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ABSTRACT 

This thesis incorporates a study of optical waveguiding 

and 6lectrooptic phase modulation in both planar and, rectangular 

waveguides of cadmium sulphide formed by evaporation in a clean high 

vacuum system. Single mode propagation in multimode structures is 

considered throughout this investigation. 

Laser radiation at 1-15 ý= 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 dBcm-l 

for the TE 
0 mode was obtained with films of apparent optimum 

stoichiometry and structure. Films grown epitaxially onto single 

crystal substrates have exhibited TE 
0 mode losses of 2 dBem 

The thin polycrystalline films of cadmium sulphide were 

successfully adapted into an Al-SiO-CdS-SiO-Al planar multilayer 

configuration which formed the basis of a low electrical drive power 

optical phase modulator. The structure was completely evaporated 

and unlike previous thin film modulators 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 thick- 

nesses with particular attention made to the additional attenuation 

from the metal electrodes. An experimental structure with a guide 

thickness of 1-4 W and buffer thicknesses of 0-45 ým required 

11-5 mV4, UIz_l drive power for a phase change of 1 radian and a 
2 diffraction limited electrode area of 10-OxO-5 mm A theoretical 

description of the multilayer type electrooptic phase modulator is 

given and shown to adequately account for the experimental results. 

Tapered film coupling between 7059-glass films and cadmium 

sulphide optical waveguides was also dEmonstrated 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 communicatiom link. 

The fabrication of rectangular waveguides formed from thin 

polycrystalline films of cadmium sulphide by ion beam etching, 

selenium diffusion, chemical etching and evaporation onto preferentially 

etched silicon substrates is described. The most promising results 

have been 15 dBcm-1 for a 20 ý= x 2.0 W cadmium sulphide guide 

evaporated onto a preferentially etched silicon substrate and 

15-20 dBcm7l for a5 I'm x4 ým guide formed by selenium diffusion 

into cadmium sulphide (An = 5x, 0-3). In both cases the results 

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

p hase modulator based on a 20 ýLm x2 ým guide evaporated onto an 

etched silicon substrate are presented. For an electrode area of 

5-0 x 0,, 02 mm 
2a drive power of 1-45 mvglHz-l for 1 radian phase change 

and a base bandwidth of 4.7 GHz into a 502 load are predicted. 

A theoretical design study of directional couplers which 

exchange 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 considered for well over twenty years 

but it has only been with the advent of the laser some fifteen years 

ago that interest in optical communications began to expand rapidly. 

In 1969 Miller I 
stated the difficulties of a free space optical 

communications 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 researcheý 

The benefits of such devices are a reduction in size and weight, 

rigidityp ease of alignment and freedom from environmental effects 

such as interference. 

Prior to Millerts proposals several workers had studied thick 

dielectric waveguides 
293 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 

developed the prism-film coupler*g which enabled efficient excitation 

of discrete modes in thin film waveguidesq that "integrated optics" 

began to expand rapidly. Concurrent with this progress low luss 

planar . waveguides viere also reported5. Integrated optics is mainly 

concerned with a thin film fabrication technology 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. Iogansent Sovo 

Phys. Tech. Phys.. 7, P295 (1962). 
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ment of this research a large amount of effort had been given to the 

theoretical and experimental studies of coupling light into dielectric 

waveguides 
6P7,8; 

investigations of active rectangular wave, -,, uides were 

just appearing9 and'a number of active devices had been reported 
10011 

During the coixse 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 laser/ 

12 LED transmitters and photodiode receivers 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 couplersl3t lenseS14 and prisms: 
L5, laser action 

16, 

frequency conversion 
17t deflection 

18 
, switching 

19 
, and modulation 

20 

have all been reported. Electrooptic modulators employing various 

materials such as lithium niobate 
21 

f gallium arsenide 
22 

and Cd(SpSe) 
11 

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

rated on gallium arsenide in which it is envisagod thatell the functions 

required for an integrated optical circuit can be performed 
23. In 

addition lithium niobateg which has very large electrooptic and 

acoustooptic coefficients and low waveguide attenuation 
24, has enabled 

very low drive power devices to be fabricated. Recently inveotigations 

have begun into interactions between devices on the same substrate 

and into the problem of efficient coupling between low index silica 

fibres and devices fabricated in high index guides 
25. 

The main goal of integrated optics has been towards the 

production of a high bandwidth optical communications*link. Howevert 

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 weighto rigidity 

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 

fabricatibn of dielectric waveguides with low attenuation. The level 

of technology required for this is extremely complex 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 

losses approaching the - intrinsic scatter level can be achieved 
96 

0 

Howeverv the planar technology required 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, a slab waveguide, (Fig. l. laj or in two dimensions, a rec- 

tangular waveguidep (Fig. 1.1b). Rectangular waveguides represent a 

greater technological challenge due to the additional scatter loss 

from the sides of the guide. 

Initially waveguides were fabricated 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 

used including evaporation 
279 

sputtering 
28 

# proton implantation 29 
P 

diffusion3001 (both in and out)v ion exchange32 and chemical vapour 

deposition 23. 
Initially the bulk of active waveguideb were based on 

semiconductor materials such as gallium arsenide34 9 zinc sulphide4 9 

zinc oxide35936 and various diffused guides fermed by ll-Vj compound 

mixing9.11ovievert in and out diffusion of the ferroelectrics such 

as lithium niobate and lithium tantalate37 have been dhown to produce 

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

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

substrates. 

Por 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 

electrooptio 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 

emphasis on gallium arsenide and its isomorphs38 , and the ferro- 

electrics lithium niobate and lithium tantalate39- Some interest 

still continues in the 11-VI diffused compounds40 which were the first 

11 
active rectangular waveguides to be reported In late 1974 Schmidt 

et al, 
24 demonstrated that titanium diffused into lithium niobate 

produced low loss rectangular waveguides and subsequently this 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 to match 

to a mode in the fibre. This permits almost IOCý- 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 waveguides4l 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 system. A recent review article by Kaminow 20 illustrates 
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the large amount of research effort that has 8one into the production 

of such devices. Many interactions have been used to modulate guided 

optical waves using a particular property of the waveguide or substrate. 

Modulation by electroabsorption effects such as injected free carrier 

absorption 
42 

or through the ele ctroopt, c2lq 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 modulation; 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 by Kerr45 when he observed refractive index changes in certain 

liquidsp such as carbon disulphidep on the application of an electric 

field across the liquid. The effect he noticed was a rcfractive index 

chanae 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 

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

most often used for electrooptic modulation as many crystals of high 
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optical quality possess large linear coefficients. Prior to the 

advent of Cuided 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 electrodes and thus large 

electric fields are set upý 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 modulatorso These include grating diffract- 

ion modulators47 in which a periodic change in refractive indext induced 

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

an electrooptically controlled directional coupler48949 in which tho 

light is transferred from one guide to another, a Mach-Zenhder thin 

film interferometer5o and a push-pull thin-film optical modulator based 

on two phase modulators in the arms of a Jamin interferometer 51. How- 

everg 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. 1.2a) 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 a large refractive index change for the same applied 

voltageo 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 

22 10 
gallium arsenide In mid 1973 Kaminorr et al reported an eiectro- 

optic waveguide phase modulator in out-diffused lithium niobate and 

later that year Martin 
11 

reported a rectangular waveguide phase 

modulator based on diffusion into single crystals of 11-Vl semiconductor 

compounds. Subsequentlyo several modulating structures have been 

produced in gallium arsenide52 I lithium niobate53 and zinc oxide54. 

-1 The lowest power per unit bandwidth of 1-7 IAV,? AHz for one radian 

phase change at 633 nm is attributed to Kaminow et a, 
55 for a 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 index silica fibres. For modulators based on lithium 

niobate 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 in- 

sertion loss may still be high. The altermtive method to fibre-film 

coupling is to'phase match the film mode to a mode in the fibre and 

under these circumstances close to lOWo 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 its 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 
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the incident vapour stream56. 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 

reported. The modulator was subsequently considered as the basis ofEn 

electrooptically controlled directional couplerv proposed by Miller 1 

in which the optical signal can be switched between the two output 

ports. 

The aims of this research were essentially threefold. 

(3) 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 out. 

(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 
I 

technology* 

(3) To fabricate rectangular waveguides based on the evaporated 

cadmium sulphide thin films and demonstrate a low power per xnit band- 

width modulator based on these guides; further to study both theoreti- 

cally and experimentally the possibility of producing an electro- 

optically switched directional coupler based on the rectangular wave- 

guides of cadmium sulphide. 

This thesis is orgranised into four parts. 

Part 1 is concerned with the growth and optical wavegaiding 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 

sulphidee Chapter 3 outlines the growth kineticst nucleation and 

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

mole analysis and optical attenuation of the films are described in 

chapter 4- 
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Part 11 is devoted to a theoretical and experimental study 

of planar multilayer cadmium sulphide waveguide modulators. In 

chapter 5a general theoretical analysis for multilayer waveguides is 

developed and, applied to the specific case of an Al-SiO-CdS-SiO-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 Ill is concerned with work towards a low power per unit 

bandwidth electroopticphase modulator based on rectangular cadmium 

sulphide waveguides and an electrooptically switched directional 

coupler based on selenium diffused rectangular cadmium sulphide wave- 

guides. In chapter Tthe 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 

bandwidth 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. 
-A 

design based 

on selenium diffusion into polycrystalline cadmium sulphide thin films 

is proposed. 

Paxt IV 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. Howeverv 

little has been reported on good quality crystalline films grown on 

amorphous substrates# Cadmium sulphide is one of a small group of 

11-Vl 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 dBcm-1 

for planar single crystal films of cadmium sulphide (TE 
0 mode, X- 1-5 ýLm) 

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. 
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CHAPTM, 2: TM, ', ORY OF PLANAR OPTICAL WATMUIDES 

The theory of propagation 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 

propagation; 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 a solution obtained through electro- 

magnetic field theory58. 

It has been shovm that a continuum of modes exists associated 

with the waveguide59. This can be subdivided into two broad classificat-, 

ions; guided modes where the fields are confined by the waveguide 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 Fig* 2.1. All the media will be 

assumed isotropic and the theory will be extended to the case of three 

anisotropic media. The specific case of the cadmium sulphide waveguide 

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

discussed. 

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 n0<n1>n 2* 

When the wave is totally reflected it suffers a phase change 
60 

which 

can be geometrically represented as a shift on reflection called the 

Goos-Haenchen shift 
61 (Fig. 2-3)- For propagation thd waves must 

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

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

2kn, Wcose, -2ý 1() -2ý 12 ý 2mn (2.1) 

as the condition for guided modes. Where k- 2nA 9 the wave numberv 
ý10 and 

L2 
are the phase changes on reflection and m is an integer 

Of lf 2 --- 9 known as the mode number. 

For total internal reflection 
6o 

tan 12 n (n, 2 
sin 

26 
1 n2 2 n1cose 1 

(2.2) 

tan 10 = 
22 (n, sin 01 2 

no) nI cose 1 
(2-3) 

for the TE wavesq and 

tan n2 (n 2 
sin 

2el 
_ 

2)-. 'F /n 2n 
Cosa (2-4) ý 

12 11 n2 211 

tan ý 
10 

22222 
n, (n, sin a, - no) /n8ncose 

1 (2-5) 

for the UJ waves. 
k 

The phase constant P is defined as 

kn I sine, 

and the wave velocity v as 

v-c (k/p) (2-7) 

Combining- the above equations yields 
4- 2 

_1 
/ý-n 

2 no 
k, W( 22- 12' 

nj-p/ý) mn 4- tan 22+ tan 22 
(2.8) 

(n, -P/ý)2 (nl-P 02 

for the TE waves, and 2 .302L 
n n; )2 n _n 

2 

klll(n 2_ 2 
mn + tan-' 2+ tan-1 lwý 0 (2.9) -2 22222 

n2 (nj-p/ý) no(n, _p/ý)2 

for the 511 waves. 

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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Electromagnetic field theory can be used to derive equations 

(2.8) and (2.9). For a time harmonic field in non-magrnetic, isotropic, 

source free media Maxwell's equations can be expressed as 

xE-- POA '(2.10a) 

2- 
X" =s0nE (2.10b) 

(2.10o) 

vH. o (2.10d) 

and yield the wave equation 

2E= 
110c n2 

a2 E 
0 at 2 

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, Hx and Hz and the UT waves have field 

components H, E and E Inside the waveguide there is a sinusoidal yxz 
field variation with m+1 generally determining the number of field 

nodese The field outside the waveguide decays exponentially in the 

z 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 waveguide. 

Both methods of 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 P9 

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

cendental function of However by choosing values of phase 

constant the guide thickness can be calculated knowing the refractive 

indicesq wavelength of operation and mode number. A computer pro, -, -am 

was written to plot normalised phase constant Wk) versus guide 



thickness (W) for a number of TE and 711 modes. The flow diagram is 

detailed in Appendix Al. Fig. 2-4 shows P/k versus W for an air- 

CdS- glass substrate system at a wavelength of 1-15 Pm- It can be 

seen that there is a minimum thickness that will support a guided mode 

known as the cut-off thickness. This occurs when P/k -n where n is 

the larger surrounding refractive index. 

222222 Wýut-off TE '22 
fnin+tan- no-n 2) 

2/(nl-no)2] k(nl-n 0 
)" (2.12) 

[n2 2 2)-2j/n2 22 1ý' ) -L (2 2)2 , ýUt-off T1.1 ý 
tm. 

+t.. ýi-l 1 
(n 

0 -n 22 
(n 

1n 0) k n. 1-no 
(2-13) 

For the air - CdS - glass system the cut-off thickness for the TE 
0 

mode is 0-057 Pm- When the surrounding indices are the same the 

cut-o: rf thicknesses for the TE and 2.1 modes are equal and for the 

special case of the m=0 mode there is a guided mode for an infinitoly 

thin film* Under such conditions the evanescent fields penetrate 

deeply into the surrounding media. 

As the waveguide thickness increases the number of possible 

modes also increases and the PAof pach 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. 

2.2 PROPAGATION IN OPTICALLY ANISOTROPIC ITEDTA 

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 illustrates a 

waveguide 'where the three media are considered anisotropic. The 

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

tensors C and C respectively. The most general form of I 
: L]' 

[E2]' 1 
31 

the tensor is 
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62 
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 axesq reducing the off 

diagonal elements of the tensor to zero 
63. 

Thus the dielectric tensors 

IC 
119 

IC 
2. 
] 

and 
IC 

31 are of the form 

k 
xx, 

0k0 (2-15) 
0 yy - 

00kz 
zi 

The three layer system can be solved readily following an analysis of 

Yamamoto et al 
64 

since there is no interaction among independent modes. 

Maxwell's equations for a time harmonic field in non-magnetict 

source free media 

Iv x kl 0 il 
(2.16a) 

v. F, -0 
(2.16b) 

VxH- eýk] (2-17a) 

H-o (2-17b) 

yield the riave equation 

V Co 
aF. (2.18) 

0 at 2 

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 Zil modes are derived, 
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(2.19) 

(k 
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for TE wavesp and 

-1 .1 kkk z(p/k2 -klxx)i ý2zz 21 2zz2 2xx kW( ýý)2(k 
23cj-p/k mn + tan_ 

2xx k: Ltz 
2 klxx 2 (k 
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_j, .1 kk22 -k 
tan-' 2zz 2xx 

Wk 
3xx) 

.&T2 k 3zz2k 3xx 
2 (k 

2xx-K 

for 24 waves. 

2-3 WAVEGUIDE PROPAGATION IN THE CASE OF CADMIMI SULPHIDE 

Cadmium sulphide is a positive uniaxial material; with 

(2.20) 

kxx =k=n2 and kn2 where n and n are the ordinary and extra- yy 0. zz e0e 

ordinary refractive indices respectively. The superstrate and 

substrate are taken to be isotropic and when these conditions are 
I 

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

result; 

ý/ 2- 2) j o/k2_ 2)-j 

kw(n 2 p/. 2)"23, 
= mn + tan-' 

(k ýn 
2+ tan-' - 

no 
3Z k22 (nZ ý/k2)-A: - (n 2 ý/k2) 117 

for TE waves, and 

2 21 n2V 2)W1 n 10ý110 
(ý&2 -n 2 

)2 
kW(- le 

mu + tan 
n: Lo 

(n 
k 10 222 

n2 

nn2 -n 
2) 21 

-1 In le 
Wk 

0 
+ an - 222 

n. 
.' 

(n l3p/ý) 
2 

(2.21) 

(2.22) 

for 21 waves, where n lo and n le are the waveguide ordinary and extra- 

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 valua of P for the chocen 
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geometry of Fig* 2-5- 

Let the birefringence of a crystal B be defined as 

ne- 

Substituting (2.23) in (2.22) for n le yields 

kW(l B (n 2 
_P/ k 

2) 
. mTc + tan-I +-n-) 10 10 

tan-' 

222 
n 16 B 

Wk 
-n 2 

)2 

n2 

(14n 
16 

) 
(n 2 

-P/k 
2)2 

2 . 16 

-n 
2 

10 (1+ B 
(K2 

0 

n2n lo (n2 
0 lo-K2)t 

(2.23) 

(2.24) 

The similarity between equation (2.24) and the mode equation (2.9) is 

marked. The only difference between th6 isotropic and anisotropic 

cases is a factor (1 +RB) in every term of the 0.1 mode equation for 

an anisotropic film of cadmium sulphide. 

The birefringence of ca&, nium sulphide is small (B - 0.01) and 

since n is equal to 2-32 the percentage change in each term of 
10 

equation (2.24) is 0-43%- Fig. 2.6 shows a plot Of 6PIk versus the 

birefringence B for an air - CdS - glass system for the 21 
0 mode of 

a1 pm. thick cadmium sulphide waveguide which calculated the change 

in normalised propagation constant_from the isotropic value for vary- 

ing amounts of birefringence. The difference in P/k can be seen to 

))e extremely small and for all further waveguide analyses, cadmium 

Sulphide will be considered to be isotropic. 

2-4 BE-91 COUPLING TO THIN MAT VIAVEGUIDES 

There are many methods of efficiently coupling free space 

propagating light into a mode of a-thin film waveguide. These in- 
66 67 6a 

clude edge focussing, tapered film coupling, holographic coupling, 

grating coupling 
69 

and prism coupling . 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. Both 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 forming 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 guided mode. Such couplers 

h. ave typical input efficiencies of ov 4Wo 
69 

although an efficiency of 

7Wo has been reported. 
70 

Grating couplers have the advantage of compactnesst rigidity 

and compatability with a planar thin film technolor,, y. Photoresist 

gratings are inefficient on cadmium sulphide due to the large 

refractive index difference between the two materials resulting in a 

small perturbationo The gratings were consequently ion etched into 

the substrate to improve the coupling efficiency. Howevert because 

of the processing involved in prepiaring the gratings,, prism, couplers 

were used extensively in most experiments. 

2-4.2 THE PRISM COUPLER 

Prism couplers enable accurate calculation of mode propdgation 

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 couplerv coupling takez 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 proceeds 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- 

ment 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 material7l, and was cut with the crystal axes as shown in 

Fig. 2.8 to allow a constant prism refractive index for both TE and 

24 modes. The TE mode has its E-field parallel to the c-axis and is 

hence subject to extraordinary refractive index while the 24 mode 

E-field vectors rotate through the ordinary refractive index plane. 

The large birefringence of rutile enables the design of a 

coupler which will launch equal powers in both a TE and a 2.1 mode 

by using the birefringence to compensate for PTE > P,,, in a given 

waveguide structure. Such a prism could be useful, for instance, 

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

design of the prism is described in detail in Appendix Bo 
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CHAPTER 3: GROWTH OF EVAPORATED CADMIUM SULPHIDE THIN MITS 

Cadmium sulphide thin films have been the subject of a great 

deal of research over many years. Apart from sputtering ofýthe 

compound cadmium sulphide72 , 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. 

Howeverý 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 electricalf optical or structural 

property 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. Howeverv this parameter 

was related to optimizing some of the more common thin film parameters 

namely the structure and stoichiometry. The films were mainly grown 

on amorphousp inert (no chemical reactivity with the incident vapour) 

substrates as these were to form the basis of subsequent device3. The 

film were thus polycrystalline although some films of cadmium sulphide 

were deposited on single crystal substrates. 

A theoretical and experimental study 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 characteristics. 

Consequentlyt the first part of this chapter deals broadly with the 

principles involved in cadmium sulphide evaporation kineticsv 

nucleation and film growth and is drawn extensively from published 

work. The deposition equipment is then outlined and finally the 

deposition procedure and conditions are described. 

3-1 ITODEL OF CADMITRA SULPHIDE EVAPORATION 

3.1.1 KDTETICS OF CADMIMA 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 

vapour and solid or where there is a non equilibrium. The latter 

condition is the one that normally prevails during vacuum evaporation. 

Cadmium sulphide is knoym to dissociate upon evaporation into 

a vapour composed predominantly of cadmium atoms and sulphur (S 
2) 

molecules together with smaller amounts of the heavier species of 

sulphur74. 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 

to determine the reaction steps75 -and the rate determining step76 and 

many different processes have been discovered. To obtain the same 

evaporation-rate it is thus essential to have the same processes occurr- 

ing in each evaporation. 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 adsorptionp surface 

diffusion and nucleation phenomena77. When the vapour consists of 

two components the interaction between the two components as well as 
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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 vapour phase. 

Condensation is thus an equilibrium between adsorption and desorption 

processeso . 
The two 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 interchangge 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 temperature becomes the single most 

important parameter governing the thin film stoichiometry. A 

theoretical and experimental analysis of binary vapours reported by 

Gunther7B is based on an extension of the well established theory for 

a single component vapour. He demonstrates that for compounds with 
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a lower vapour pressure than either of the single components (as is the 

case with cadmium sulphide) accurate control of the substrate temperature 

is the single most important criterion for depositing exactly 

stoichiometric layers of the compound. Provided the incident vapour 

rates are sufficiently large then for a substrate temperature at which 

the sticking coefficients of the single components are zero stoichio- 

metry is possible. 

The vapour-substrate-nuclei reaction at the substrate surface 

is illustrated in Pig- 3-1- The components of the vapour are consider- 

ed to be absorbed onto the surface and to undergo an equilibrium 

reaction between formation of compound cadmium sulphide, complexes of 

cadmium and sulphur, and free cadmium and-sulphur which can be desorbed. 

Adjustment of the vapour rates and composition and the substrate 

temperature shift the equilibrium position of this reaction and can 

lead to the deposition of stoichiometric films of cadmium sulphide. 

_3.1.2 
GROWTH AIM CRYSTALLINITY OF CADMILITI SULPHIDE FIIATS 

Many of the important physical properties of cadmium sulphide 

films are sensitive to the method of deposition and the processing 

techniques. The microstructure including crystallographic phasesv 

crystallite size and orientation, and surface features such as rough- 

ness and uniformity depend on factors including substrate temperature, 

deposition rate and angle, and ambient pressure. These variations 

influence the electrical and optical properties and cause non-bulk 

behaviour. 

The absorbed atoms react with each other to form nuclei and 

this is known as the nucleation stage in film growth. The nuclei 

will grow or decay until a certain critical size is reached beyond 

which they will no longer decay. 
79 The growth stage then occurs 

when the nuclei agglomerate into small islands which eventually join 

up to form a continuous deposit and finally a complete film. As 
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the islands grow in size they orientate themselves to achieve an 

equilibrium shape but once large islands form they cannot change shape 

rapidly enough before further growth occurs and thus necks are produced 
80 between the islands Grain boundaries occur in the necks of differ- 

ently orientad. crystallites and the size of the islands at this 

critical stage in the growth governs the grain size. The larger the 

grain size the better will be the thin film structure and the lower the 

optical scatter loss. Thus it is important to achieve growth conditions 

which will produce large grains. The deposition parameters affect 

the agglomeration rate through the sticking coefficients and absorbed 

particle mobility; thus a larger grain size will be obtained if the 

growth rate is slow 
81 

0 

For films evaporated onto inert amorphous substrates the 

important crystallographic considerations are the grain or crystallite 

size and the orientation of the film. The grain size is affected by 

the growth ratep substrate temperature, vapour velocity parallel to 

the'surface, inertness and smoothness of the surface and finally 

deposition angle. For large grain size, therefore, a high substrate 

temperature appears desirable. However high substrate temperatures 

tend to inhibit growth as do absorbed impurities and residual gases 

owing to the reduction in sticking coefficient and the low rate of 

surface diffusion. There should thus exist an optimum substrate 

temperature for the best film structure. 

Polycrystalline films of cadmium sulphide have crystallo- 

graphic order in the c-axis direction; this is Imovm as fibre axis 

texture or preferred orientation. Fibre texture may develop at any 

stage of the deposition and is. strongly dependent on deposition 

parameters 
56 

; substrate temperature, deposition rate and angle, type 

and surface structure of substrate, although the latter may not 

influence the final stages of growth. Pibre texture arises because 
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of the differing growth rates of the various crystallite orientations 
82 

at a given time . Since initial crystallites usually have an 

equilibrium formg preferred orientation is possible on amorphous 

surfaces. When preferred orientation occurs the texture axis is 

commonly inclined towards the direction of incidence of the vapour 

stream56. I-lost common crystal defects can occur in cadmium sulphide 

thin films either by an extension of substrate imperfections into the 

crystal structure or when the islands are coalescing during the 

nucleation-growth phase. 

Cadmium sulphide films predominantly have a wurtzite structure 

but the zinc blend structure has also been detected83,84. Pil. s 

deposited on amorphous substrates usually exhibit a degree of 

preferred orientation with the c-axes of the crystallites normal to 

the substrate surface in the initial layers arising from the nucleat- 

ion conditions. As the film thickness increases the growth conditions 

determine the preferred orientation and the c-axes tend to aligm 

themselves in the direction of the incident vapour stream. 

3.2 DEPOSITION EQUIRFENT 

3.2.1 VACUTRI SYSTT24 

A schematic diagram of the vacuum system assembled for the 

evaporation of cadmium sulphide is shown in Fig- 3.2. It maintained 

a working vacuum between 5xlO-8 and 10-7 Torr during cadmium sulphide 

deposition and had an ultimate vacuum pressure of 10-9 Torr, produced 

by a combination of ion and titanium sublimation pumping. The 

rotary pump was connected through a molecular sieve trap to prevent 

oil migration from the pump contaminating the vacuum chamber. The 

whole system was baked to 100 0C before each evacuation of the chamber 

to remove the water vapour and achieve the ultimate vacuum of 10-9 Torr 
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The electrical pumping system is inherently much slower than a 

conventional diffusion pumped vacuum system but the reduced level of 

hydrocarbon contamination and the lower background level of other 

residual gases outweighed this disadvantage. This level of cleanli- 

ness was considered essential to producing consistent results. 

3,2.2 EVAPORATION CWTBER 

A schematic diagram of the evaporation chamber is shown in 

Fig- 3.2. The evaporation of compound cadmium sulphide was carried 

out using an electron gun evaporator, type EG2 (vacuum Generators)v with 

a maximum rating of 2kW. The beam was electrostatically focussed onto 

the source to give a beam diameter of approximately lmm. The 

cadmium sulphide charge was contained in a water cooled copper hearth. 

Electron beam evaporation was chosen as a convenient means of deposit- 

ing cadmium sulphide with out risk of contamination from the evaporator. 

The substrate heater, a stainless steel block with radiant 

heaters, was placed in a direct line of sight to the source and normal 

to the impinging vapour stream in order to induce c-axis growth of the 

crystallites normal to the plane of the substrate. The temperature 

was controlled to ± 10C by means of a proportional controller with a 

temperature gradient along a three inch glass substrate of less than 

10C. The substrate temperature was monitored by a platinum resistance 

thermometer located in the stainless steel block in order that temper- 

ature measurements were always made from the same position. This 

temperature, which will be called the substrate temperature, was 

between 00 and 30 0C higher than the front face of. the substrate. 

The growth rate was estimated using a quartz crystal thick- 

ness monitor (Edwards Speedivac Model 1) which was also used to calculate 

the film thickness, 

All the evaporation chamber fittings were cleaned regularly 

to prevent excessive outgasing from previous cadmium sulphide deposits. 
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3-3 DEPOSITION PROCEDURE AND CONDITIONS 

The properties of an evaporated cadmium sulphide film depend 

critically on the deposition procedure and conditions. It is thus 

important to outline how the various parameters were controlled during 

an evaporation such that reliable and reproducible films could be 

fabricated. The various parameters that could be controlled were 

substrate temperature, source-substrate distance, rate of evaporationg 

source material, substrate material, ultimate pressure and ambient 

pressure during evaporation. The latter two were dealt with in 

section 3.2 amd the rest will be considered below. 

The parameters were controlled by setting the evaporator 

variables and finally the substrate conditions since there is an inter- 

relation of parameters when a cadmium sulphide film is grown from the 

compound. Two different cadmium sulphide starting materials were 

used and required quite different growth conditions (see chapter 4)- 

The material was, howeverv always used in a fine powder form and packed 

into the hearth in the same manner (for the same input conditions to the 

electron beam gun a lower growth rate was observed for crystalline 

lumps). The minimum power attainable from the electron beam power 

supply was 8 watts and during evaporations it was always maintained 

at that level to produce the slowest evaporation rate. The source- 

substrate distance was set to a height of 211 which permitted a reason- 

able film uniformity over a 1-511 diameter region of the substrate. 

With the above variables held constant the substrate temperature was 

used to adjust the condensation and reevaporation rates of the vapour 

components to produce the optimum film structure. 

To produce a thin film suitable for experimental investigat- 

ions considerable care had to be exercised in the predeposition treat- 

ment of the substrates. The cleanliness of the substrate surface was 

of paramount importance because of the marked influence it had on the 

final physical and adhesive properties of the deposited films. it 
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was necessary to outgas the substrate and the substrate heater at IOOOC 

during the bake-out stage in order that the ultimate vacuum may still 

be attained when the substrate is at a temperature of greater than 

200 0 C. In the interests of film adhesion it was found advisable to 

allow the substrate to cool to below 60 0C before removing it from the 

vacuum chamber* 



CHAPTER 4: CAIMMITA SULPHIDE TITIN PTIM CTIARACTEMIZATION 

Cadmium sulphide had not previously nor has subsequently 

been used by other research workers as a material for thin film di- 

electric waveguides. The rationale for this work is the ease with 

which cadmium sulphide can be vacuum evaporated and the preferential 

c-axis orientation of the films when grown onto most substrates be they 

amorphous, polycrystalline or single crystal. These properties are 

of fundamental importance when the device structures discussed in 

chapters 6P 7 and 8 are considered. 

Cadmium sulphide is a group 11-VI semiconductor compound and 

some of its basic properties are listed in Table 4-1- It has 

a band gap of 2-42eV, exhibits a small birefringence of 0.01 and 

possesses the hexagonal wartzite structure with the c-axis orientated 

perpendicular to the plane of the film. It shows good transmission 

properties in the range 1-14 microns85 and hence is most useful as an 

infrared material. 

The films of cadmium sulphide were evaporated from two 

differpnt starting materials (high purity single crystal cadmium 

sulphide grown by Eagle Picher and "Optran Grade" polycrystalline 

lump producedýby B. D. H. ) using the apparatus described in chapter 3- 

Substrates of different materials were used and a variety of evaporat- 

ion conditions employed. 

The results of analytical techniques other than waveguide 

analysis are described in section 4-1 for amorphous substrates of 

glass and fused silica. Section 4.2'describes the waveguide 

evaluation while films grown on single crystal subst: Fates of spinel 

are considered in section 4-3- Subsequent modifications to the 

growth conditions are described in section 4-4 and section 4-5 concludes 

with a discussion of the factors which contribute to waveguide loss. 
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Molecular weight 144-48 

Refractive index - ordinary 2.32 (X-1.15ým) 
extraordinary 2.336 

Transmission limits -tong wavelength 16 pm 
short wavelength 0.52Pm 

Thermal conductivity 3.8xj0-2CC[. crrýsec-'*C-' 

Thermal expansion 4.2x1O_ 6 OC-1 

Band gap 2.42 eV 

Lattice spacing 4.1374 

Halt mobility -electrons 300 CM2V-lSeC-1 
holes 50 CM2V-1 sec-1 

Effe ctive mass ratio -electrons 0.17 
holes 0.6 

TABLE 41 Some basic properties of US 

J 
$ 
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4-1 ANALYTICAL TECHNIQUES 

The aim of the subsequent analyses was to provide information 

which would enable thin films of cadmium sulphide with the lowest 

possible propagation loss to be produced and to understand the reasons 

for any remaining attenuation. Film appearance is the first obvious 

indication of film quality and Fig- 4-1 shows the dramatic change in 

film stoichiometry caused by varying the substrate temperature. The 

dark brown films indicate an excess of cadmium and as the substrate 

temperature is increased a 1: 1 cadmiumt sulphur ratio is established. 

Raising the substrate temperature still further leads to sulphur rich 

films which are characterized by the cloudy appearance. 

A number of other basic thin film properties were measured 

and are discussed in the following subsections. 

4.1.1 BAND EDGE 

Band edge measurements were carried out to gain an understand- 

ing of the transmission properties of the thin films in the wavelength 

region to be considered for optical waveguiding. Two conventional 

spectrometers were used to cover the wavelength range from 0-35 microns 

to 2-5 microns. Pilms were grown for a range of substrate temperatures, 

(200-3000C) and growth rates (1000-3000 Imin-1). Both the single 

crystal and polycrystalline starting materials were used. The 

amorphous glass substrates used throughout this analysis transmitted 

into the near ultra-violet and therefore did not interfere with the 

band edge measurements# The film thicknesses varied for each 

evaporation, although similar input conditions to the electron beam 

gun, were used, due to the variation in substrate temperature. This 

thickness variation was taken into consideration when comparing the' 

resultso 

Fig- 4.2 illustrates plots of band edge versus substrate 

temperature for diýferent growth rates and both starting materials* 
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Tile band edge is less abrupt in low temperature cadmium rich films and 

extends towards 1 pm. As the cadmium: sulphur ratio approaches 1: 1 

the band edge becomes much sharper and tends to the bulk single 

crystal value of 520 nm. The band edge remains at 520 nm for high 

temperature films. The lower growth rate films (1000 A min-') have 

a band edge nearer the bulk value of 520 nm for the same substrate 

temperature. 

The band edge measurements suggest that in films which are 

deficient in sulphur the structure disorder gives rise to a large. 

number of trapping levels in the band Cap which serve to reduce its 

effective width. For films whose band edge is greater than 600 rim 

the absorption at 1-15 pm becomes significant and these films have a 

large optical waveguide attenuation at this wavelength. 

4.1.2 RESISTIVITY 

Resistivity is a property of a cadmium sulphide film that has 

frequently been used by a large number of workers as a fiGure of merit 

when gauging film qualitY73. Resistivity is affected by the free 

carrier concentration level and the electron mobility. The latter 

factor is a strong function of the film structure while the free 

carrier concentration should indicate the level of free carrier 

absorption loss. The resistivity measurements were carried out using 
86 by Valdes The input resistance a four-point probe method descrý 

of the meters available meant that resistivities of greater than 1042cm 

could not be measured; for cadmium sulphide films of this resistivity 

free carrier absorption should be negligible. Film resistivity was 

calculated as the average value of a series of measurements made over 

a central region of the film. 

The cadmium sulphide films were grown on amorphous glass 

substrates (non-conducting) over a raiige of substrate temperaturest 

growth rates and source materials. The thickness variations of the 



films were taken into account in the calculation of resistivity, 

Fig- 4-3 shows graphs of resistivity versus substrate 

temperature for different growth rates and both starting materials. 

With the single crystal starting material the resistivity rises with 

increasing substrate temperature. The polycrystalline material on 

the other hand passes through a maximum resistivity value. The 

resistivity was greater for the slower growth rate. 

In the films grown from the single crystal material the 

resistivity appears dominated by the free carrier level which arises 

because of the high sulphur concentration in this material. Howevert 

with the films grown from the polycrystalline material the structural 

order dictates the concentration of free carriers with the maximum 

in resistivity. occurring at the optimum film structure. For all 

films the mobility varied by less than one order of magnitude and 

hence had a less significant effect on the resistivity changes. 

The different compositions of the two source materials also account 

for the lower substrate temperatures of the single crystal material 

for the same resistivity. 

4-1-3 PHOTOCONDUCTIVITY 

Photoconductivit5r measureSents were made on the cadmium 

sulphide thin films to provide a more accurate indication of the 

regions of the spectrum in which strong absorption was likely to 

occur and hence those wavelengths to be avoided when waveguide 

evaluation was attempted. There is obvious photoconductivity 

at wavelengths near the band edge but the main concern was the 

presence of trapping levels causing a photoconductive signal - in Ihe 

0.6-1-15 micron region. 

Aluminium electrodes were evaporated directly through a 

metal foil mask and contacts were made by attaching gold wires to the 0 
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electrodes using a silver suspension. Three discrete laser wave- 

lengths (0.633 Pm, 0.9 pm and 1-15 ý=) were used in the investigation 

to Provide high intensity probes. The light was directed normally 

through the film between the electrodes and the photoconductivity 

measured under a. c. conditions for increased sensitivity. 

A strong photoconductive signal at 633 run was exhibited by all 

the films. This is in keeping with the strong fluorescence observed 

at 610 nm in the films. The measurements at 0.9 ýtm and 1.15 Pm 

showed a slight photoconductive signal for the low substrate temperature 

films. Although no photoconductivity was detected with normally 

indicent light for films grown above 100 0 Ct a small signal was measured 

in these films by guiding the light between the electrodes. The 

optimum substrate temperatures were 160 0C for the single crystal 

starting material and 260 0C for the polycrystalline lump and yielded 

filrýs with a trap density responsible for absorption at 1-15 I. Lm of 

less than 1.0 15 
cm3. 

The measurements confirmed that either 0.9 jim or 1-15 pm are 

suitable wavelengths for propagation in cadmium sulphide waveguides. 

The results show no evidence of a sulphur trapping level at about 

IeV87 which would affect waveguide loss at 1-15 Pm- 

1 4.1-4 ITICROSCOPIC FEE "TALYSIS 

Microscopic analysis is one of the most important techniques 

available for gauging the film quality and hence the optical waveguide 

loss. The films were examined using a scanning electron microscope 

at University College London, X-ray analysis was carried out by Standard 

Telecommunication Laboratories, Harlow and transmission electron micro- 

scope studies made by the Chemistry Department, Glasgow University. 

The SIM and X-ray work was carried out on films grown on glass substrates 

while the TEN analysis was for a film grown on sodium chloride. 

The SDA study was carried out by cleaving the glass substrate 



50 

and examining the surface and the cleaved edge of the film. The 

results have subsequently been repeated in the department and Fig- 4-4 

shows micrographs of two films grown at different substrate temperatures. 

The much larger grain size of the higher temperature material is apparent 

and is significant from optical loss considerations. In both films 

the fibre texture is apparent, the larger the grain size the lower 

the waveguide loss. The initial film layers have no discernible 

crystal structure (amorphous region) and this causes some additional 

waveguide loss particularly in thinner films < lpm). 

The X-ray analysis was carried out to gain a quantitative 

idea as to the preferred orientation of the c-axes. The results 

show that on amorphous glass substrates the c-axes are within t 200 

of the normal to the plane of the film. 

With transmission electron microscopy the first few hundred 

angstroms of film growth can be examined in detail. However, ionic 

substrates were used to facilitate separation of the film from the 

substrate. Cadmium sulphide on sodium chloride was found to grow 

epitaxially which is in agreement with other published results 
88 but 

gives no insight into the initial growth layers on amorphous glass 

substrates* 
k 

4.2 WAVEGUIDE EVALUATION 

Waveguiding was attempted with visible radiation of 0.633 lim 

but due to trapping levels within the band gap no guiding was observed 

in any film produced. The next helium-neon transition at 1-15 pm was 

thus used in the majority of waveguide analyses. Most thin film 

information was routinely obtained by the optical methods described below. 

4.2.1 MODE CONSTANT IMASUREITENTS 

Two types of coupler were used for launching the 1-15 vm. 

radiation into the cadmium sulphide thin films. The first method 
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employed a grating which had been formed by etching a phase pattern in 

the substrate (Pig- 5-4a) and the second used a rutile prism coupler 

(Fig- 4-5b). A photo resist grating depositod directly onto the 

cadmium sulphide film did not induce a sufficient phase perturbationg 

due to the large refractive index difference between the cadmium 

sulPhide and photoresist films, to allow efficient coupling. A 

glass or fused silica substrate covered with a film of Shipley 

89 AZ1350 photoresist was exposed to a 476.5 nm argon ion interferometer 

and the required grating periodicity of-& - 0-76 W produced. The 

edges of the phase gratings were produced by contact printing using a 

white light source. The gratings were then ion beam etched for 30 

minutes to define the phase pattern in the substrate. The 

combination of a vacuum evaporated cadmium sulphide film and the etched 

grating produced a coupler with a compact planar structure and a 

coupling efficiency of 35% for 1-15 tm radiation in the TE 
0 

film mode. 

Rutile prisms provided a much simpler means of clnracterizing the cadmium 

sulphide waveguides but repeated application of the prism did cause 

surface damage to the film. These couplers had launching efficiencies 

of 65% for 2-15 ýa radiation coupled to the TE 
0 mode. The refractive 

indicesof. the prism. were measured experimentally at 1-15 Pm to be n 0 

- 2-472 and neý 2-732 which confirm the values calculated from the 

dispersion relations given by de Vore7l for rutile. 

The combination of a quarter-wave plate and a Glan-laser 

calcite polariser was used to select either the TE or TNT polarioation 

without significant lateral displacement of the 1-15 pm input beam. 

The position of the infrared beam on the input coupler was located by 

means of a 0*633 pm laser beam collinearly aligned with the infrared 

beam to within 0.5 milliradians. The infrared radiation was monitored 

by either a Kodak phosphor card or a vacuum image converter tube both 

of which gave visual displays of the 1-15 pm light directly incident 
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on them. In later experiments an image converter (Electrophysips 

model IRV 7100) was available which allowed direct observation of the 

infrared beam in the cadmium sulphide thin film. Coupling to the 

waveguides was achieved by observation of the input beam after 

xeflection. from the base of the prism or the phase grating. A black 

line was observed through the up-converted beam when power was coupled 

into the waveguide. At the output coupler a bright spot corresponding 

to the mode launched in the guide was seen along with the I'm-lines"57 

associated with energy coupled into other ravegaide modes through 

scattering. The existence of a waveguide mode was further confirmed 

by scratching the cadmium sulphide film (once all the measurements had 

been made) at which radiation from the output coupler ceased. 

The most accurate estimates of film refractive index and 

thickness were determined by computer calculations (Appendix A2)* 

using the known refractive indices of the prism and substratet and 

the angles measured between the incident laser beam direction and the 

plane of the film for which synchronous coupling into the TE or 24 

waveguide modes occurred. The effective indices (P/k) for the modes 

were derived from these angles and a knowledge of either the rutile 

prism geometry or the phase grating period. Subsequently, the film 

thickness for each value Of P/k from a set of modes was calculated 

using the appropriate characteristic equation for the mode and a 

selected value of guide refractive index* The refractive index was. 

then varied until the values of film thickness were the same for each 

mode. For the prism coupler film thicknesses could be calculated to 

1% and refractive indices to better than t 0.1'1"fo. The refractive 

indices and thicknesses of a number of cadmium sulphide films are 

listed in Table 4.2 along with-other data relating to, the films, 

Every film analysed exhibited a small birefringence with An=nvý, -nTr-0.01. 

The values of n RI and n TE are comparable with the bulk indices of single 
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crystal cadmium sulphide given by no=2-32 and ne -2-336 at 1.15 Pm 
65. 

The small birefringence found in cadmium sulphide thin films 

can be neglected when considering waveguide analysis and thus Abeles 

method 
go 

was used to check the refractive index. Good correlation 

was obtained with the refractive indices calculated from the mode 

angles even though the absolute error was 
+ 0-5% due to the gradient 

of the tangent function. Only films grown around the optimum substrate 

temperature could be analysed by the mode angle method. In every case 

the refractive index was within 
t 0.6% of the bulk single crystal 

value of 2-32 at 1-15 W- 

Two further techniques were used to check the film thickness; 

firstly, deposition monitoring and secondly by a mechanical technique. 

The film deposition was recorded using a quartz crystal thickness 

monitor and this could be calibrated to give film thicknesses to within 

5% if repeated runs under identical condition were used. Howeverv 

since the quartz crystal was kept at a fixed temperature it was not 

accurate to more than t lWo when deposition conditions were changed. 

Measurement of the film thickness was also obtained using a sliding 

stylus instrument (G. V. Planar surfometer type SFIOO). This 

instrument is capable of measuring steps in films (ie film thickness 
I 

at edge of film) to an, accuracy of 0-05 I'm up to a film thickness of 

1 
1-5 ýtm'and t eo thicker films. This method gave good agreement with 

the values calculated from TE and 51 mode angl. es as seen from the 

results in Table 4*2 

4.2,2 LOSS ITEASUROMTS 

Attenuation measurements provide*the most important 

quantitative information about the cadmium sulphide thin films used 

as waveguides. The propagation losses of the 1-15 pm guided modes 

were determined by a number of techniques. The first method involved 

the extrapolation of loss from a relative power measurement on all 
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the accountable beams directed at and eminating from the input and out- 

put couplers both on and slightly away from the synchronous coupling 

angles. This method will also give a relative measure of the launch- 

ing efficiency of the particular coupler. Alternativelyq by treating 

the rutile output coupling prism as 100% efficienj the loss could be 

calculated by recording the relative output powers as the spacing 

between the undisturbed input coupler and the output coupling prism 

was varied. Repeated application of a prism can cause increased 

attenuation due to damage of the surface. Consequentlyq the first 

measurement was made at the extremity of the light beam in the film 

and then as successive measurements were made the prism was moved 

progressively towards the input coupler. These two methods are 

potentially the most accurate as the actual porer of the guided mode 

was measured* 

The final method involved scanning the cadmium sulphide 

film with a small area germanium photodiode and recording the pover 

scattered out of the film as a function of position along the film. 

This method measures all the light being guided in the film including 

that which has been scattered to the other waveguide modes. Such 

light has however been lost from the launched mode and should be 

considered in attenuation measurements. Fig- 4.6 illustrates a plot 

of scattered light intensity versus distance for a cadmium sulphide 

waveguide along with typical curves for 1-15 pn and 0.633 M propagation 

in an r. f. sputtered 7059 glass* film. It is concluded from these 

curves that large scattering centresy easily identifiable in the 7059 

glass films, are absent from the cadmium sulphide films. 

Measurements by all three methods gave virtually identical 

results due to the fact that there was very little scatter between the 

modes. A plot of waveguide loss for the TE 
0 mode versus substrate 

temperature for varying growth rates is shown in Fig- 4-7 for both 

Co=ing Glass Co. U. S. A. 
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cadmium sulphide starting materials. The curves illustrate that 

there is an optimum range of substrate temperatures over which the 

lowest loss waveguides can be formed corresponding to the best film 

structure and stoichiometry. Table 4-3 shows the losses for the TE 
0 

TE I and TE 2 modes in the waveguide exhibiting the lowest TE 0 mode loss. 

Por amorphous glass-films it is possible to estimate the level of bulk 

absorption57. However since cadmium sulphide guides possess several 

sources of loss, including free carrier absorption, and scattering from 

the initial amorphous regiont grain boundaries and the surface, it is 

not possible to make such an estimates 

The 21 mode losses in all these films viere too large to be 

measured and hence only TE modes were considered* The lowest loss 

for a TE 
0 mode in a polycrystalline cadmium sulphide film grown on an 

anorPhous substrate was found to be 5 dBcm-l for films of thickness 

greater than 1.2 p. For thinner cadmium sulphide films the loss 

increased dramatically and this will be considered iýi more detail 

in Motion 4-4- 

Photoconductive signals were observed front the cadmium 

sulphide guides when planar aluminium electrodes were placed parallel 

to and on either side of the propagation path. Monitoring of the 

signals produced by the 1-15 M radiation proved to be an extremely 

effective method of tuning onto the synchronous coupling angles for 

the TLE and 2.1 modesq particularly when film propagation loss precluded 

the observation of an output beam* 

4.3 SINGLE CRYSTAL SUBSTRATE ANALYSIS 

Device fabrication requires that amorphous substrates be 

used for the cadmium sulphide film growth. Howevert it is valuable 

to consider cadmium sulphide thin films grown onto single crystal 

substrates of < III > spinel, where the films should be epitaxialt 

to investigate further the causes of waveguide loss. "Optran grade" 
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polycrystalline material was used in this analysis since the more 

expensive single crystal material had no benefit in terms of wave- 

guide loss. The cadmium sulphide was evaporated at a rate of 10001. min-1 

onto the single crystal spinel substrates for a range of substrate 

temperatures around the temperature for minimum optical loss waveguides, 

on amorphous substrates. Similar experimental procedures to these 

already detailed in sections 4.1 and 4.2 were followed. 

The resistivity of the films measured was greater than 1042cm. 

Scanning electron micrographs and X-ray analyses showed the films to 

be of better crystalline quality with a c-axis spread of less than 

1 50 about the normal to the plane of the film. The refractive 

indices were measured to be within 
t 0-5% of the bulk single crystal 

value. Optical lossv however, showed a very marked improvement 

(Fig- 4.8) with a minimum loss of 2 dBcm_l being recorded for a film 

deposited at 258 0 C. With these films the substrate temperature was 

much more critical and control to t 10C was important. 

The single crystal-substrate films are largely free of 

grain boundaries and the initial amorphous regions. For amorphous 

substrates the loss can thus be improved by increasing the grain size 

and reducing the thickness of the amorphous region. 

4-4 SUBSEQUENT 124PROVEMYNTS TO THIN FIUTS 

For the cadmium sulphide waveguides the sources of loss are 

free carrier absorptiong and scattering from the initial amorphous 

region, grain boundaries and the surface. Calculations have shown 

free carrier absorption to be negligible and the loss scans of Fig- 4.6 

in dicate that surface scatter is also insignificant. The main causes 

of waveguide attenuation for films grown on amorphous substrates are 

the initial disordered structure and scattering from the grain boundaries. 

Increased grain size and reduced thickness of the initial amorphous 

region should lead to lower cadmium sulphide thin film losses. 
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Modifications were made to the electron beam power supply such 
1 that the minimum growth rate could be reduced from 1000 to 100 Imin- The 

optical loss was measured for a range of film thicknesses grown onto 

amorphous substrates at the optimum temperature of 260 0 C. Both a 

0 -1 0. -1 fast growth rate of 3000A min and a slow gTowth rate of 200A min 

were used, the resultant waveguide attenuation versus film thickness 

for the TE 
0 mode being plotted in Pig- 4-9- It vras found that for 

very thin films the losses were much less for the slower growth rate 

but for films of greater than 1 pm thickness the TE, 
0 mode loso tended 

1 to the same limiting value of 5 dBcm- The initial disordered 

regions of the cadmium sulphide thin film have therefore been greatly 

improved by allowing the initial structure more time to become 

ordered with the slower growth rate. However, once the film is 

established the growth rate is not critical and the ultimate grain 

size does not appear to be affected by the rate. Thin films carry 

more of the optical power in the disordered amorphous'region and thus 

there is a dramatic improvement in the loss of these films. With 

thicker films a lesser amount of power is carried in that region and 

changes in the loss are not found. 

Post-deposition annealing in a nitrogen atmosphere for 2 hr. 

at a temperature of 350 0C was carried out. The films possessed a 

sharper band edge borne out by the accompaning colour change and also 

reduced photoconductivity of 0.633 Pm- The resistivity also increased 

from 8X, 032cm to greater then 1042cm. ýcanning electron micrographs 

showed that the grain size and amorphous region had not altered 

indicating that no recrystallisation had occurred. The resistivity 

increase must therefore be largely attributed to a reduction in the free 

carrier concentration level. optical guiding at 1-15 Pm showed no 

change from the preannealed value and illustrated further the small 

contribution to loss from free carrier absorption. The results 

indicate that the trapping levels within the band Cap caused by the 
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