23E3 ,
2
n
o

* Ibid.
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A.4 Equations 2.1 and 2.2

If, for this problem, the relative dielectric
impermeability tensor were trapsformed to a new set of axes
where;xl’ = xp, x2' = x3, and x3’ = x3, then the Mohr circle
construction as set out in Nye* [23] can be applied directly
to find the distortion of the indiéatrixlin the x2k3 plane.

.The transformation of a'secbndjrank tehsor from 6ne set

of mutually perpendicular axes to another is given by**

Ti5 = 2ix?51Txa

wheré the a's are direction cosines and T and T’ are tehsor
.quantities. The transformation of a second rank tensor froﬁ
the x; set of a#es to the x;’ set of axés, described above,
can be accpmplished using the direction cosines aj; = 0, aj>
=1, als = 0, a; = 0, a2 =0, a3 =1, a3i = 1, a32 =l0,'
and as33 = 0. The impermeability tensor referred to the new

set of axes is

B, = - + r22E2 + r23E3 '

* Chapter II section 4 pp. 43-47

* Nye [23] p. 11.
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1
By = — + r33B3

o]

| =

E., + r

- Tk 23%3 -«

3.
onN

2
[

where the subscripts on the electrooptic coefficients and
the electric field components are unchanged (i.e., they
still refer to the 6rigina1 set of axeé). |

With no applied field fhe major ahdlminorbaxés of the
ellipse formed by téking a‘Croés.séctiéh of the ihdicétrix
in the plane x3’ = 0 are principél axes of the indicatrix.
Upon the appliéation of an electric field the ihdiéatrix.
deforms in bothAsize and orienﬁation.' Sinée thé 6h1§.
nonzero off diagonal element of the relative dielectric
impermeability tensor under the influence of the field is‘u
Bg’ the rotation of the indicatrix is about the x3’-axis.
This being the case the Mohr circle can be used to find the
angle of rotation and the principal components of the new
indicatrix (i.e., the indicatrix when the field is applied) .
If the new principal axes of the relativé dieleétric

impermeability tensor are labeled x3” and x2” and the angle
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of rotation, measured from x3” to x3’, is 6, then the

principal components of the tensor are given by

I4
B] + B!
Bi = - r
2
and
’
Bl-fBé
BE = + r
2
where
: 1/2
( B, - B! ) 2
2 1 2
= —_— .. + B/
* 6
4

and the relationship giving the angle e is

'ZB%
tan(20) =

r —_— r
B> - B

By direct substitution we obtain equation 2.1

2::42Ey
tan(20) =

n - ng + r33Ez - rZZEy - r23Ez

where Ey = E2, and E; = E3.
To obtain equation 2.2 we begin by finding an

expression for By”. First a simple substitution gives

(2.1)
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B + B, B - BJ ' -1 2 q1/2

1

here we can use the approximation (1 + x)l/2 =1 + x/2 for

* . .
small x since [2Bg’'/ (B’ - Bl’)]2 « 1. We can now write
2 2
r - r r r

) B, + B, B) - Bf Bg , Bg"

"2 T 2 ' 2 ' BY, - B’f=82 ' B, - B"
2 1 2 1
or,
2

1 1 EPPLE
__; = _; + r33E .+ " )
ny A Bg — M, + I33kB, — ryoB, - T3E,

The last two terms on the rlght hand side of the above

equation represent the change in the relatlve dielectric

L1
(1
’)

:c,billty due to the application of an electrlc field,
i.e.,
_ {r42E ) ‘ o 1{r42E 32
An = r33Ez + " " - r33Ez + . "
ng - no + r33Ez - r22Ey - r23Ez - n,£ - no

The relationship between the change in the refractive index
and the change in the relative dielectric impermeability is

given by

* See Spiegel [76] p. 110.
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n3An
An =~ -
2
obtained from dn'2/dn = —2/n3 since An = dn for small An.

Now we can write equation 2.2

n2r33Ez(y,2) nz{r425y(y,2)}2
Ane(y,z) LR - - - . : (2.2)
2 2(n - n_ ")
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Appendix B

STATIONARY FORMULAS

B.1 Introduction

This appendix provides the proofs to several of the .
assertions made in chapter 2 about the stationary nature of

certain integrals.

B.2 Equation 2.10

In section 2.4 it is claimed that the integral equation

ay )2 v )2

I = f I, — + — - vz(y,z)\y2 dydz = 0 (2.10)

is stationary and that the general form of the wave equation

2 2
Vtw + vi(y,2)y =0 ,

is the Euler-lLagrange egqaution, where

<
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This is proven by taking the first variation of

eqaution 2.10 which is given by

2 2

2 2
81 = f f 3 R + 5 —_— - 8{v (y,2)vy ] dydz
- dy az
or
81 =f J' 2 — — + 2 — - 2v (y,2)¥dy - 2y v(y,z)d(y,zZ) dydz .
- 3y dy 9z dz

Applying Green’s theorem to the first two terms in the above

integral one obtains

e oo v
I J’ Zii&i+2_—ﬁ dydz =
- " 3y 3y . 3z 2z
2 2
—I I 26y a_v+i’_"’ dydz + f Sva_w_‘ds
- ay 822 c an

and the first variation of equation 2.10 becomes

2 2
85I = J J ~ 28y —_— 4+ + v (y,z)V¥ - 2y v(y,z)(y, 2) dydz .

Bt : aw? 2z 2
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of which the expression contained within the parentheses is
recognized to be the general form of the scalar wave
equation and is equal to zero. Hence the general form of
the scalar wave equation is the Euler-Lagrange equation
provided that v(y,z) is stationary, i.e., if the first
variation of integral is to be zero then the last term in
the integral must also be equal to zero which implies that

v(y,z) must be stationary, i.e.

v(y,z) =0 .

B.3 The Propagation Constant

The purpose of this section is to show that the
propagation constant is a stationary value. To do this one

begins with the equation

o 2

3y

oy

2

2 [ 3%ninl(y, 2] = aninly, @) |
- | - : +n§w,nk§ v
2 2

9z Yoo 9z

L

] dydz
oz

2

By

!_: I_: v2 dydz

and takes its first variation. If the integral in the
numerator on the right hand side of the above equation is
labelled I and the integral in the denominator is labelled

I> then the first variation is given by
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sai=2avspv=s - | = - = - . (B1.1)

The first variation of I is

o oo oy Iy Iy dby ) .
81 = I f 2 — e+ 2 — —— = 20 (y,2)VOV - 2v p(y,2)0p(y,2) dydz .
- 3y Ay 3z 9z
where
2 2 2
9 ln[nz(y,Z)] z aln[nz(y,z)]
2 _ . _ + o2 12
p (y,2z) . - n (y,z)k_
az2 wz 0z

zv

and the first variation of integral I, is

81 , =1 2ydy dydz

so that the terms

2 oD o0
v I I 2yéy dydz

—o0 —oo0

pls1, =8

and

-1 1 20%(y,z)wév dydz

—0 —o0

can be combined to result in

so oo o oo % oo

-1 202(3(,2)‘115‘4' dydz + Bf, I | 2¢dy dydz = - | I‘ 2v2(y,z)v6w dydz

—oa =-oo —o0 oo —o6 —oo
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Applying Green’s theorem to the first to terms in 6I; gives

oo Iy Iy dy by
I j 2 — e+ 2 — __ } dydz =
- dy oy 3z 3z
= o 62w 82w oy
- f I 28y _t dydz + f %y — ds
- ay2 az 2 c an

and the numerator of equation Bl.l becomes

~ o 32v Bzv
2 2
I I - 26y —_—t —— + v (y,2)V | - 2v p(y,2Z) (¥, 2) dydz .

e ay2 P

The expression within the parentheses is recognizable as the
scalar wave equation and is equal to zero. It follows that
3y is stationary provided that the first wvariation of

p(y,z) is zero i.e.

S(y,z) =0

which is obviously so provided that an a priori knowledge of .

Wz+ 1s assumed.



-189-

Appendix C

THE COUPLING COEFFICIENT
C.1 1Introduction

In this appendix equation 2.17 is derived. In section

2.6 we derived the expression-

s vy —{yz/wiv+22/wiv+(y—a)2/w§f+(z—b)2/wif}/2
2afﬁff f —_ e dydz
— 0
] w
T = yv
2
- o0 oo 2,2 2, 2
-(y /w_+z" /w )
. : : . yv. . zv.
av(Bf+Bv)f f — | e dydz
— 0

w
v

by assﬁming that the power coupled to reflected radiated
modeé could be neglected. This was done using the
appréximate field.distribufions motivated in section 2.5 for
the optical fiber and the'VIOWM. Here the variables a and b

locate the center of the optical fiber relative to the
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center of the surface of the waveguiding region of the

VIOWM.

C.2 The Normalized Amplitudes agf and a,,

The time-averaged power propagating in a guided mode of

an optical waveguide may be given terms of the fields by*

1 = . '
P=_ReIJ[ExH]-u dydz
2 x

0000

where B is the electric field, H is the magnetic field, and
uy is a unit vector in the direction of propagation. When
the electric field of the guided mode is polarized in the
plane normal to the diréction propagation, the transverse
plane, the mode is called a transverse electric or TE mode.
The expression for the power in a TE mode may be reduced to

p o0 oo 2
P==—J'J.lE I dydz
t
2po T T

—c0 =00

where the subscript t indicates the transverse component of
the electric field. 1In our case the transverse component of

the electric field is polérized parallel the z-axis and is

* See for example Snyder and Love [(77] chapter 11 pp.
208-237.



-191-

given for the optical fiber by equation 2.11 and for the
VIOWM by equation 2.12. A
If the power in the mode is normalized so that the mode

carries p Watts then the amplitude of the field is

calculated using

2p gop

AT

(yz/w2
Y dydz

for the fiber and using

2pvmp

2

i

— 0

2, 2 2, 2
—(y /w_+ z /wvv)
v “V gydz

W,
Yv

for the VIOWM.
The ratio af/ay is determined by taking the square
of the ratio afz/av2 and by assuming that pf = py = po. It

is given by

2 ' ]

root -

Yy

e ]| —
ag —= 0 w
= yv

e

2, 2
(y /yyv

+ 22/w2 )
_ zv

N | -

dydz

o0 oo 2, 2 2, 2
av Jv J —(y /Wyf + z /wzf
Be e

L “~—~o0=—o00

)
dydz
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Substituting the ratio ag/ay, into the expression for the’

coupling coefficient gives

—{y /w_+z"/w_ _+(y-a) /w__+(z-b)"/w__}/2
2(Bva)l/Z J f _le yv zv vE zf dydz
T yv

2
(yz/w2f+22/wif) = Y —(yz/w2 +22/w2 )
(Bf+BV) f f e ¥ dydz f f o — e v zv dydz
- 0

—oo=—o00

©0 ©o

W
yv

C.3 The Numerator of the Coupling

Coefficient

The integral in the numerator of the above expression

for the coupling coefficient is

r = I f — e . zt dydz .
T 0 : . :

w

yv

2, 2 2, 2 2, 2 2, 2
—y /va + z /wzv + (y-a) /wyf + (z-b) /w

First the integral is to separated into two integrals

one in y and one in z

vE dz

—_— e

—a2/2w2 -b2/2w2 = y —yz/n +ay/w2 = —zz/ﬂ +bz/w2
zf I 'y vE I z zf
r =e dy e

“5 -

where

[



-193-

2 2
2w W
- TyviyE
Qy = -
2 2
wyv + w £
and
2 2
2wszzf
Q = .
£ 2 2
Yav + Yot

and

are made yielding

1/2 ' '
Qynz —(az/w2f+b2/wif)/2 = —y'2+aﬂl/2y’/w2f o —z’2+bﬂl/zz’/wif
r =___ e y I y'e A dy’I e : dz’
w : 0 —e
yv .

We shall solve the above integrals one at a time

begining with

. 1/2
-y /
J v e
0

2
f
Y dy’

.2

+ aQ v /w
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which can be written in terms of the Hermite polynomial
Hij{y")

1/2

+a.Qy 2 at ' 2 1/2 ’ 2

1 -y + aQ v /v
£
dy’ = — f Ho(y") e Y ¥ ay’
0 27

r
Y /wyf

The generating function for Hermite polynomials is™*

X

H (x) = -1 e , n=20,1,2,.

which can be substituted into the ﬁreceding integral giving

2
oo —yr2 4 aﬂ1/2y,/w2f I an1/2y,/w2f g’
f Hl(y') e y ¥ dy’ = - j e y yr_____ dy’ =
0 0 : dy’
= aﬂl/zy’/ 2 ,2
_ f e Y YE 4oY
0

the last term of which is solved using integration by

parts**

* Lebedev [78] p. 60.

*k All of the integrals in this appendix involving
exponentials can be solved using the formulas in Spiegel
[79] on p. 98 and using the special values for the gamma
function on p. 101. S '
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2

1/2 2 e oo 2, _.1/2 2
-y + af y'/w -y’ + aQ 'y’ /w
- e y v l + f e y YE gor =
0 0
at/%:1/2 2 4 —an'/?
Y a“Q /4w
l 4+ —— e ¥ ¥ erfc
2 2
2wyf ‘ zwyf

'The second integral is easily solved giving

= 2 + bﬂl/zz'/w2

-z’ _ 5
f e ?f dz’ = nl/ e
The numerator of the coupling coefficient can now be

written as

1/2

Q0 2,2 2,2 2 4
v z 1/2 —(a /wyf+b /v, ) /2+b ﬂz/4wzf
I © c—— e
2w
YV
an1/2,‘1/2 2 4 _anl/Z
y an /4w .
X 1 + — e ¥ erfc
2 ' 2
2wyf . 2wyf

C.4 The Denominator of the Coupling

Coefficient

The integrals in the denominator of the expression for

the coupling coefficient are
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= —(yz/wzf + zZ/Wif) = ¥ -(yz/wzv + zZ/Wiv)
r’ =er ¥ dydsz —_— | e ¥ dydz

—o0=00 —e 0

which can be separated into four integrals each of which is

solved in a straight forward manner

o 2/w2
J e Y vE dy = w nl/z
2’4 vE r
oo 2
I = £ dz = w n1/2
e zf I'4
o Y 2 2, 2 w "1/2
-y /w yv
I —_— e ¥y dy = r
0 4
w
yv

The expression for I’ becomes

2
_— wvaszyfwzf’t
4
or for r’1/2
/2
1/2 (wvaszyfwzf} *

r’ =

2
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c.5 Equation 2.17

Now the coupling coefficient can be given by

2

T =

B 8, T2

which reduces to

2,2 2,2 2 4
(a /wyf + b /wzf)/2 + b ﬂz/4wz

1/2, 1/2 £
T =
1/2 1/2
. (Bf + ﬁv)(wvaszyfwzf) wyv
a’a /4w4 1 —an;/z W
an1/21‘1/2 e g £ erfc
Y ) 2
’
Yyt : (2.17)
x 1l + .
2
2wyf
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