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ABSTRACT

This thesis incorporates a study of optical waveguiding
and elcctrooptic phase modulation in both planar and .rectangular
waveguides og cadmium sulphide formed by evaporation in a clean high

vacuwn system. Single mode propagation in multimode structures is
considered throughout this investigation.

lLaser radiation at 1.15 um was guided in planar thin poly-
crystalline films of cadmium sulphide evaporated onto amorphous
substrates. The evaporation parameters were studied in the context
of minimising the optical attenuation. A minimum loss of 5 dch'l
for the TEB mode was obtained with films of apparent optimum
stoichiometry and structure. Films grown epitaxially onto csingle
cr&stal substrates have exhibited TE0 mode losses of 2 dBem .

The thin polycrystalline films of cadmium sulphide were
successfully adapted into an Al1-S5i0-CdS-SiO-Al planar multilayer
configuration,;hich formed the basis of a low electrical drive power
opticél phase modulator. The structure was completely evaporated
and unlike previous thin.filmymodulétors does not rely - on the use
of single crystal substrates and*waveguides. The power per unit
bandwidth was minimised by careful choice of buffer and guide thicke
nesses with particular attention ;;de to the additional attenuation
from fﬁé metal electrodes. An experimental structure with a guide
thickness of 1.4 pm and buffer thicknesses of 0.45 pm required

1 drive power for a phase change of 1 radian and a

diffraction limited electrode arca of 10.0x0.5 mmz. A theoretical

11.5 mWiHz

description of the multilayer type elect£50ptic phase modulator is
given and shown to adequately account for the cxperimental results.
Tapered film coupling between 7059-glass films and cadmium
sulphide optical waveguides was also denonstrated with phase
modulation in the composite structure. The structure provides a

low insertion loss and also facilitates coupling between optical



fibres and thin film devices which is an essential prerequisite for a
fully optical communications link.

The fabrication of rectangular waveguides formed from thin
polycrystalline films of cadmium sulphide by ion beam eiching,

selenium diffusion, chemical etching and evaporation onto preferentially

etched silicon substrates is described. The most promising results

1 for a 20 um x 2.0 um cadmium sulphide guide

have been 15 dBcm
evaporated onto a preferentially etched silicon substrate and
15-20 dchfl for a 5 um x 4 pm guide formed by selenium diffusion
into cadmium sulphide (An = 5x10_3). In both cases the results

refer to the lowest order TE mode. The results of an electrooptic

ﬁhase modulator based on a 20 um x 2 um guide evaporated onto an

etched silicon substrate are presented. For an electrode area of

2 1

5.0 x 0,02 mm  a drive power of l.45 mWiiHz ~ for 1 radian phase change

and a base bandwidth of 4.7 GHz into a 508 load are predicted.

A theoretical desigﬁ study_of directional couplers which
exchénge light through the electrooptic effect from one output port
to the other is presented and proposals for a device using selenium

diffused cadmium sulphide rectangular waveguides requiring 61 volts

for switching are given. -
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CHAPTER 1

INTRODUCTION

The idea of using optical frequencies as the carrier for ultra
high information rates has been conéidered for well over twenty years

~ but 1t has only been with the advent of the laser some fifteen years

ago that interest in optical communications began to expand rapidly.
In 19692Miller1 stated the difficulties of a free space optical
cémmunications link using bulk optical components and proposed a
solution whereby the optical devices could be miniaturised and
combined on a single substrate with interconnections by means of
rectangular waveguides (transmission lines). Because of its analogy
with the miniaturisation of electrical components on a single '"chip"
(substrate) to form an integrated circuit Miller adopted the
terminology "integrated optics" to describe this field of research, -
The benefits of such devices are a reduction in size and weight,

rigidity, ease of alignment and freedom from environmental effects

such as interference.

Prior to Miller's proposals several workers had studied thick
dielectric waveguidesz’3 in which the light was coupled into the

structures by focussing onto a polished end of the film, Such
structures were invariably multimode and it was not until Tien et a14
develoﬁed the prism-film coupler*, which enabled efficient excitation
of discrete modes in thin film waveguides, that "integrated optics"
began to expand rapidly. Concurrent with this progress low luss
planar‘waveguides were also reported5. Integrated optics is mainly
concerned with a thin film fabrication téchnology which has progressed
from the initial development of passive planar waveguides to active

waveguides incorporating devices such as modulators and switches

often with lateral confinement of the guided wave. At the commence=-

*  The prism-film coupler was first reported by L.V. Iogansen, Sov.

PhyS- Tech., PhyS- l’ P295 (1962)-




ment of this research a large amount of effort had been given to the
theoretical and experimental studies of coupling light into dielectric

waveguides6’7’8; investigations of active rectangular waveguides were
Jjust appearing9 and a number of active devices had been reportedlo’ll.

During the cowrse of this research the dramatic reductions
in the losses of optical fibres have led to the realisation of large
bandwidth experimental communication links using semiconductor lase:/'
LED transmitters and photodiode receiverslz. The subsequent result
has been the development of planar optical waveguides in the expec-
tation that thin film "integrated optical" circuits can provide a
means of inexpensive multiplexing and demultiplexing within the
transmitter and terminal stages respectively. Thin film waveguide
devices have demonstrated a number of functions which have direct
microwave counterparts. In addition to the many passive devices such
as directional couplersl3, lenses-l4 and prismsls, laser action;6,
frequency'conversion;7, deflectionle, switchinglg, and modulaticn20
have all been reported. Electrooptic modulators employing various

22

materials such as lithium'niobateZI, gallium arsenide  and C‘d(S,Se)11

have all been demonstrated. The majority of interest is now concent-

rated on gallium arsenide in which it is envisaged thatall the functions

required for an integrated optical circuit can be performedzs. In

additién lithium niobate, which has very large electrooptic and
24

acoustooptic coefficients and low waveguide attenuation ™, has enabled

veiy'low drive power devices to be fabricated. Recently investigations
have begun into interactions between devices on the same substrate
and into the problem of efficient coupling between low index silica

2>

fibres and devices fabricated in high index guides 7,

The main goal of integrated optics has been towards the
production of a high bandwidth optical communications link. However,
the techniques are also finding application in the areas of displays

and interfacing electronics to optical memories where bulk optical



components are used at present, the reduction in size and weight, rigidity

Nt

and ease of alignment being key advantages.
The basic requirement of any thin film device is a high
quality film and in the field of integrated optics this means the

' fabrication of dielectric waveguides with low attenuation. The level
of technology required for this is extremely'complei*with approximately
four orders of magnitude improvement in film loss required compared to
dielectric layers used in optical filters. In fibre optical technology
the transmission line can be drawn from high purity bulk material and

26

losses approaching the intrinsic scatter level can be achieved® .
However, the planar technology reauired for integrated optics does not
permit the use of a similar technique and the dielectric waveguides

must be formed directly onto a substrate with the light confined in one

dimension, & slab wéveguide, (Fig. l.1a) or in two dimensions, a rec-
tangular waveguide, (Fig. l.1b). Rectangular waveguides represent a

greater technological challenge due to the additional scatter loss

from the sides of the guide.

Initially waveguides were fabricatled in passive noncrystalline
materials such as glasses and organosilicons. The need for active

devices quickly led to investigations of crystalline films which

require a more stringent fabrication technology than do their amor=

phous counterparts. Most methods of thin film deposition have been

27, sputteringza, proton implantationzg,

52

used including evaporation

diffusion30’31 (both in and out), ion exchange”” and chemical vapour
deposition?3o Initially the bulk of active waveguides were based on
| 34 4

semiconductor materials such as gallium arsenide”’, zinc sulphide™,

zinc oxide35’36 and various diffused guides fcrmed by 11-V1 compound
mixing9¢ However, in and out diffusion of the ferroelectrics such
a8 lithium niobate and lithium tantalate37 have been shown to produce

waveguides with low loss. All these guides with the exception of

zinc sulphide, which possessed high waveguide attenuation and very
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little crystallographic structure, were based on single crystal

substrates,

For most device applications rectangular waveguides, with
their lateral confinement of the guided light, provide lower cross=-
talk interference and enable closer packing of devices on a substrate.
They also permit a change of propagation direction and in the case of
electrooptic phase modulators lead to a lower power per unit band
width requirement through reduced capacitance. For these reasons
most recent waveguide fabrication has been directed toward the

production of low loss, active rectangular waveguides with the main

38, and the ferro=
59 -

electrics lithium niobate and lithium tantalate””. Some interest

emphasis on gallium arsenide and its isomorphs

still continues in the 11=-V1 diffused compounds4owhich were the first

active rectangular waveguides to be reportedll. In late 1974 Schmidt

et a124 demonstrated that titanium diffused into lithium niobate

produced low loss rectangular waveguides and subsequently'thié optical

waveguide fabrication technology has given way to device fabrication.
The importance of coupling optical fibres to thin film devices

has now been fully appreciated and the reflection loss problems

associated with butting low refractive index fibres to high index

films has not yet been solved. An alternative method of coupling

is to taper the waveguide to allow its propagation constant fo match

to a mode in the fibre. This permits almost 100% power transfer but

requires that the waveguide be grown on a low index substrate.

Recently some work has been reported on the sputtering of the ferro-

electrics to form low loss waveguide§41 which would permit efficient
fibre-film coupling.,
It has been apparent since work began on integrated optics

that the modulator would be an essential element of any optical

communications systems A recent review article byKaminowzo illustrates



the large amount of research effort that has gone into the production

of such devices. Many interactions have becen used to modulate guided
optical waves using a particular property of the waveguide or substrate,
Modulation by electroabsorption effects such as injected free carrier
absorption42 or through the electroopticﬂ*,magnetooptic'43 and acousto=-

44

optic’ " effects have all been demonstrated. Films used for magneto-
optic interactions tend to be very lossy and effects such as Faraday
rotation and the Cotton-Mouton effect rely on a rapidly changing
magnetic field to induce modulationg hence the bandwidth of such
devices is small. In acoustooptic modulators (deflectors) diffraction
of the light beam occurs by means of an r.f. generated surface acoustic
wave which usually requires larger powers for unit modulation bandwidth
than do electrooptic modulators. There is the problem of interaction
with other devices on the same substrate. Such devices are also
limited by the bandwidth of the transducer used to launch the surface
acoustic wave although they do not require increased power for increased
bandwidth. Thus much research effort has been concentrated on
modulators using the electrooptic.effect as these devices can achieve
very wide bandwidths with low modulation voltages.

The electooptic effect was discovered over a century ago in
1875 byKerr45 when he observed refractive index changes in certain
liquids, such as carbon disulphide, on the application of an electric
field across the liquid. The effect he noticed was a rcfractive index
change proportional to the square of the applied electric field and is
consequently known as the quadratic or Kerr effect. Subsequently

in 1906 Pockels46 discovered the existence of an effect in crystals
of quartz and tourmaline which had a linear dependence between applied
electric field and induced refractive index change. This effect is

nov known as the Pockels or linear electrooptic effect and is the one

most often used for electrooptic modulation as many crystals of high



optical quality possess large linear coefficients. Prior to the

advent of guided wave optics bulk electrooptic modulators were
diffraction limited in both the thickness and width directions. This
resulted in large voltages being required for modulation due to the
~ distance between the electrodes. The planar waveguide geometry
permits distances of a few microns between the elcctrodes and thus large
electric fields are set up for only small applied voltages. When
lateral confinement of the wave occurs diffraction limiting conditions
no longer apply and very low power per unit bandwidth figures result.
It is obvious that the electrooptic effect will normally
result in phase modulation. For many applications amplitude modulat-
ion is more desirable and a number of systems have been proposed and

demonstrated as amplitude modulators. These include grating diffract-

ion modulators47 in which a periodic change in refractive index, induced

through the electooptic effect, gives rise to a diffracted light beam,
48449 .

an electrooptically controlled directional coupler in which the

light is transferred from one guide to another, a Mach-Zenhder thin
film interferometer50 and a push-pull thin-film optical modulator based
51

on two phase modulators in the arms of a Jamin interferometer~. How-
ever, much of the work has concentrated on the production of low drive
power phase modulators with two electrode geometries proposed (Fig 1.2).
The multilayer configuration (Fig. l.2a) is the more efficient since
most of the electric field appears across the waveguide while with the
transverse electrode geometry of Fig. 1.2b the fringing fields do not
induce such & large refractive index change for the samé applied

voltage. However to use the multilayer structure requires a highly

orientated crystalline film to be grown on an amorphous substrate

while single crystal substrates can be used with the transverse electrode

geometry.

The majority of modulators reported to date have been based on
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single crystal substrates employing the transverse electrode scheme.
The ferroelectrics lithium niobate and lithium tantalate have proved
the most successful due to the low waveguide losses possible with these

materials. The first waveguide phase modulator was produced in

- gallium arsenide22. In mid 1973 Kaminow et 3110 rcported an eféctro-

optic waveguide phase-modulator in out-diffused lithium niobate and

latexr that yeariMartinll reported a rectangular waveguide phase

modulator based on diffusion into single crystals of 1l1-V1l semiconductor

compounds. Subsequently, several modulating structures have been

22 25 24

produced in gallium arsenide s lithium niobate”” and zinc oxide” 7.

1 1 L 3
for one radian

20

The lowest power per unit bandwidth of 1.7 pWMHz
phase change at 633 nm is attributed to Kaminow et al”” for & titanium’
diffused lithium niobate rectangular waveguide modulator.

All modulators are formed from high index materials and there

is a significant problem when coupling such waveguides efficiently to
low refractive ;ndex silica fibres. For modulators based on lithium -
niobat; and gallium arsenide coupling to fibres is achieved by butting
the fibre to the film and problems associated with accurate alignment

and reflection losses give rise to a low transfer of optical energy.

Thus although the waveguide loss is low the overall fibre-fibre ine
sertion loss may still be high. The alternative method to fibre-film
coupling is to phase match the film mode to a mode in the fibre and
under these circumstances close to 100% power transfer is possible.

This method can, however, only be used if the substrate is of a lower

refractive index than the optical fibre. When this condition applies
the waveguide can be tapered to reduce ifé propagation constant to that
of a fibre mode. To date the cadmium sulphide electrooptic phase
modulator described in this thesis is the only such device amenable to
the latter coupling technique.

Cadmium sulphide was selected as a material which could be

vacuum evaporated with a high degree of c-axis orientation parallel to



56

the incident vapour stream” . The high degree of inherent crystall-
inity meant that amorphous substrates can be used and hence a modulator
based on the multilayer structure (Fig. 1.2a) could be employed with a
concomittant reduction in power per unit bandwidth. The structure

. was completely evaporated and is the only such device to have been
reporteds  The modulator was subsequently considered as the basis ofm
electrooptically controlled directional coupler, proposed byﬁMillepl,
in which the optical signal can be switched between the two output

POI‘tSn

The aims of this research were essentially threefold.
(1) To develop planar waveguides of cadmium sulphide by evaporation
onto amorphous substrates and to reduce the waveguide losses to a
tolerable level at which meaningful experiments could be carried oute.
(2) To study both theoretically and experimentally the multilayer
electrooptic phase modulator using slab waveguides of cadmium sulphide
and to prove its compatability with a phase matched fibre-film coupling
technology. |
(3) To fabricate rectangular waveguides based on the evaporated
cadmium sulphide thin films and demonstrate a low power per unit band-
width modulator based on these guidesi further to stﬁdy both theoreti-
cally and experimentally the possigility'of producing an electro-

optically switched directional coupler based on the rectangular wave-

guides of cadmium sulphide.
This thesis is organised into four parts.

Part 1 is concerned with the growth and optical waveguiding in cadmium
sulphide thin films. In chapter 2 the basic properties of slab wave-
guides are summarised with particular reference to the case of cadmium
sulphide. Chapter 3 outlines the growth kinetics, nucleation and

preparation of cadmium sulphide thin films. The basic film properties,

mode analysis and optical attenuation of the films are described in

chapter 4.
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Part ﬁ is devoted to a theoretical and experimental study
of planar multilayer cadmium sulphide waveguide modulators. 1In
chapter 5 a general theoretical analysis for multilayer waveguides is
developed and applied to the specific case of an Al-5i0-CdS-S5SiO-Al
- modulator structure. The experimental results of the modulators are

described in chapter 6 along with the results of a novel composite

modulator structure.

Part IZ_L_T is concerned with work towards a low power per unit
bandwidth electroOPﬁicphase modulator based on rectangular cadmium
sulphide waveguides and an electrooptically switched directional
coupler based on selenium diffused rectangular cadmium sulphide wave-
guides. In chapter 7 the theory for rectangular waveguides is briefly
outlined and modifications to the theory are made to account for the
case of strongly asymmetric waveguides near cut-off. Experimental
fabrication details for rectangular cadmium sulphide waveguides follow
and the chapter‘is concluded with the results of a low power per unit
bandwiﬁth modulator. The theoretical design criteria for electro-
optically switched directional couplers are evolved in chapter 8 and
applied to the case of cadmium sulphide waveguides. JA design based
on selenium diffusion into polycrystalline cadmium sulphide thin films

is proposed.

Paxrt E contains the conclusions on this study and outlines

some proposals for future work.



PART 1

Cadmium Sulphide Thin Film Waveguides

%
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SYNOPSIS

A great deal of effort has gone into the evaluation of various
materials which may be suitable as optical waveguides. However,
little has been reported on good quality crystalline films grown on
- amorphous substrates. Cadmium sulphide is one of a small group of
11-V1l compounds that tend to grow with the c-axis preferentially
orientated parallel to the incident vapour stream. This high degree
of crystallinity is maintained with films grown on amorphous substrates.
Other materials such as zinc sulphide and zinc oxide had been
demonstrated to have large optical attentuation and cadmium sulphide
was chosen for its ease of vacuum evaporation. The major problem is
producing semiconductor guides of low loss and the value of 2 dBc:m"'1
for planar single crystal films of cadmium sulphide (TEomode, A = 1.5 um)
remains one of the lowest waveguide attenuations reported.

In this part the first chapter considers the theory of planar
dielectric waveguides in both isotropic and anisotropic media, in
particular the specific case of cadmium sulphide. Light beam coupling
to thin film waveguides is considered in chapter 2. Chapter 3 deals
with a theoretical resume of the growth and nucleation of evaporated

cadmium sulphide films drawn from published literature and concludes

with details of the experimental apparatus and growth conditions.

The final chapter discusses the characterization of the thin films

through the evaluation of waveguide and other parameters. The results

are fully discussed in the context of the factors governing waveguide

attenuation,



CHAPTER 2:  THEORY OF PLANAR OPTICAL VIAVEGUIDES

The theory of propegation of light in dielectric thin films
is of fundamental importance to the understanding of cadmium sulphide
waveguides and associated devices considered in later chapters. There
. are two well established approaches to the evaluation of waveguide
propagationg both have been extensively reported in the literature and
will only be briefly summarized. The first is known as the "“ray optics™"
approach57 and the second involves & solution obtained through electro-

magnetic field theorysao

It has been shown that a continuum of modes exists associated
with the waveguidesg. This can be subdivided into two broad classificate
ionsy guided modes where the fields are confined by:the waveéuide and
radiation.modes57 where the fields are unguided. Only the former will

be considered in this thesis.

In this chapter a simple three layer planar waveguide geometry
will be considered as shown in Fige. 2.1l. All the media will be
assumed isotropic and the theory will be extended to the case of three

enisotropic media. The specific case of the cadmium sulphide waveguide

will then be evaluated. Beam coupling to the waveguides will also be

discussed.

iy

2.1 PROPAGATION IN ISOTROPIC MEDIA

| The ray optics approach considers the light to be a series

of plane waves which propagate along a zig-zag path (Fig. 2.2) with

the reflections at the guide-substrate/superstrate interfaces occurring
due to total internal reflection. In order to satisfy the criteria
for guided modes the refractive indices must be such that n < n, > n,e
When the wave is totally reflected it suffers a phase change60 which
can be geometrically represented as a shift on reflection called the

Goos-Haenchen shift61 (Fig. 2.3)« For propagation thé waves must

interfere constructively; that is for one round trip within the wave-

guide the total phase change should be an integral number of 2=.
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These above criteria yield the equation

2kny Wicosdy -2 5 -2 4, = 2un (2.1)

as the condition for guided modes. Where k = 2n/\, the wave number,

@10 and é12 are the phase changes on reflection and m is an integer

= 0’ 1’ L worou 9 known as the mode number.

For total internal reflec tion60

2 2, &
6, - n2)2 / n,cosd, (2.2)

2
tan @ 15 = (nl sin
2 . 2 2

for the TE waves, and

2

2, 2 . 25 1 2
tan él2 = n,(n;sin"6; - n,)" /n2n100561 (2.4)

2,2 ., 2 2% , 2
tan @ 10 * nl(nlsm 6y = 0)2 /nonlcosel (2.5)

for the T waves.

\

The phase constant p is defined as

ﬁ = k.nlsj.nel (2-6)

and the wave velocity v as

v=c (k) _ (2.7)
Combining the above equations yields
2 2% 2 2\h
1 .1 (B/5) i (B/emng)
kW(nf--ﬁ/ﬁ)B = mn + tan 1 ._Eli__g_:. + tan 1 -—z-k——-g—,r; (2.8)
(nl"lg/k) - (nl-ﬁ/k) y
for the TE waves, and A
2 2 4 12
2 2 I e I R ok
kW(ny=B/,)¥ = mn + tan -5 5 * tan 555 (2.9)
n2(n1-‘3/k) y no(n]_"ﬁ/k) =

for the T wvaves.

Equations (2.8) and {2.9) are known as the transcendental

equations and are used to predict waveguide propagation in any three

layer isotropic, lossless slab waveguide,
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Electromagnetié field theory cen be used to derive equations
(2.8) and (2.9). For a time harmonic field in non-magnetic, isotropic,

source free media lexwelll!'s equations can be expressed as

* VxE = - 1 H (2.10a)
OV xH = eonzé (2.10b)

V oE = 0 - (2.10¢)

V .H=0 (2.104)

and yield the wave equation

2
2 2 9
V'E= pen ;c% (2.11)

Applying the appropriate boundary conditions to equation (2.11)
the transcendental equations (2.8) and (2.9) can be derived., The TE
waves have field components Ey’ Hi and Hz and the MM waves have field
components H_ , Ex and.Ez. Inside the waveguide there is a sinusoidal
.fieldlyariationuwith m+ 1 generally determining the number of field
nodese. The field outside the waveguide decays exponentially in the
2z direction and is called the evanescent field. The proportion of
optical power carried in these evanescent fields depends critically
on the waveguide thickness and the_refractive index discontinuity and

is an important consideration when metal boundaries are in close

proximity to the waveguidé.

Bothmethodsipf solution have been outlined as each has
advantages in a given situation and both will be utilised further in
this thesis.

Equations (2.8) and (2.9) cannot be solved explicity for B,

the phase constant, as the right hand side of the equation is a trans-

i

cendental function of . However by choosing values of phase

constant the guide thickness can be calculated knowing the refractive

indices, wavelength of operation and mode number. A computer program

was written to plot normalised phase constant (ﬁ/k) versus guide



thickness (W) for a number of TE and T modes. The flow diagram is
detailed in Appendix Al. VFig. 2.4 shows ﬁ/k versus W for an air-
CdS- glass substrate system at a wavelength of 1.15 um. It can be
seen that the?e is a minimum thickness that will support a guided mode
~known as the cut-off thickness. This occurs when.ﬁ/kl= n where n is

the larger surrounding refractive index.

1,2 25,2 2% 2 2%
Wouteoff Tp = {E+tan [ (no-nz)"'/ (nl-no) ‘?'] } / k(nl-no)2 (2.12)

=1 2,2 2.5,2, 2 2\% 2 2.4
W eutoofs T = {mn+tan [nl(no-nz)z/nz(nl-no) 3] } / k(nl-]:lo)2 (2.13)

For the air = CdS - glass system the cut-off thickness for the TEo
mode is 0,057 ume. When the surrounding indices are the same the

cut-off thicknesses for the TE and T modes are equal and for the

special cace of the m = O mode there is a guided mode for an infinitely

thin film. TUnder such conditions the evanescent fields penetrate
deeply into thexsurrounding media.

As the%aveguide thickness increases the number of possible
modes also increases and the B/k of each tends to the guide refractive
index for increasing guide thickness. For very wide guides the phase

constants of the modes become indistinguishable and plane waves propa-

gate in the guide. In this situation the majority of the light energy

is contained within the waveguide.

202 PROPAGATION IN OPTICALLY ANISOTROPIC MEDIA

Cadmium sulphide is an anisotropic material and hence the
three layer structure of section 2.1 must be modified to take into
account the refractive index anisotropy. Fig. 2.5 1illustrates a

waveguide where the three media are considered anisotropic. The

refractive indices no, ny and.n2 have been replaced by the dielectric

tensors [81]’ [52]- and [83] regpectively. The most general form of

the tensor is
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~and solutions of such waveguide systems have been published "+  How=
ever, in order to simplify the model the geometric axes will be consider-
ed to be parallel to the crystallographic axes, reducing the off

63

diagonal elements of the tensor to zero “. Thus the dielectric tensors

[81], [82] and [83] are of the form

ke 0O
[e] =e, [0 k. O 1 (2.15)
0 0 |k,

-

The three layer system can be solved readily following an analysis of
Yamamoto ét a164 since there is no interaction among independent modes.

Maxwell'!s equations for‘ﬁ time harmonic field in non-magnetic,

source free media

vxB=-~uH (2.16a)

v .8=0 . (2.16D)

vV x H = E:c[k] E (2.17a)

v .H=0 (2.17v)
yield the wave equation

g - b e [k] z_i% | (2.18)

Noting that there is no variation along the y coordinate and applying
the boundary conditions to equation (2.18) the mode equations for TE

and T modes are derived.
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for TE waves, and
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1{‘7( 222)2(1{ -p/ 2)%‘ = mT + t "‘1 222 XX k 1xx
k 2xx 'k an L. L 2 L
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(2.20)

for MM waves.

2,3 WAVEGUID® PROPACATION IN THE CASE OF CADMIUM SULPHIDE

Cadmium sulphide is a positive uniaxial materials with

k =k = n2'andk. £ ng where n, and n, are the ordinary and extra-

XX A 0 2%
ordinary refractive indices respectively. The superstrate and
substrate are taken to be isotropic and when these conditions are

substituted into equations (2.19) end (2.20) the following equations

results
(p/k 2).2. 1 (ﬁ/kz"ng)z
kW(n2-§3/ 2)3 = mn + tan"t —5 5L+ + tan = s——— (2.21)
o™k | (n -p/k )":3 (ni;_p/kz)z
for TE waves, and -
o L | (ﬁ/k
kW( ) (n -ﬁ )2 = mn + pan™t — e
/k ng (ni',‘ﬁ/k )3
A (2.22)
1 Prafe B/ 1p)”
+ tan > . 2 _é_I
ny . (n35P/)

for B waves, where Ny, and Ny, are the waveguide ordinary and extrae
ordinary refractive indices respectively.

Equation (2.21) is identical to the mode equation (2.8)
derived for isotropic media and verifies that a TE mode will always

be formed by an ordinary ray whatever the valuez of f for the chosen
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geometry of Fig- 2eDo

Let the birefringence of a crystal B be defined as

B = ne - no (2,23)

Substituting (2.23) in (2.22) for n, . yields

2 2 2.2
1 :1_12 (1 B) (ﬁ/k "n2)
2

B 2 2 -
kW(l+=—) (nI.-B/,°) = mn + tan "y
0Tk nl o (n_-f O-ﬁ/ k2) ©

Il

1o n,
(2.24)
2 2 2\%
-1 B B/ "=nj)
1o B 'k 0
+ tan T -5 (1+-n—-) ————
n
O

lo (nio"ﬁ/ k2) °

The similarity between equation (2.24) and the mode equation (2.9) is
marked. The only difference between the isotropic and anisotropic

cases is a factor (1 + HE_) in every term of the TM mode equation for

1o
an anisotropic film of cadmium sulphide,

The birefringence of cadmium sulphide is small (B = 0,01) and
since pblis equal to 2.32 the percentage change in each term of
equation (2.24) is 0.43%. Fig. 2.6 shows a plot of A[S/kversus the
birefringence B for an air - CdS - glass system for the TMO mode of
a 1l pum thick cadmium sulphide waveguide which calculated the change
in normalised propagation consfant_:rom the isotropic value for vary-
ing amounts of birefringence. The differenEe in ﬁ/k can be seen to
be extrémely'small and for all further waveéuide analyses, cadmium

sulphide will be considered to be isotropic.

2.4 BEAM COUPLING TO THIN FIIM WAVEGUIDES
There are many methods of efficiently coupling free space
propagating light into a mode of a thin film waveguide. These in-

clude edge focussing,66 tapered film coupling,67 holographic coupling,68

grating'coupling69 and prism coupling4. All have been the subject of
extensive theoretical and experimental studies and only a brief

description of the latter two will be given since they form an integral
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part of the experiments described in later chapters. ﬁoth'methods
allow the efficient excitation of discrete modes in a multimode wave-

guide °

2.4.1 THE GRATING COUPLER

This type of coupler is produced by fo;ming*a thin phase
grating (usually in photoresist) on top of the waveguide (Fig. 2.7a)
or by etching a pattern directly into the waveguide or substrate
(Fig. 2.7b)¢ ' One of the diffraction orders of the grating is used
to couple light into the waveguide mode by adjusting the angle of the
incoming beam such that the diffracted beam has the same phase
velocity along the film direction as the gﬁided mode. Such couplers

have typical input efficiencies of m 40% 69 although an efficiency of

)

70% has been reported.70

Grating couplers have the advantage of compaciness, rigidity
and compatability with a planar thin film technolozy. Photoresist
gratings are inefficient on cadmium sulphide due to the large
" refractive index difference between the two materials resulting in a
small perturbation., The gratings were consequently ion etched into
the substrate to improve the coupling efficiency. However, because
of the processing involved in preparing the gratings, prism couplers

were used extensively in most experiments.

2.4.2 THE PRISM COGPLAR

Prism couplers enable accurate calculation of mode propagation
constants, the launching of light at any chosen point on the film and
have a theoretical maximum input efficiency of 81% 7¢

In this type of coupler, coupling takes place through the

surface of the film. The evanescent field associated with the total

internal reflection of light at the boundary between the prism base

and the air gap allows the light to "tunnel" into the waveguide
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(Fig. 2.8). Coupling probeeds to a guided mode when the angle of
incidence on the lower prism face is such that the evanescent field
in the gap region travels with the same phase velocity along the
film direction as the guided mode. As the coupler is reciprocal to
prevent the light leaking back out of the waveguide the prism is

truncated after the maximum light energy has been transferred to the
film.

The propagation constants of the modes can be obtained by
measuring the synchronous coupling angles for the modes. The measure-
menﬁ of two or more mode angles permits the film refractive index and
thickness to be calculated from the mode equation provided the surround-
ing indices and wavelength of operation are known. | A numerical
method is used to solve the equations and the flow diagram for the

computer program is given in Appendix A2. This method was used to

evaluate most of the films grown.

‘ The prism coupler used for launching light into the cadmium
sulphide thin films was made from'rutile. This is a highly bire=
fringent material71 and was cut with the crystal axes as shown in
Fig. 2.8 to allow a constant prism refractive index for both TE and
T modes. The TE mode has its E-field parallel to the c-axis and is
hence subject to extraordinary refractive index while the TM mode
E-field.vectors rotate through the ordinary refractive index plane.,

The largeibirefringence of rutile enables the design of a
coupler which will launch equal powers in both a TE and a ™ mode
by using the birefringence to compensate f;)r ﬁTE > BBI in & given
waveguide structure. Such a prism coulé be useful, for instance,

to excite TE and TM modes in an amplitude modulating structure. The

design of the prism is described in detail in Appendix B.
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CHAPTER 3:  GROWTIH OF EVAPORATED CADMIUM SULPHIDE THIN FIIMS
Cadmium sulphide thin films have been the subject of a great
deal of research over many years. Apart from sputtering of ‘the

12

compound cadmium sulphide’ ~, evaporation of either the elements

cadmium and sulphur, compound cadmium sulphide or a combination of

both have been amongst the most frequently used deposition techniques.
However, deposition procedures have varied considerably causing wide
fluctuations in the reported properties of the thin films. This tends
to indicate that the physical properties of cadmium sulphide thin films
are very dependent on their method of preparation and post evaporation
treatments. The film quality depends not only on the vapour pressures,
substrate temperature and impurity concentration of the charge but also
on the evaporation rates, vapour composition, source temperature and

nature of the substrate and surface morphology.

Previous work has always involved optimising the evaporation

conditions to produce the best electrical, optical or structural
proper;y of the cadmium sulphide thin film73. This research differs
in that the optical property (the waveguide loss) which is being
optimised has not previously been considered. Howeyer, this parameter
was related to optimizing some of the more common thin film parameters
namely the structure and stoichiam;trya The films were mainly grown
on amorﬁhous, inert (no chemical reactivity with the incident vapour)
substrates as these wére to form the basis of supsequent devices, The
film were thus polycrystalline aléhough some films of cadﬁium sulphide
were deposited on single crystal substrates.

A theoretical and experimental étudy of source temperature,
impinging vapour rates, composition of vapours, reaction processes
and nucleation was not considered to be within the scope of*this
- research. The underlying principles involved are however of para-

mount importance in obtaining an understanding of how the properties

of thin films respond to changes in their structure and composition



as well as being essential to the control of their characteristicse.
Consequently, the first part of this chapter deals broadly with the
principles involved in cadmium sulphide evaporation kinetics,

nucleation and film growth and is drawn extensively from published

worke The deposition equipment is then outlined and finally the

deposition procedure and conditions are described.

3.1 MODEIL OF CADMIUM SULPHIDE EVAPORATION
50lel KINETICS OF CADMIUM SULPHIDE EVAPORATION
Thermal evaporation of compound cadmium sulphide in vacuum
is a common technique used to deposit cadmium sulphide thin films and
can be performed where there is either an equilibrium between the
%apour and solid or where there is & non equilibfium. The latter
condition is the one that normally prevails during vacuum evaporation.
Cadmium sulphide is known to dissociate upon evaporation into
a vapour composed predominantly of cadmium atoms and sulphur (82)
molecules together with smaller amounts of the heavier sﬁecies of
sulphur74o In general this vaporization will occur through a series

of reaction steps one of which will be the rate determing step depend-

ing on the condition of the reaction. There have been many studies

76

to determine the reaction steps75*and the rate determining step  and

meny different processes have been discovered. To obtain the same
evaporation rate it is thus essential to have the same processes occurr=-
iﬁg'in.each évaporation. ‘Not only should the inputs to the evaporator
be kept constant to maintain a constant source temperature but also the

composition of the charge must be identical to maintain the same react-

ion steps.

The condensation of a single component or elemental vapour

onto a solid surface is a function of complex adsorption, surface

17

diffusion and nucleation phenomena’''s When the vapour consists of

two components the interaction between the two components as well as

()



their condensation and reevaporation must be taken into consideration.
No comprehensive description of the mechanism of cadmium sulphide
condensation has been published although a few experimental studies
have been concerned with the kinetics of condensation77. During
condensation the following events are considered to occur. The
impinging atom or molecule is attracted to the surface of the
substrate by some force (eg Van der Waals forces) and as a result
loses its velocity component normal to the surface provided the
kinetic energy is not too large. The vapour atom is then physically
adsorbed and will move across the surface until it either interacts
with other adsorbed atoms to form a stable nucleus (chemically
absorbed) or it reevaporates or desorbs into the vapouf phase.
Condensation is thus an equilibrium between adsorption and desorption
processese

The tﬁo coefficients normally used to describe the properties
of impinging atoms are the accommodation and sticking coefficients..
The sticking or condensation coefficient is defined as the probability
of an impinging particle being adsorbed, thermally equilibrated-and
incorporated into the surface. The accommodation coefficient is used
to describe the degree of thermal equilibrium of the substrate surface
particles incident onto and subsequently ejected from it (it is an
indication of the amount of energy interchange between the substrate).
These coefficients are controlled by the type of substrate employed,
substrate temperature and the impinging rate and composition of the
vapour. The latter condition is set by the source (evaporator)
conditions and thus the substrate tempera%ure becomes the single most
important parameter governing the thin film stoichiometry. A
theoretical and experimental analysis of binary vapours reported by
Gunther78 is based on an extension of the well est<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>