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SOMMAIRE

Ce travail consiste a etudier, d'une part, la caracterisation

optique et mecanique de couches minces de Si02, pures et dopees,

fabriquees avec la technique de deposition en solution, et d'autre

part, I'application de telles couches en microelectronique et en opto-

electronique

La premiere partie de ce memoire est consacree au procede de

"Spin-on"; les parametres experimentaux permettant la production

de couches minces de bonne qualite y sont identifies. L'indice de

refraction et I'uniformite du depot sont les principales

caracteristiques du film ayant ete optimisees.

La caracterisation optique a ete effectuee avec un systeme

Leitz de spectrometrie par reflectance specialise dans les couches

minces, lequel mesure la reflectance normalisee avec une grande

precision. Nous avons utilise une approche analytique et numerique

basee sur la methode de la matrice caracteristique pour trailer les

donnees sur la reflectance et nous avons ainsi obtenu I'epaisseur et

I'indice de refraction du film avec une tres bonne precision,

depassant les posibilites du logiciel livre par Leitz avec ce produit.



Cette approche a aussi permis la generalisation des mesures de

reflectance aux cas ou Ie film et Ie substrat sont, independamment

I'un de I'autre, transparents ou absorbants.

Dans la seconde partie de ce memoire, la methode developee en

premiere partie est appliquee a la caracterisation de depots de SiOg

sur trois semi-conducteurs importants: Ie Si, Ie GaAs et Ie InP. Les

proprietes mecaniques et I'homogeneite de chacun des depots sont

egalement mesurees et analysees.

Puisque les films de SiOg dopes fabriques par la methode de

"Spin-on" peuvent servir a la fois de guide d'onde a indice gradue, de

traitement antireflection de surfaces de verre ou de

semiconducteurs, ou de couche protectrice sur des surfaces

metalliques, nous avons consacre la troisieme partie de ce travail a

la caracterisation du dopage des couches de Si02 avec du TiOg, du

P20s-ln203 et du Coumarin 504.

Du Si02 est dope avec du Coumarin 504 et on en recouvre la

surface d'un guide d'onde de verre. On demontre ensuite avec ce

nouveau guide la fluorescence caract6ristique dans Ie domaine de

longueurs d'onde allant de 520 nm a 570 nm.



ABSTRACT

This work is directed to the optical and mechanical

characterisation of solution deposited pure and doped Si02, and to

its application in microelectronics and optoelectronics.

First we studied the spin-on process and identified principal

process parameters required for reproducible production of high

quality optical coatings. The basic film characteristics which were

optimised were the optical index of refraction and the thickness

uniformity.

Optical characterisation was performed using a state of the

art reflectance spectrometry system (Leitz MPVSP) applied to thin

films for the measurement of normalised reflectance with high

accuracy. We have developed an analytical and numerical approach

to the reflectance data based on the characteristic matrix method.

This approach allows us to obtain the film thickness and optical

constants with a high accuracy, surpassing the software

capabilities supplied by Leitz with this product.

Using our techniques, we have been able to extend

measurements of the normalised reflectance spectra to both
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transparent and absorbing thin films and to either transparent or

absorbing substrates.

In the second part of this thesis we apply our method to the

characterisation of SiOg films deposited onto three different

semiconductor substrates: Si, GaAs and InP. For all three substrates,

the films' mechanical properties and uniformity were measured and

analysed.

Spin-on Si02 films can be used as index-graded light-guiding,

as anti-reflection coatings on glass and semiconductor surfaces, and

also as a protective coatings for thin metal films. The third part of

the work is devoted to the characterisation of SiOg layers doped

with Ti02, P20s, and In203. The Coumarin 504 is successfully used

as a dopant in spin-on Si02 and overlay on top of a glass waveguide.

It shows the characteristic fluorescence in the wavelength range of

520-570 nm.
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CHAPTER 1

INTRODUCTION

Silicon dioxide is one of the most important dielectric

materials. During the nineteen sixties a great deal of original work

was done on its application to planar microelectronics technology

on silicon in such diverse situation as dielectrics, diffusion masks

and passivation layers [1. 2]-[1. 4], [1-7]-[1-9], [1-12].

Five deposition methods have been extensively studied:

thermal oxidation, sputtering, chemical vapour deposition, vacuum

evaporation [1. 15] and anodic oxidation [1. 13].

In the early seventies, two important breakthroughs in

optoelectronics and optical communication have been accomplished-

the semiconductor laser and the low loss glass optical fiber. Ever

since silicon dioxide films were studied in the context of integrated

optics, and in particular for planar waveguide on Si substrates

[1. 10] and on other transparent substrates [1. 14].

The origins of optical thin films predate microelectronics,

when in 1886 Rayleigh reported that a high refractive index thin



film layer can serve as an anti-reflection coating on a glass

substrate [1. 6]. It was only when high vacuum technology developed

in the nineteen thirties, and reproducible production of optical thin

films became possible.

Another early film production technology was that of chemical

solution coating. The alkyl oxides of silicon or titanium are readily

produced and purified [1. 1]. At first the solution deposited pure and

doped Si02 thin film coatings were used as antireflection coatings

(AR) on glass and semiconductors, and as multilayer antireflection

coatings for distinct wavelength ranges [1. 5, 1. 16]. Later, this

technology was used to make waveguiding layers on glass with

inorganic and organic (including photoresists and epoxy [1. 11] ) thin

films. The chemical solution method, with its ease of doping at low

processing temperatures (200-50QoC) and its planarisation

capability, is readily combined with other processes in

microelectronics or optoelectronics.

For example, it has been reported that the inorganic silicon

dioxide films doped with lead oxide can be produced by mixing two

commercially available organic solutions, and be directly applied to

the glass substrate. Then they are cured at very low temperature of



60oC to obtain a low loss planar waveguide (0. 3 dB/cm at 1.064 fim)

[1. 11]. Similarly, Ti doped, solution deposited Si02 films, first

studied as antireflection (AR) layers, also proved to be a

waveguiding material [1. 17, 1. 18], and already several commercial

products have appeared.

The work presented here is focused on the study of solution

deposited Si02 and Ti02 films and their application to integrated

optics and microelectronics. To ensure a full control and

reproducibility of the films with same properties, we have first

studied the solution deposition process itself. The ultimate measure

of the success of the deposition technique is the optical quality of

the film, and we have developed here an accurate method to measure

the film thickness, refractive index, uniformity, and film depth

homogeneity, and experiments were done for both absorbing and

transparent substrates.

In Chapter 2 we review various methods for preparation of thin

Si02 and Ti02 films by solution methods with emphasis on the spin-

on method, and their compatibility with microelectronics

processing. Their processing parameters and the resulting film index

and thickness relations are studied.



Ti02 films and TiOg doped SiOg are important. Solution

deposited TiOg has a refractive index of 2. 0-2. 1 [1. 18]. When mixed

with Si02, films with different refractive indices and index

gradients can be manufactured to obtain special antireflection and

waveguiding properties. Ti02 films have unique mechanical

properties as well, but they require special characterisation.

Chapter 3 is devoted to the development of a practical

measurement technique for film refractive index and thickness

evaluation, based on normalised reflectance. To be versatile enough,

we provide the mathematical expressions for both transparent and

absorbing substrates in Sec. 3.1

In Sec. 3. 2 we generalise our mathematical treatment to both

multilayer and weakly absorbing films and indicate how to calculate

practically most easily and accurately. Some experimental results

are shown in Sec. 3. 3 to illustrate the use of our method, and the

evaluation of the refractive index of thermally grown SiOg on silicon

to verify the accuracy of the method.

Some particularities for thin SiOg and Ti02 films on

semiconductor substrates (Si, GaAs, lnP) are studied in Chapter 4.

Nevertheless, the general mathematical techniques of Chapter 4



can be applied to any semiconductor substrate whose optical

properties are known

The films mechanical properties and optical homogeneity are

treated in Chapter 5. The in plane homogeneity is measured from

point by point using a focused optical beam, and the in depth

homogeneity is measured using the normalised reflectance spectrum

and our mathematical models introduced in Chapter 3.

Chapter 6 is devoted to three applications of the solution

deposited SiOg films: antireflection films, protective coatings and

planar waveguides.

In order for the results of the mathematical modelling of

Chapter 3 to be easily used for practical day-to-day

characterisation and for simulation in the laboratory we have

included five appendices These appendices provide a practical

procedure for thin film analysis for various film and substrate

configurations.

The optical constants of three semiconductors studied in

Chapter 4 and in wide use in the laboratory (Si, GaAs and InP) are

listed in Appendix 1. Curves for the normalised reflectance minimum

and refractive index relations for single transparent film layers on



Si, GaAs and InP are presented in Appendix 2. Combining the two

appendices and using MATHCAD software, one can calculate the

reflectance minima of the transparent films on three important

semiconductors. The equations used are described in Sec. 3. 1.

The general treatment presented in Sec. 3. 2 can be used under

various circumstances. As an example, we present an 8 layer

simulation software in Appendix 3 which, after some revision, can

be adapted to treat other similar multilayers.

Appendix 4 and Appendix 5 present software for normalised

reflectance spectrum calculation for a transparent single layer both

on an absorbing and a transparent substrate.

In this work we have used the solution method to fabricate

pure and doped SiOg thin films which can ultimately be used in

optoelectronics and microelectronics processing. The normalised

reflectance method is introduced and a practical software for this

purpose is developed. Although spin-on films on Si are widely

studied, we are among the first to characterise them on GaAs, InP

and on glass. For the first time, we have addressed the problem of

film inhomogeneity and provided a means to treat it analytically and

numerically. We have shown as well that for the special case of



linearly inhomogenious films, the refractive index obtained from the

refractive minimum is the mean refractive index.

We have successfully incorporated organic dye (Coumarin 504)

into the SiOg film and used it as an overlay on glass waveguides. We

have demonstrated light coupling and fluorescence in the overlayed

glass channel waveguide.

In developing the P20s doping method, we have produced a novel

transparent 1:1.25 ln203/P20s material in the form of a thin film

and have measured its refractive index and pointed out its potential

application as a dielectric and waveguiding materials.



CHAPTER 2

METHOD OF PREPARATION OF SOLUTION DEPOSITED THIN

FILMS

Several methods can be used to deposit oxide films from

solution. SiOg, TiOg, Th02 and IngOs are deposited with organic

solutions of alkyl oxide, nitrate or butyrate as starting materials

[2. 1]. Solution deposition was originally developed for coating large

surfaces with antireflection coatings, often by dipping. As the

interest in thin film waveguides arose, new coating methods had to

be adapted [2. 2]. In the early solution deposited waveguide

experiments, puddles of organic solution were formed on horizontal

surfaces, and the excess solution was removed by run-off, holding

the substrate in vertical position. Films were then cured at a

temperature between 50-200° C. Depending on the solution types,

film thicknesses in the range of 0. 8-2. 0 }im were obtained.

Unfortunately, with this technique the film thickness is uniform

only in the center part of the substrate [2. 2]. Later both the spin-on

and a slow-removal method were used to improve thickness



uniformity. In all these techniques, the optical properties of the

films are very process depedent [2. 3].

The temperature cycling sequence, the solution composition,

the spinning speed in the spin-on method, and the extraction speed in

the dipping method all influence the resulting films' properties.

The dipping method is double sided and requires a stable

mechanical structure without vibration. It is best suited for large

surface coating. Process standardization can deliver reproducibly

good refractive index and thickness uniformity [2. 3]. The spin-on

method is single sided, and although it is not meant for very large

surface coating, it is compatible with the microelectronics

processing. In the present work, the spin-on method is used

exclusively.

The substrates used are 1 mm thick Fisher microscope slides,

Corning 0211 glass, Si, GaAs and InP. The substrates are cleaned

before coating. For glass or Si02 we use a mild liquid detergent for

the substrate cleaning, followed by Dl water (18 MQ), iso-propanol,

acetone, TCE (tri-chloro-ethylene), acetone, propanol consecutively.

For the Si substrate we use the N203^2804 cleaning process [2. 4]

before the thermal oxidation. For the production of thermal oxide on
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top of the silicon wafer, a dry-wet-dry thermal oxidation processure

is used at 11 OQoC.

For InP and GaAs the cleaning method which can remove native

oxide is used for thickness and refractive index measurement

experiments. As we will see in Chapter 4, the native oxide on

compound semiconductors influences greatly the measurement

accuracy, when the substrate with native oxide is used as standard

reference.

The S102 solution and Ti02 solutions we used contain 7% Si02

and 9% T102 and were obtained from a commercial source (Liquicoat

[2. 5]). They are stored in the dark in a refrigerator at about 1QoC.

Before using the solutions, they should be warmed to room

temperature by allowing them to stand. The solutions must be mixed

immediately before their use. Water introduced by an impure solvent

or by air during improper mixing will deteriorate the solution

causing precipitation. The more the TiOz is doped, the greater is the

tendency to precipite. Usually , well sealed, carefully mixed

solutions are stable for several days after mixing.

In our studies we have used indium and phosphorous oxides, and

Coumarin as dopants. The ln20s is introduced to the solution as a
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chloride or a nitrate with methanol as solvent, while the PgOs is

introduced as phosphate, with either methanol or propanol as the

solvent. All containers we used are cleaned and dried before use

with the mild detergent procedure we described for glass substrate.

We carry out the film deposition in clean rooms where working

surfaces are controled to class 100 conditions to avoid dust

particles in the spin-on film. After mixing, we apply these solutions

to the cleaned substrate surface and spin on the films at 2000-8000

RPM. For most reproducible results, extra care should be taken to

use a constant volume of solution and to wet the surface completely

from the center of the substrate. The time spent to wet the surface

should be also constant. We noticed that the immediate environment

of the spinner is also important. Before using, we clean the working

area with the iso-propanol solutions. The heat treatment of coated

substrate is carried out in two steps as shown in Fig. 2. 1 :
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T°C

300

200

100

60 120 t(min)

Fig.2-1 The heat treatment of the solution

deposited films, showing the temperature

time cycle.

First the residual solvent is driven off at 11QoC for 10 min

(region a). The films are then baked at a temperature between 200

and SOQoC (region b) to produce hard films resistant to the original

solvent and water. After the heat treatment, the film thickness and

refractive index are measured with a Leitz spectrophotometer using

the reflectance minimum method as we have developed in Chapter 3.

As we shall see in Chapter 5 , the film is mechanically and

optically uniform to within 1. 2% in the planar and 5% in vertical

directions. We have also used this technique to obtain multilayers
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for antireflection coating. However, for crack free films great care

and complete cycling of each layer is necessary [2. 6].



CHAPTER 3

DETERMINATION OF THE FILM THICKNESS AND ITS INDEX OF

REFRACTION

In this chapter, we first discuss the use of normalised

reflectance methods for thickness and refractive index

measurements suitable for the characterisation of solution

deposited thin films on silicon and glass substrates. We then

introduce a general simulation method we have developed based on

normalised reflectance calculations for multilayer films on

transparent or absorbing substrates.

3. 1 DETERMINATION OF REFRACTIVE INDEX AND THICKNESS

OF SOLUTION DEPOSITED Si02/Ti02 FILMS ON SILICON

The reflectance R, of a transparent film, f, of index of

refraction nf, on an absorbing substrate, s, of index of refraction ns,

and extinction coefficient ks is [3. 5, 3. 3]:
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R=[raf2+P fs2+2raf Pfs COS(0fs+2p)]/[1+raf2pfs2+2rafPfsCOS(0fs+2p)] (3. 1)

where, for normal incidence, the reflectance at the ambient-film

interface, raf, is:

raf2=[(nf-na)/(nf +na)P (32)

and where na is the index of refraction of the ambient atmosphere

(for air na~ 1).

The reflectance at the film-substrate interface, pfs, is:

Pfs2=[(ns-nf)2+ks2]/[(ns+nf)2+ks2] (3. 3)

and 0fs expresses by how much the phase change at the film-subtrate

interface differs from K:

0fs=tan-"i [2ksnf/(ns2+ks2-nf2)] (3. 4)

One often defines an angle p pertaining to the constructive
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interference of the film.

P=27infd/X (3. 5)

where d is the thickness of the film, \ is the incident light's

wavelength.

Similarly, the reflectance at the ambient-substrate interface

Ro, is-

Ro=[(ns-na)2+ks2]/[(ns+na)2+ks2] (3. 6)

We define the normalised reflectance of the thin film, Rnorm, as:

Rnorm=R/Ro (3. 7)

It is Rnorm which is always measured practically for thin films.

To appreciate the effect of the constructive interference term

which depends on film thickness, d, on the normalised reflectance,

we show, in Fig. 31, the results for Si02 (nf=1. 42) on Si for Rnorm
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versus d at X=400 and 600 nm.
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Fig. 3. 1 Normalised reflectance of a thin Si02

film with nf =1.42 on a thick silicon substrate

at a wavelength of 400 and 600 nm.

When the cosine term in equation (3. 1) equals 1, there must be

maxima in R, and Rnorm=1. Similarly, when the cosine term equals -1.

there must be minima for both R and Rnorm. In particular, for the

reflectance, R, these maximal and minimal values are given by the

expressions:

Rmax=(P+r)2/(1+pr)2 (3. 8a)



Rmin=(P-r)2/(1-pr)2
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(3. 8b)

where, for simplicity, we have eliminated the subscripts a, f and s

of p and r.

If we neglect the substrate absorption (ks=0) the equations

(3. 8) become:

Rmax=(ns-1)2/(ns+1)2 (3. 9a)

Rmin=(nans-nf2)2/(nans+nf2)2 (3. 9b)

Expressions (3. 8b) and (3. 9b) can easily be used to determine the

thin film refractive index on a reflective surface such as silicon,

since, at the d-^. combination which leads to the expression (3. 8b),

the film refractive index nf is only a function of ns, ks, and Rmin.

Similarly, for the substrate at any given wavelength, Ro is solely

determined by ns and nk. Therefore, we can conclude from equation

(3. 7) that nf is uniquely determined by Rg, ks, and Rnorm. minimum (that

is the substrate's optical parameters and the measured Rnorm. minimum
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value).

0.5

n-1.4

500 600 700
wavelength (nm)

800

Fig.3. 2 Normalised reflectance minimum and

wavelength relations for films of different

refractive index ranging from 1.40 to 1. 80 on

a silicon substrate.

Fig.3.2 shows a family of Rnorm, minimum-^ curves constructed

with the use of expression (3. 8b). To determine the refractive index

of the film nf, in practice, we first determine the Rnorm. minimum and

its corresponding wavelength values in the experimental Rnorm-^

curve of the film (such as Fig. 3. 3 below). Then we can find the

refractive index of the film through interpolation using Fig. 3. 2.
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We illustrate this procedure with a numerical example. Fig.3.3

shows a simulated Rnorm-^. curve of a transparent film of 400 nm

thickness with a refractive index of 1. 42 on a silicon substrate, in

the wavelength range from 400 to 800 nm.

0) 1.2
0

S 1.0
0

S 0.8
£

0.6
T3
d)

.
« 0.4
(B

n=1.42
d=400 nm

0
z

0.2

0.0
400 500 600 700

Wavelength (nm)

800

Fig.3.3 The Rnorm-^- curve of a transparent film

400 nm thick with a refractive index of 1.42.

We see that in this wavelength range there are a pair of

minima at 456 nm (Rnorm=0. 371) and 756 nm (Rnorm=0. 267).

Consulting Fig. 3.2 or Appendix 2 we see that this pair corresponds to

a unique value of n=1. 42. The accuracy of the technique is limited

only by the graphical or numerical resolution employed. With nf
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known at the wavelength position where a normalised reflectance

minimum appears, we can use equation (3. 1) to find d at this

wavelength. It must be noted that for equation (3. 1) the solution for

d is multivalued, because various combinations of ^. -d can generate

the same R or Rnorm values (Fig. 3. 1). To correctly solve for d, two

methods can be used. The first method uses two Rnorm readings at

wavelengths ^ and ^ and then consults the calculated Rnorm(^i)-

Rnorm(^2) curve for various d values such as in Fig. 3.4. The

wavelengths ^. 1 and ̂  are arbitrarily selected in a wavelength range

from 400 nm to 800 nm [3. 4]. The second method is useful for

thicker films with two or more than two minima in its normalised

reflectance spectrum [3. 9]. The film thickness can be expressed as:

d= ^1^. 2 n. <I>fsi-<I>fs
.
L^ , . v* 2jc

2(^-sm29)^i-^) " (3. 10)

where, Xi and ^2 denote the extrapolated values of two adjacent

minima, and Ofsi and^fs2 refer to the phase shift at the film-

substrate interface at these two wavelengths 3li and Xg

respectively, which can be calculated by equation (3. 4). The term [1 -

(Ofsi-0fsi)/27i] is the correction factor, and it depends upon the
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optical properties of the substrate.

After we get a thickness value from one of the two methods,

we can use equation (3. 1) to get a more accurate value.

1,2
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<f
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0 0,6
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0,4
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100 300 500

0, 2 0, 4 0, 6 0, 8 1, 0 1,2

Rnorm(660)

Fig.3-4 Rnorm(554 nm)-Rnorm(660 nm) at

different film thicknesses for a film of

nf=1. 42 on silicon substrate.

To determine the refractive index and the thickness of transparent

thin films on SiOg and glass, the characteristic matrix method [3. 6]

[3. 7] can be used. We analyse an air-transparent film-transparent

substrate assembly with a light beam of wavelength \ incident on

the film with an angle of incidence ^ (Fig. 3. 5).
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air

film

substrate

n

n

n

v
Interface a

Interface b

Fig. 3-5 Air, film, substrate assembly. The film

thickness is d. The refractive indices are na , nf , ns

for air, the film and the substrate. The substrate

is semi-infinite.

The characteristic matrix of the j'th film expresses a linear

relationship between the field Ea, Ha on top of the j'th film to the

field Eb, Hb on its emergent side:

or,

Ea
H.

cos5j
i sin5j

T1j

i T|jsin5j cos5j

Eb
Hb

(3. 11 a)

i sin5,

^. ""' ^
i T^jsin5j cosSj

^
(3. 11b)
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where,

5j=27CTijdjCOS^j/^

(3. 12)

denotes the phase retardation, and TIJ is the optical admittance

which is valid for any angle of incidence: r|=ncos^, for TE waves (or

S-waves, where E is parallel to the boundary and H tilted at angle -Q),

T|=n/cos^, for TM waves (or P-waves, where H is parallel to the

boundary and E tilted at angle -Q).

Here,

i sin5;
ij

i rij-sinSj cosSj

is called the characteristic matrix of the film.

We define:

cos8j
i sin5j

^j

i T^jsinSj cosSj
. ]-[

(3. 13)
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as the characteristic matrix of the film stack when the emerging

side of the j'th film layer is another thin film, or as the

characteristic matrix of the film-substrate combination when the

emergent side of the j'th film is a semi-infinitive thick substrate.

Y=C/B is called the admittance of the film stack or film-

substrate assembly.

Y=C/B

=(TisCOs5f+irifSin5f)/(cos5f+i(cos5f+i(^s/r|f)sin5f)

From (3. 10) to (3. 14) we get:

r={(na-Tls)cos5f+i[(r|ans/T1f)-r|f]sin5f}/

{(na+T1s)COS5f+i[(T1aT1sA1f)+T1f]sin5f}

The power reflectance is:

R=r r*

={(na-'ns)2cos25f+i[(iiaTis/Tlf)-r|f]2sin2§f}/

{(T1a+T1s)2COS28f+i[(T1aT1s/nf)+T1f]2sin25f}

(3. 14)

(3. 15)

(3. 16)



where, r* is the complex conjugate of r.

At normal incidence (6=0),

26

R={(na-ns)2cos25f+[nans/nf-nf]2sin25f}/

{(na+ns)2cos28f+[nans/nf+nf]2sin2Sf}

and,

5f=27cnfdf/X

(3. 17a)

(3. 17b)

When the reflectance of an air-film-substrate assembly R is

normalised to the reflectance of an air-substrate assembly Ro we

get:

where,

|=R/R(

Ro=(na-ns)2/(na+ns)2

(3. 18)

(3. 19)

If we fix the wavelength at any nominal value ^o and vary the

nfdf product, R and Rnorm 90 through maxima and minima at nfdf = 1/4

^, 2/4 \, 3/4 ^, ...... m/4 ^ for integer values of m.

Fig.3. 6 provides a numerical example of this variation for Rnorm vs.

nfdf with na=1, ns=1. 5. From this figure we can see that when nf>ns,
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Rnorm>1, when nf<ns, Rnorm<1 .
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Fig. 3. 6 Rnorm-dfnf relations for films with

different refractive index.

Of course in practical applications, the film thickness is fixed

by deposition and we sweep the wavelength of the incident light to

get reflectance or normalised reflectance spectra.

An example of this types of curves is in Fig. 3. 7 which gives the

normalised reflectance and wavelength spectra for a series of three

film thicknesses with the refractive index of nf=1. 7.
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Fig. 3. 7 Example, normalised reflectance for

films of different thickness of 100, 200 and

300 nm and index of refraction nf=1. 7 on glass

(ns=1. 52 at 633 nm).

For a given film-substrate, it is not difficult to deduce from

measured normalised reflectance spectra at the same time the film

thickness and refractive index, when the film is thick enough to

generate at least one minimum (when na<ns) or maximum (when na

>ns). If the film is very thick, there will be several maxima or

minima, and we can get a more accurate refractive index value for

the films, and indeed obtain n(^) at wavelengths corresponding to



29

these extrema.

Fig.3. 8 gives the values of reflectance minima (or maxima) as

a function of wavelength for a glass substrate for a range of film

refractive indices. When the refractive index of the film is known,

we can deduce the film thickness from Rnorm readings at two

wavelengths as in the case for films on silicon. If ambiguity exists,

we must use the reading at a third wavelength.
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Rnorm, minimum OF Rnorm, maximum

and wavelength relations for various

film refractive index values on glass.
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For multi-layer films on transparent substrates, we can get

the reflectance or normalised reflectance with the use of the

characteristic matrix of each film. The characteristic matrix of an

assembly of M layers, each with admittance TIJ and angle 5j is:

i sin5,

Tlj
M cos5j

J= i T(jsin5j cosSj

1

T\s

(3. 20)

Through successive use of expressions (3. 11)-(3. 19), we can

calculate the power reflectance R for the air-multilayer-substrate

assembly. If we know the thickness and optical parameters of each

of the other fi m layers, the thickness d of the top layer can be

deduced from the Rnorm-wavelength curve of the whole assembly.

For practical laboratory measurement conditions we often

must take into account the fact that the rear substrate surface also

will reflect light. Fortunately, for an air-film-substrate assembly,

when the substrate thickness is in the range of about 0.4-1 mm, as

is usually used for the glass integrated optics , generally there will

be no interference between the two surfaces. In Fig.3. 9 we modify
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Fig. 3. 5 to allow for reflection at the back surface with reflectance

RO and define R' to be the total reflectance and T the total

transmission of the overall film-substrate. We can express R' and T

in terms of the above reflection:

air n

film
f

substrate
n

R^

R-

R'

Interface a

Interface b

.
0 T

Fig.3. 9 Practical air-films-substrate-air assembly.

R=R+(1 -R)2Ro+(1 -R)2Ro2R+(1 -R)2Ro3R2+.

= R+(1-R)2[Ro/(1-RoR)]

T=(1-R)(1-Ro)(1+RRo+R2Ro2+......)

(3. 21)
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=(1-R)(1-Ro)[1/(1-RRo)]

(3. 22)

and

T'+R'=1

(3. 23)

The reflections from the film to the air at interface a (R+), and from

the film to the substrate at interface b (R-), are the same for non-

absorbing films, and we denote them both as Ro [3. 6].

We note that when there is no film on the substrate, T' and R'

become:

and

R'o=Ro+Ro(1-Ro)/(1+Ro)

T'o=(1-Ro)/(1+Ro)

T'o+R'o=1

(3. 24)

(3. 25)

(3. 26)

Finally, to make contact with the measurement approach, the

reflectance of the whole air-films-substrate-air assembly can be

normalised with the reflectance of the air-substrate-air assembly.
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As a numerical example of the normalised reflectance we calculate

Rnorm and R'norm for a semi-infinitive Si02 substrate, and a film with

n=1.70 and d=300 nm. The result is shown on Fig.3. 10 as well as the

ratio of R7R and R'o/Ro.

Since

R'norm=Rnorm(R'/R)/(R'0/Ro)

=Rnorm[(1+Ro)/2]{1+[(1-R) 2(Ro/(1-RRo))]}/R

(3. 27)

We see that the R'norm function has the same peak and valley

structure as Rnorm. From Fig.3. 10 we observe that compared with

Rnorm, the R'norm value is smaller (about 1/2 in fact). For the

normalised reflectance measurement, the effect of reflection at the

rear surface is to lower (about 50%) the value of the normalised

reflectance at all wavelengths, but especially near the Rnorm

maxima. In our technique we measure directly the reflectance of the

substrate including back surface reflection. This removes the

necessity to either make completely absorbing or scattering the
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back surface for reliable measurements as is practiced almost

everywhere, and in the method of use suggested by Leitz for their

MSVP instrument.

R'norm

R'O/RO

Rnorm

R7R

0

400 500 600 700
Wavelength (nm)

800

Fig.3. 10 R'norm, Rnorm and R7R, R'o/Ro-^ curves of

a transparent film with n=1.7 and d=300 nm on

glass substrate.
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3. 2 NORMALISED REFLECTANCE OF ABSORBING FILMS ON

ABSORBING OR TRANSPARENT SUBSTRATES

In the proceeding paragraph the normalised reflectance of

transparent films on silicon and on glass are discussed. Often pure

or transparent films such as Si02 are used in combination with

optically absorbing films or thin metal films to obtain special

effects. In such cases we must have a general method to simulate

the optical characteristics and to analyse the optical parameters of

such a multilayer thin film system. In this paragraph we shall

develop a simple calculation method based on general principles

which can at same time be used for absorbing or non-absorbing films

and substrates.

To calculate the normalised reflectance of absorbing films on

absorbing substrates, the characteristic matrix method can be used,

as in the case of transparent films on transparent substrate.

However, this time, both the refractive indices of the substrate and

of the films are both complex numbers. For convenience of

calculation, and in conformity with the practical normalised

reflectance measurement, we adopt a notation system which assigns
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the subscript according to the natural film deposition order and uses

s and a for the substrate and ambient, respectively.

At normal incidence, ^=0, the characteristic matrix of the j'th

film layer is:

-8i -^
i njsinSj cos5j

(3. 28)

where

6j=2jinjd/^.

The characteristic matrix of the multifilms-substrate combination

is.

[?]-
isinS, __^ i sin5i.i

cos5j ^ cos5j. i 1^-1

i njsin5j cos5j i nj_isin8j. i cos5j.i

cosS, ^
i nisin8i cosSi

(3. 29)

In practice we calculate this product of matrices from bottom

to top. Performing the first multiplication of the matrix of the first

layer gives an admittance of the substrate-film #1 combination yi:



yi =(ys cos5i +ini sin5i )/(cos5i +(i y s/ni sin5i))

=yi+i Yi

where

t|s=ns+i ks.

This process can be continued until the j'th layer as:

37

(3. 30)

^j =(yj -icos5j+i njSin5j)/(cos8j+(i yj. i/njsin5j))

=yj +iYj (3. 31)

The amplitude reflectivity of the j'th layer and underlying film

substrate combination is:

rj=(na-yj )/(na +yj)

=((na-Yj )-i Yj))/((na+yj )+i Yj)) (3. 32)

The reflectance of the films substrate assembly up to the j'th layer

is-

Rj=((na-yj)2+Yj2)/((na+yj)2+Yj2) (3. 33)

The expression of the real and imaginary part of l|i, yj and Yj,
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can be obtained as follows.

First,

5j=(nj-i kj)(d27ca)=8ij-i 62] (3. 34)

where

and

Thus

5ij=njdj2TC/^,

52j= kjdj27c/^.

cos5j=(ei5j+e-i5j)/2=cos5ijcosh52j+i sinSijSinhSgj,

=Cij+l GZJ (3. 35)

where

Cij==cos6ijcosh52j,

and

C2j=sin5ijSinh52j.

Similarly we have:

sin5j=sij+i sgj (3. 36)
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where

and

Sij=sin5ijcosh52j.

S2j=-(cos5ijSinh52j)

After some mathematical manipulation we can get formulas for the

admittance of the film-substrate combination up to layer j with

which we can carry out all the reflectance calculations in the range

of real numbers:

yj=(aijasj+ a2ja4j) / (asj-sa^s),

(3. 37)

where

Yj=(a2jasj- aija4j) / (a3j2a4j2),

aij=yj-i0ij- Yj. iCq + kjSij - njS2j,

a2j=Yj. iCij + yj-iCsj + njSij + kjSzj,

asj=cij-qij,

(3. 38)



a4j=C2j-q2 j,

and

qij=(njbij-kjb2j) / (nj2+kj2),

q2 j=(kjbij+njb2j) / (nj2+kj2),

where,
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(3. 39)

(340)

bij=Yj. iSij + yj-iS2j,

b2j=Yj. iS2j - Yj. isij.

The normalised reflectance of the whole M-layer system is

(3. 41)

lnorm= n/no-

(3. 40)

where

Ro=((ns-na)2+ks2)/((ns+na)2+ks2.

(341)

and R can be calculated according to (3. 31).

For absorbing films on a transparent substrate one must take
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the rear surface into account [3-6]. Now, the reflectance of the light

from the ambiant Ra+ are not simply the same as the reflectance of

the light from substrate Ra- due to the film absorption. The total

reflectance of the whole system, taking this into account, is:

with

and

R= Ra++(Ta+TaRb+) / (1-Ra-Rb+),

(3. 44)

M

T=(1-R)^ Vj
J=l

(3. 45)

^j= Yj-1 / [Yj(a3j2+a4j2)]

(3. 46)

Here 1Fj is the ratio of the optical power density between two

adjacent interfaces, j and j-1 [3. 7, 3. 2]. For practical measurement

and simulation in the case of transparent substrates, normalisation

is carried out with a bare substrate as reference, and it is assumed

that the rear suface is flat and without any film on it. Note that

when the film is thin or when the k value of the film is not large,
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the rear suface will have the effect of lowering the reflectance

value. When the film is very thick, the reflectance of the whole

system will not be influenced by the rear suface, and the simple one

surface approach can be used.

We have tested the formulas developed in this section both by

experiment and by comparision with the published results for thin

films on absorbing and transparent substrates. Both single layer

[3. 1][3. 7] or multi-layer [3. 7] expressions were tested and found to

be correct. In the following chapters we use these formulas to

simulate various thin film and substrate assemblies. As an example,

one set of formulas used to calculate the normalised reflectance of

eight transparent films on silicon substrate is listed at Appendix 3

of this thesis.
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3. 3 EXPERIMENTAL USE OF THE NORMALISED REFLECTANCE

METHOD

To verify our formulas and methods using the normalised

reflectance method, two samples of wet thermal oxide films of

differing thickness (which turned out to be 857. 5 nm and 762 nm

thick) were grown at 1100 OQ on silicon wafers and the normalised

reflectance of the film-substrate combination was measured [3. 4]

[3. 11]. The 857. 5 nm thick film generated three reflectance minima

between 400 and 800 nm. From these minima we found the

refractive index of the film at particular wavelengths using Fig. 3. 2.

We found that at these wavelengths, the refractive index data agrees

well with that of the pure bulk SiOg refractive index curve reported

in the literature [3. 9] as Fig.3. 11 shows. Using these index of

refraction values we then employed the results of the normalised

reflectance calculation for this film-substrate assembly to

calculate the film thickness and found it to be 857.5 nm.
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Fig. 3. 11 Refractive index of the thermal/

grown SiOg on silicon.

. . Q Native oxide

. Bulk silicon dioxide

As a check on this procedure we used these refractive index

and thickness results to simulate the normalised reflectance of the

film substrate combination in the wavelength range from 400 to 800

nm. Fig. 3. 12 shows the results of the simulation calculation

compared with the measured normalised reflectance of the film-

substrate combination. The two curves agree to within 2. 5 %.
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Fig. 3. 12 Simulated and experimental normalised

reflectance of thermally grown Si02 of 857. 5 nm

on silicon.

This experiment shows that the reflectance minimum method

can well suit our purpose of the refractive index and the thickness

mesurement on silicon surfaces. For solution deposited thin films,

similar dispersion curves can be obtained which is useful in thin

film design and simulation as we will show in Chapter 4. Other

examples will be shown in Chapter 5 and Chapter 6. In Chapter 6 the
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results from the normalised reflectance method are compared with

the waveguide effective refractive index method.

As for the thin films on glass substrates, from Fig. 3. 6 and

Fig. 3. 7 it is found that when a refractive index difference of 0. 05 or

great between film and substrate exists, it is not difficult to

measure the film thickness and refractive index by refractive

maximum method. For a 50% Ti02 doped Si02 film on glass

substrate, the normalised reflectance maximum is about 2. 6 when

the substrate is semi-infinitively thick and about 1. 75 when the

substrate is two sided. The refractive index difference detectability

of this method is determined by the signal/noise ratio of the

equipment used. The Leitz spectrophotometer we used gives a

refractive index difference limit of about 0. 01 for the glass

substrate. Examples for the normalised reflectance of thin films on

glass will be shown in Chapter 6.



CHAPTER 4

SOLUTION DEPOSITED Si02 ON Si, GaAs AND InP

Thin dielectric films on semiconductor substrates are used in

various ways. For optoelectronics and integrated optics applications

as we discussed in Chapter 1 and Chapter 2, in addition to good

electrical and mechanical properties, a film both easy to prepare and

convenient to control is useful. Among the parameters one needs to

control in a broad range are the index of refraction and the film

thickness uniformity. Also, some facility to introduce other

optically active ions is important.

For thin films of less than 0.5 |im thick, a single application of

alkoxide of silicon is enough to produce a very smooth layer of SiOg

with index of refraction in the range of 1.4 to 1.45 according to the

processing condition, as the results in Chapter 2 show. For films

with higher refractive index, titanium alkoxide can be added to

control the index of refraction.

In this chapter the details of preparation of solution deposited

SiOz on semiconductors are discussed. The genaral analysis method
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developed in Chapter 3 is used. As to the application of solution

deposited silicon dioxides on semiconductor surfaces, we refer the

reader to Chapter 6.

The results of Chapter 2 and reference [4. 6] [4. 2] show that

depending on the amount of titanium added and on the processing

conditions, the introduction of titanium alkoxide can change the

refractive index of the final films. But the films also show some

tendency of cracking which is generally attributed to the moderate

temperature of the process (300-500°C) when titanium content

surpasses 50% and when the film thickness for one application is

greater than 150 nm [4. 3]. The spin-on method is used to suit the

needs of microelectronic processing.

We used commercially available E. Merck liquicoat solutions

[4. 4] containing 7% and 9% Si02 and TiOg respectively. The substrate

we used are P-doped [100] Si, n-type [100] InP. Before application of

the solution, the substrate is cleaned using the standard solvent and

de-ionized water process as we discussed in Chapter 2. For the InP

substrate, we use the H2S04:H202:H20 (4:1:1) solution to remove the

native oxide on the substrate, and we then rinsed the substrate in de-

ionized water and then dried it by nitrogen gas. The spin-on coating
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is carried out in a 100 class cleanroom. To avoid deterioration of the

coating solution in the case of codoping, the solution is mixed before

coating.

The two stage temperature processing is carried out in which

coated films containing the residual organic solvent are baked to

evaporate the solvent and other volatile components until a hard

film is formed (fig. 2. 1). The resulting film will resist both the

original solvent and water. To produce a multilayer film without

cracking, complete cycling for each application of coat is exercised

to avoid the redissolving of the coating.

To determing the thickness and the refractive index of the film

on semiconductor, the normalised reflectance method described in

Chapter 3 is used. In this method, at normal incidence the

reflectance of the specimen of a transparent film and semiconductor

substrate combination R(d) is measured and compared with the

reflectance of the fresh surface of the same semiconductor R(0) at

wavelength range from 400 to 800 nm to get the normalised

reflectance Rnorm(d).

Rnorm(d) = R(d)/R(0) (4. 1)
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where d is the film thickness.

The measured normalised reflectance can be compared with

the calculated value, and from the reflectance minimum we can at

the same time deduce the value of refractive index and film

thickness at a given wavelength as we described in Chapter 3. For

silicon substrate Fig. 3. 2 is used. Corresponding figures for GaAs and

InP are presented in Appendix 3. The optical constants used for these

calculations are listed in Appendix 2.

We began our experimental work by depositing in one process

thin films on different substrate. For each film we found that the

normalised reflectance measurements for the InP substrate were

anomalous and could be reconciled with those of Si and GaAs by

taking into account a presence of an intermediate native oxide layer

which had the effect of changing the reference surface used in the

normalised reflectance measurement. To make possible such

measurement on InP, we began by calculating native oxides of

varying thicknesses range from 5 to 30 nm and comparing these

results with that of silicon. We assume the refractive indices

involved to be 1.45 for Si02, and 1. 9 for ln203-P205. The results are

shown in Fig. 4. 1 and Fig. 4. 2. The overall effect of the presence of a
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native oxide on InP is to increase the reflectivity compared to that

of a Si substrate.

1.0

g 0.9
s
8
I 0.8
ec

I °-7
«0

I 0.6

5(nm)

10(nm)
15(nm)

20(nm)
25(nm)

30(nm)

0.5
400 500 600 700

Wavelength (nm)
800

Fig.4. 1 The calculated normalised reflectance

spectrum of SiOg films with thickness ranging

from 5 to 30 nm on a silicon substrate.
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Fig.4. 2 The calculated normalised reflectance

spectrum of native oxide with thickness ranging

from 5 to 30 nm on a InP substrate.

If we take an InP substrate with a native oxide of thickness di

on it to measure a film of same refractive index but with the

thickness of dg, instead of equation (4. 1) we have:

[Rnorm (d2)]m' = R (d2)/R(di)

where, according to equation (4. 1);

R (dl) = Rnorm(di)*R(0).

(4. 2)
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By comparing equation (4. 1) and that of (4. 2), it is easy to find that

[Rnorm(d2)]m' is just the real normalised reflectance Rnorm(d2) divided

by Rnorm(di) which is a curve with magnitudes less than 1 (Fig. 4. 2).

Numerical calculation shows that if we take a InP substrate with a

native oxide on it as reference to measure other films on the same

substrate, the values of [Rnorm(d2)]m' at every wavelength from 400

to 800 nm is always greater than the real value Rnorm(d2). In the case

of thicker films we will get peaks with [Rnorm(d2)]m' values great

than 1. To get the correct thickness and refractive index value, the

results must be corrected through the use of equation (4. 1) and

equation (4. 2). Without correction, both the deduced refractive index

and thickness value of the film will be smaller than their actual

value.

The refractive index of the solution deposited Si02 films

depends on the processing condition and the dopant concentration.

The pure Si02 films on silicon exibit process related dispersion

characteristics. Fig. 4. 3 is the refractive index of solution deposited

Si02 obtained at different baking temperatures. Also shown in this

figure is the dispersion curve of fused silica according to reference
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c=

0. 6961663
0.0684043
0.4079426
0. 1162414
0.8974794
9. 8961610

(4. 3)
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Fig. 4. 3 Measured refractive index of spin-on

SiOg film deposited on Si at 300 oQ (x), 500 oC

(o) and 800 oQ (+). The solid curves are the

dispersion relation of reference [4. 3].
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We note the experimental curves of fig.4. 3 can all be obtained

from expression (4. 3) by a simple shift of the index of refraction by

a constant, An, which for the three experimental curves of SOQoC,

500°C and SOQoC baked solution deposited silicon dioxide are 0. 018,

0. 028, and 0. 045 respectively. We conclude that the higher the

heating temperature, the denser and more like the thermal oxide the

spin-on film becomes. In case of TiOg doped S102, the experimental

results can be fitted with a linear relationship as figure 4. 4 shows.

2 2

i:,;
:51-6
><

^ 1.4

1.2

Experimental

[1. 18]

...

0. 2 0. 4 0. 6 0.8 1

TiO^:SiO^

Fig. 4.4 Refractive index of solution deposited SiOz films

doped with TiOg and baked at SOQoC.

We note that the index of refraction of pure spin-on Ti02

(2. 05+/-0. 05) of reference [1. 18] falls on the extrapolation of our
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measured curve. If the refractive index of the dopant is known, and

the same processing is carried out we can conveniently estimate the

refractive index of the resulting films using this curve in thin film

design and measurement [1. 18].

The Ti-doped films can serve as anti-reflection coatings for

semiconductor surface. With a suitable thickness and refractive

index combination, a single layer of doped SiOg can already achieve

the reflectivity minimum on these 3 semiconductor substrate at a

given wavelength which can be calculated with the use of equation

(6. 1). We shall discuss all these applications in Chapter 6.

There can be various combinations of dopant concentration,

substrate and processing conditions to suit various applications. Due

to its stable native oxide, it is easier to design waveguide

structures on Si than on GaAs or InP substrate. For the silicon

technology, two main approaches have been used in the period from

1985 to date. In the first approach the high pressure thermal

oxidation process is used to produce an isolation layer of about 5

^im, which is sufficient for infrared waveguide devices used for

optical telecommunication [4. 5]. In a second approach a flame

hydrolysis deposition process is used to produce similar high quality



57

layers [4. 6]. Our work shows that the much simpler spin-on

technology is capable of producing films of similar optical quality

not only on Si, but also on GaAs and InP.



CHAPTER 5

FILM HOMOGENEITY AND MECHANICAL PROPERTIES

Solution deposited thin SiOz films with and without dopant can

be used as antireflection coatings, waveguides and special overlays

to protect the surface or control the refractive index and other

properties of the underlying film or film substrate assemblies. For

these applications, the thickness uniformity, homogeneity in the

vertical direction and the mechanical properties of the films are

critical. Often solution deposited films exhibit internal stress

which is generally believed to be process related and depends on

thermal expansion of the films and substrates used [5. 2]. The

removal of the organic solvent in the solution deposition process is

also partly responsible for the stress. In this chapter we will first

study the thickness uniformity and analyse the homogeneity in the

vertical direction. The tensile stress is measured for pure and TiOz

doped Si02 films. Also studied in this chapter are the etch rate

characteristics of the films. Both plasma and chemical methods are

used to etch the films as ways to control the film thickness.
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5. 1 FILM HOMOGENEITY

The film homogenieity in both the planar and in depth

directions is considered in this paragraph. In our study we prepared

two samples of Si02 and 1:1 Si02/Ti02 on 2" silicon substrates

following the method of Chapter 2 and then baked samoles at 30Qo.

Fig. 5. 1 is the thickness map of the SOQoC baked Si02 film on a 2"

diameter silicon wafer and Fig. 5. 2 is the corresponding map of the

1:1 Si02/Ti02 film. Both pure and Ti-doped films show the same

uniformity of flatness of about 1.2%.
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Fig. 5. 1 Thickness uniformity of a solution deposited

silicon dioxide film on a 2" silicon wafer.
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Fig.5.2 Thickness uniformity of a solution deposited

SiOg-TiOg film on a 2" silicon wafer.
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As for the homogeneity in the vertical direction, compared to

the surface uniformity, it is more difficult to measure. Our approach

has been to associate variations in the normalised reflectance

measurement at each point of the surface to variations in film

thickness and optical constants. We look at the inhomogeneous film

as a multilayer assembly on which we can use the mathematical

approach developed in Chapter 3. Similar analyses for films on

transparent substrates and for semiconductor films are carried out

in reference [5. 3] and [5. 1]. In [5. 3], the inhomogeneity influence on

the reflectance of a film-glass assembly is studied. The work done

in [5. 1] is directed to the analysis of a semiconductor thin film on a

heavily doped semiconductor substrate. The dopant diffusing out of

the substrate during the film growth leads to inhomogeneity in the

thin film and affects the reflectance of the resulting film substrate

assembly. Both [5. 1] and [5. 3] assume a semi-infinitely thick and

transparent or semitransparent substrate. In our simulation both

transparent and absorbing substrates are treated and the general

formulas developed in Chapter 3. 2 are used to calculate the

reflectance and normalised reflectance. The inhomogeneity in the

vertical direction is assumed to be linear. In our analysis, the
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vertically inhomogeneous is replaced by a set of staircased

multilayers with the total sublayer thickness equal to the thickness

of a single inhomogeneous film. When the number of sublayers is

increased to eight or ten, the resulting reflectance of the

staircased films approaches a constant value, and a further

increase in the number of subdivisions have no influence on the

values of the reflectance and normalised reflectance. So, in all our

vertical uniformity simulations, the sublayer number is fixed at

eight to obtain results of 1% accuracy. The refractive index

configuration of the film substrate assembly we analysed is shown

in Fig. 5. 3a. Fig.S.Sb shows two normalised reflectance curves for

two SiOg films with the same film thickness and the same degree

of inhomogeneity but of different sign (An/nm=+0. 07, -0. 07). The

mean refactive index of the film, nm, is assumed to be 1.40 and the

film thickness is assumed to be 360 nm. The plus (or minus) sign in

the inhomogeneity denotes that the film refractive index is linearly

increased (or decreased) from the air-film interface to the

film-substrate interface. From these simulated Rnorm-3i curves, it

can be seen that the effect of inhomogeneity is just to change the
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Rnorm maximum value, but not the position while the Rnorm minimum

point is constant. Thus the absolute value of the normalised

reflectance maximum can be used as a measure of the film

inhomogeneity and from the sign of the term (1-Rnorm) we can

determine whether the film's index of refraction is increasing or

decreasing from the surface of the film towards the substrate

interface. Since the general formula developed in Chapter 3 is used

to analyse the inhomogeneity influence, these methods can also be

used for other absorbing semiconductor or metal substrates.

n

An nm

na

air film substrate

Fig.5.3a The air-film-substrate assembly

and its refractive index.
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Fig. 5.3b Calculated normalised reflectance as a

function of wavelength for a film with thickness

d=360 nm and nm =1. 4 for two different values of

An/nm of 7% and -7% on silicon substrate.

Fig. 5. 4 plots calculated values of Rnorm as a function of

inhomogeneity as measured by An/n for pure and TiOg doped silicon

dioxide films on silicon. We note that there exists a linear

relationship between the inhomgeneity and the normalised
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reflectance changes and for pure Si02 films an inhomogeneity of 7%

will cause the Rnorm maximum change of about 10%. The Rnorm of the

well prepared solution deposited SiOg films rarely show deviations

of Rnorm maximum value great than 5% as the results in Chapter 4

demonstrate. From these simulations it can be concluded that the

inhomogeneity in the vertical direction in our spin-on films is less

than 5%. Our simulation for films on transparent substrates yields

similar results as those of reference [5. 3]. We have shown that the

subdivision into eight layers is sufficient and the reflectance

minimum is a measure of the inhomogeneity whereas the

reflectance maximum is dependent just on the value of mean

refractive index nm and independent of the degree of inhomogeneity

in the vertical direction. Both simulation for transparent and

absorbing substrates shows that for transparent films, the reractive

index derived from the measured normalised reflectance minimum is

the mean refractive index when the film is inhomogenious in the

vertical direction.
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deposited SiOg on silicon.



5. 2 THE TENSILE STRESS

The stress introduced by the difference between the substrate

expansion coefficient and that of the film after various steps of

processing can be measured by the substrate-film composite bending

[5. 4]. If the substrate is assumed to be elastically homogeneous and

the film thickness is much less than that of the substrate and under

the influence of the film's bending moment the substrate assumes a

spherical shape, then the length of substrate z, the radius of

curvature p and the stress along the substrate length can be related

[5. 4]. Equating the substrate and the film's bending moments we can

get a formula for the film's mean stress:

Of=(E/(1-v)) (h2/6tp) (5. 1)

Thus from the measurement of p, we can deduce the mean tensile

stress of the film. We use the Dektak surface profilometer to

measure the surface bending of the SiOs films on silicon substrate.

Contrary to the thermal oxide's compressive film stress, the
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solution deposited method show a stress of opposite sign. Table 5.1

is the measurement results of solution deposited thin flms on 2"

silicon wafers. Results show that the TiOg concentration influence

upon the tensile stress is much greater than the temperature

influence. This is in agreement with the observation that to obtain

crack free films we must use low TiOg concentrations and the low

temperature processing. The Ti rich films can be obtained using

diluted solution and if the same processing is carried out we get

much thinner films.

Table 5. 1 the tensile stress of solution deposited

Si02 and Ti02/Si02 thin films on silicon (dynes/cm2),

Films

Si02

1:1 Ti02/Si02

Tensile stress

300 C

2*10

13*10

500 fc

6*10

17*10

5.3. ETCH RATE OF THE FILMS
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Beyond the optical properties of the spin-on films, it is

important to establish the ease with which the films can be

patterned after deposition and annealing steps. To this end the films

have been etched using a CF4 reactive etch process (CF4: 25 mTorr,

input power density: 0. 548 W/cm2). The chemical etching method is

also carried out to investigate the difference between the two

methods. Fig. 5. 5 shows the plasma etch rates we obtained depend on

the annealing temperature of the spin-on films. We note that the

films are increasingly dense as we observed in terms of the index of

refraction (see Fig. 4. 3).
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Fig.5. 5 Plasma etch rate of silicon dioxide

films baked at different temperature.
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For the chemical method with conventional HF and NH4F

combination, the etch rate of low temperature baked solution

deposited SiOg is much quicker than the thermal grown silicon

dioxide, as some of the anode oxidation grown films show. To get a

strict control, dilute etch solutions are used. Table 5.2 is the etch

rate of solution deposited pure and Ti doped SiOg films fabricated on

silicon substrate by a 1% 1:1 HF and NH40H solution. The high and

uneven etch rate we found at 300 °c is probably due to a porous film

sucture as has been previously observed microscopically [4. 2].

Table 5. 2 Etch rate of solution deposited thin

films in HF/NH40H solution

Composition

Si02

Si02

Si02

1:1 Si02ATi02

3:7 Si02/Ti02

T102

Si02 native oxide
on silicon

Baking temperature

300

500

800

500

500

500

1100

Etch rate
(nm/min)

> 1000

627.2

25.9

214.6

85.9

5.5

20.0
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It is noted that the SOQoC baked SiOz films show almost the

same etch rate as the thermal grown native Si02 films. The Ti doping

slows down the etch rate when the Ti content surpasses 50%.

Finally, the Ti doping on the etch rates of spin-on films by plasma

has been explored. Fixing the anneal temperature at 500°C, the etch

rate of mixed Ti02/Si02 spin-on films have been measured and are

shown in Fig. 5. 6.
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Fig. 5. 6 Plasma etch rate of silicon dioxide-

titanium dioxide films.

We note that the Ti02 concentration has little effect on the etch

rate up to a 50% concentration, after which the etch rate drops
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sharply, and proportionately with the T102 concentration to a value

of 18 nm/min.

Both the CF4 plasma etch rate and the chemical etch rate

experiment give us an indication that the 800 OQ baked spin-on SiOg

film becomes as dense as the thermally grown SiOg. This is

consistent with our refractive index measurement of these films

and with the published result of the structural analysis of Ref [5. 5]

for optical fibre preforms fabricated by a sol-gel process.



CHAPTER 6

ANTIREFLECTIVE, PROTECTIVE AND WAVEGUIDE

APPLICATIONS

If properly processed and designed the Si02 thin films obtained

by various methods should, to some degree, show the same

properties and sometimes could replace one another. But actually all

method has its own particularities, taking other factors such as

economy into acount, we find that each method has its own merit

and disadvantages for a special application. The solution deposited

silicon dioxide films are formed at relatively low temperatures and

can be doped easily with titanium dioxide to get films of different

composition and refractive index. This is very useful for the

optoelectronic application to make waguides. The low temperature

processing also enables us to get an anti-reflection layer easily for

semiconductor or glass substrate. In this chapter several examples

are shown and discussed.
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6. 1 ANTIREFLECTION LAYER

For a transparent substrate such as glass (n=1. 512), there

always exist a reflectance of about 4% at visible or near infrared

wavelengths. If we want to decrease this reflectance to zero or as

low as possible at a wavelength, \, of interest, a film with

thickness of ^, /4 and with refractive index given by (61) is

necessary

nf =(na*ns)i/2

(6-1)

Unfortunately, there exists no such material with index of

refraction of 1.23. But we can use two layers to get an admittance

match and obtain zero reflectance at a selected wavelength of

interest. For zero reflectance at normal incidence for two 1/4 3L

layers acording the analysis at Chapter 3 we must have:

(nf22*ns/nfi2)=na

If we use solution deposited Si02 as the second layer, the refractive

index of the first layer must be 1. 72 for perfect antireflection
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match, as fig. 6. 1 shows Solution deposited Si02 doped with

titanium oxide shows a refractive index in the range from 1. 4 to 2. 0,

it can well suit this kind of application.

I
s

£

"s
W

nf1=1.7
nf1 =1.6
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Fig. 6. 1 Two layer anti-reflection layer on glass.

As for most semiconductors, without an anti-reflection layer

their reflection of about 30 % is too great for most applications.

Single transparent layers can reduce this reflection considerably

across the optical spectrum and particularly at specific

wavelengths corresponding to interference. As an example, we have

studied coatings of TiOs doped SiOz spin-on films for silicon. Fig. 6.2
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is an example. A 77. 6 nm thick pure Ti02 film on Si can effectively

reduce the normalised reflectance to less than 0. 05% at ?i=633 nm,

that of the emission wavelength of a He-Ne laser.
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Fig. 6. 2 Single layer anti-reflection films on silicon.

For a broad band anti-reflection film on semiconductor

substrates, a multi-layer structure is needed and the simulation can

be carried out with the use of equations developed in Chapter 3.

6.2. PROTECTIVE LAYERS

The silicon dioxide layer can be used to protect a metal
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surface against corrosion. In [6.4], it is found that solution deposited

silicon dioxide shows a better protecting ability than plasma

deposited silicon dioxide for silver thin films. Also, some thin metal

films like gold are semi-transparent in the visible, and reflecting in

the infra-red; so, for a silicon dioxide based multi-layer assembly

with a very thin metal film, it is possible to get at the same time

protection and enhanced transmittance at visible wavelengths. The

addition of silicon dioxide films do not influence the normalised

reflectance at infrared greatly. The solution deposited silicon

dioxide can adhere to most metals such as aluminium, gold, copper

and silver and can be used in combination with these metals to

achieve some special effect such as a solar absorber [6. 3]. There

also exists several other applications for dielectric and thin metal

film combinations in optics such as a beam splitter [6-3]. To show

that silicon dioxide based films can well suit these applications, it

is important that one can produce and measure accurately the

thickness and refractive index on these metal films. Fig. 6. 3 is an

example of a silicon dioxide thin film deposited on an evaporated

aluminium film.
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Fig.6.3 Normalised reflectance of Si02

film on aluminium.

Note that the introduction of a SiOg layer on top of an

aluminium film does not change the reflectance of the film greatly.

6. 3. 1 WAVEGUIDES

The solution deposited silicon dioxide doped with titanium

dioxide has a refractive index in the range of 1. 4-2. 0 and is suited

for the fabrication of waveguides. Planar waveguides on glass are

tested. The light is coupled through a prism into the planar
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waveguide and the effective refractive index of the resulting planar

waveguide can be measured.

Several Ti02 doped Si02 films on glass are produced and

refractive index and the thickness of these waveguiding films are

measured by the normalised reflectance method proposed in Chapter

3. The effective refractive index of the resulting planar waveguide

ne can be calculated from the measured d and n values of the films

The He-Ne laser prism coupling method [6. 5] can also be used to get

the ne value. Results from these two methods are listed in Table 6.1

for several Ti02/Si02-glass samples. Also from this table we

conclde that Ti02 doping is an effective way to control the films

refractive index over a wide range. Combined with the thickness

control of the spin-on method we can fabricate high performance

waveguides with different effective refractive index values.
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Table 6.1

Comparision of ne data measured by the prism coupling

method with results from our d-n calculation.

n

1:1 TI02/
Si02

300 fc

1:1 TI02/
S102

300 6

1:1 TI02/
Si02

150 t

Thickness:d
Films Refractive index:n From n'd calculation Prism method

d=310nm

n=1.70

d=153 nm
n=1. 70

d=280 nm
n=1. 62

1. 59304

1.51835

1.52680

1. 5944

1. 51876

1. 52643

From the table we conclude that the waveguide effective index

measurement can also be used to accurately determine the

refractive index, especially for films so thin as to have no maximum

or minimum in the normalised reflectance spectrum.
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We have performed the difficult thickness measurement on such a

film-glass assembly and our results are shown on Fig. 6. 4.
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Fig. 6. 4 Normalised reflectance spectrum of

Si02/Ti02-glass assembly with SiOs/TIOg

layer thickness of 153 nm.

It is easy to show that f r a transparent substrate of unkown

optical constant, if we apply a film of known optical constant, one

can derive the refractive index of the substrate from the minimum

or maximum in spectrum of normalised reflectance of the film

substrate assembly. When the substrate refractive index is greater
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than that of film's we get minima less than 1, and when the

substrate refractive index is smaller than that of the films we get

maxima greater than 1. Fig.3.6 of Chapter 3 can be used to evaluate

the substrate refractive index. For the absorbing substrate either

the k or the n of the substrate must be known to determine the other.

Otherwise a seperate transmittance experiment must be done on the

same substrate as in the case of metal films discussed at [6.4].

6. 3.2 COUMARIN DOPED SOLUTION DEPOSITED Si02

For integrated optics applications, it is useful to incorporate

a colour center into a thin film such as SiOz. We have used Coumarin

504 as a color center in the spin-on Si02 film and have studied the

absorption and the fluorescence spectra. The Coumarin doped thin

films are made by directly dissolving the Coumarin into the SiOg

Liquicoat solution and then by applying this solution on potassium

ion exchanged glass waveguides. Processing is completed as for the

ordinary spin-on SiOg coatings. The Coumarin doped thin films are

transparent and show a characteristic yellowish color. The color

begins to fade at 200 to 300 oQ of baking. The films always remain
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transparent. Fig. 6. 5 is the waveguide absorption spectrum of a

Coumarin doped Si02 film covered 10 micrometer potassium ion

exchanged glass waveguide [6. 5]. The film is baked at 15QoC. The

Coumarin concentration in the Liguicoat solution is 0. 02 mole and

the film thickness is 180 nm. In the wavelength range of 370-490

nm it shows absorption. The measurment is carried out using a

system shown on Fig.6. 6.

1.0

0.8

S 0.6
s
w

5 °-4

0.2
350 450 550

Wavelength (nm)

Fig. 6. 5 Absorption spectrum of a waveguide

with Coumarin doped SiOg overlay.
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L:Lock-in amplifier

Fig. 6.6 System used for the measurement of

waveguide spectrum characteristics.

We use a He-Cd laser of 5 mW output and a 40 X objective to

couple the laser beam into the waveguide with a Coumarin doped

solution deposited SiOg overlay. The excited photoluminescence is

shown in Fig. 6. 7. The 40 nm breadth of the fluorescent spectrum

make this film ideal for use as an active media in optical devices.
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Fig. 6. 7 Fluorescence spectrum of a waveguide

with Coumarin doped SiOg overlay.
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6. 3. 3. ln203/P20s DOPANT

P20s is widely used as a dopant to compensate the mobile ion

effect in SiOg systems. In [6. 6] the PgOs doped solution deposited

Si02 is used as an intermediate layer on top of LiNbOs substrate. The

introduction of P20s decreases drastically the drift current in the

layer and makes the whole device more stable.

In this work we have studied a P20s-ln203 dopant which can be

a transparent material in the film form by itself. The film is

prepared as introduced in Chapter 2 . The index of refraction and the

thickness of the film is measured on the semiconductor surface

using the reflectance minimum method developed in Sec. 3. 1. Since

its index of refraction is greater than that of glass substrate, the

reflectance maximum is used to analyse the normalised reflectance

data and to to get the thickness and the index of refraction of the

film on glass substrate.

It is noted that for a material with P205/ln203=1. 25/1, the

processing temperature is low. Fig. 6. 8 is the processing temperature

and thickness relationship for a film spin-on coated on a silicon
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surface. The low temperature processing corresponds to a

temperature of 20Qo C at region b on Fig. 2. 1.

E
c

90

70

50
.U B

30

10
0 100 200 300

Temperature ( ° C)

Fig. 6. 8 The processing temperature and film

thickness relations of a 1.25:1 P205/ln203

thin films.

Fig6. 9 shows the dispersion curve we obtained by the

normalised reflectance minimum method.
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Fig. 6. 9 Dispersion curve of solution deposited

1.25:1 P205/ln203 thin films.

The solution can readily adhere on glass and InP surfaces, less

readily on silicon surfaces. Fig. 6. 10 is a normalised reflectance

spectrum of a 1. 25:1 P20s/ln203 films on Si. Also shown in this Fig.

are simulated curves using data from Fig 6.9.
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Fig. 6. 10 Normalised reflectance spectrum of a 234.8

nm thick 1. 25:1 P20s/ln203 film on Si substrate.

Preliminary experiments show that the films on glass show

waveguiding properties. With its low temperature processing and its

transparency in the visible wavelength range, this material can

perhaps serve as a useful dielectric, especially on InP substrates.

The potential uses of this material are diffusion masks and

passivation layers.



CHAPTER 7

CONCLUSION

In this thesis we have studied the characteristics of pure and

doped solution deposited thin Si02 films and their applications. We

have used the spin-on method to produce pure and doped SiOz films

for integrated optics and microelectronics.

The relationship of processing parameters and the

characteristics of the film obtained has been studied. Among the

characteristics we studied are film refractive index and the film

thickness homogeneity.

Using the characteristic matrix notation [3. 6], a normalised

reflectance method is developed and used to determine at the same

time film thickness and refractive index both on glass and

semiconductor surfaces. For this sake, a general normalised

reflectance calculation is carried out to suit various film substrate

combinations, including both transparent films, absorbing films and

multilayers. The practical software is written in MATHCAD notation

and is especially well suited to the various thin film calculations.
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For single transparent layers on semiconductors, a minimum in the

normalised reflectance spectrum can at the same time give the film

thickness and the refractive index at a particular wavelength, using

equation (3. 8b) and Fig. 3-2. We have in course of this thesis work

developed a technique based on the measurement of the normalised

reflectance and its mathematical and numerical treatment. Our

method is more accurate than many widely used at this time such as

the method of Ref. [3. 4], which neglects k of the substrate and uses

equation (3. 9b). Using numerical calculation at wavelengths shorter

than 500 nm and/or when the film refractive index is greater than

1. 50, we can reproduce measured spectra with a maximum error of

1% in normalised reflectance and deduce to within 0.01 the

refractive index value. One uniqueness of our numerical algorithms

and its software implementation with MATHCAD is for single layers,

it can quickly and accurately give the normalised reflectance of the

film-substrate assembly. A second minor, but useful originality is

that for multi-layer calculations the layer sequence we used is that

in accord of the physical processing sequence. The algorithm can

readily be adapted to the semiconductor epilayer thickness analysis

as measured by infrared reflectance or normalised reflectance. As
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a test of the normalised reflectance measuement technique and

analysis method, the refractive index of thermally grown S102 on

silicon was mesured and the results are in good agreement with

reported data of [4. 1]. The deviation between the calculated

normalised reflectance value and the measured value is within 2.5%.

Using the spin-on technique we fabricated thin films of

excellent quality. For example, the homogeneity in the x and y

directions of 1.2% was achieved for both pure and 1:1 TI02 doped

SiOg on silicon. The homogeneity in the vertical, or Z-direction was

analysed with a multilayer model of 8 layers. Our work extended the

work of [5. 3] to absorbing substrates. It is found that the

homogeneity in the Z-direction is 5%. We also find that for linearly

inhomogeneous films, the refractive index we derived from the

reflectance minimum method is the mean refractive index as

calculated by averaging through the depth of the inhomogeneous film.

The etch rates of the films are measured using both plasma

and chemical methods. These experiments are in agreement with our

refractive index measurements. The 800 oQ baked Si02 has

essentially the same etch rate as that of thermally grown Si02 on

silicon.
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The films stress on silicon wafers was measured by the

composite bending method. We found that for the film stress on

silicon, the TiOg concentration influence is greater than the

temperature influence. Thus, to obtain TiOg-rich films, diluted

solutions need be used.

The spin-on films were tested as antireflection coatings on

semiconductor surfaces. We found that at a specified wavelength of

interest, a single layer of Ti02 rich film is sufficient to obtain an

essentially reftectionless surface.

The TiOg doped S102 films were used to make waveguides. We

measured the effective refractive index of the waveguide and

compared it with the value we had determined by normalised

reflection and n-d calculation. The two methods agree perfectly to

within experimental error. The Ti02 concentration and film thickness

control enables us to obtain waveguiding films with various

effective refractive index values.

We have successfully used Coumarin 504 to dope spin-on Si02,

and used these films to overlay ion-exchanged glass waveguides. We

measured the absorption spectrum and the fluorescence at the

output of the glass waveguide. We successfully demonstrated that an
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organic dye can be incorporated into an inorganic matrix and show

broad fluorescence spectrum, creating an optical medium with gain
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APPENDIX 1

OPTICAL CONSTANTS OF Si. GaAs AND inP

The optical constant of Si, GaAs and In P are taken from

reference [4.4] and compiled in the matrix form in the MATHCAD

notation. Combined with Appendix 2, it become a prpgramm which

can simulate the normalised reflectance minimum of transparent

thin film and semiconductor combination.
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^ :=

Appendix. 1. 1- Silicon Optical Constant
i := 0 .. 37

400 5. 570 0. 387
403 5. 493 0. 355
407 5. 349 0. 313
416 5. 164 0. 255
425 5. 009 0. 211
431 4. 916 0. 194
439 4. 791 0. 170
449 4. 682 0. 149
456 4. 615 0. 131
462 4. 553 0. 131
473 4. 466 0. 120
480 4. 416 0. 094
488 4. 367 0. 079
496 4. 320 0. 073
504 4. 277 0. 066
512 4. 235 0. 060
521 4. 196 0. 056
530 4. 159 0. 043
539 4. 123 0. 048
544 ns := 4. 106 ks := 0. 044
554 4. 073 0. 032
559 4. 042 0. 032
569 3. 997 0. 027
579 3. 969 0. 030
596 3. 943 0. 025
608 3. 918 0. 024
626 3. 893 0. 022
639 3. 870 0. 018
660 3. 847 0. 016
674 3. 815 0. 014
689 3. 796 0. 013
697 3. 778 0. 012
721 3. 761 0. 011
738 3. 745 0. 010
756 3. 728 0. 009
775 3. 721 0. 008
795 3. 705 0. 007
800 3. 688 0. 006
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^ :=

Appedix.1
i :..

400
405
411
416
425
427
434
440
446
453
456
462
470
477
484
492
500
508
517
530
544
559
569
579
596
608
626
639
660
674
689
697
721
738
756
775
795
800

. 2- GaAs Optical Constant
0 .. 37

4. 373
4. 439

. 483

ns :=

5.
5,

4.
4. 550
4. 755
>. 052
>. 102

5. 015
4. 902
4. 793
4. 741
4. 649
4. 567
4. 492
4. 423
4. 362
4. 305
4. 254
4. 205
4. 141
L 082
L 029
t. 998
(. 968
(. 927
t. 904
t. 867

3. 846
3. 817
3. 799
3. 785
3. 779
3. 752
3. 734
3. 716

1. 700
. 685

4,
4,
3,
3.
3.
3.
3.

ks :=

1,
1

3

3

3. 679

2. 146
2. 029
1. 961
.. 952
.. 960

1. 721
1. 353
1. 085
0. 912
0. 789
0. 739
0. 659
0. 595
0. 539
0. 497
0. 458
0. 426
0. 398
0. 371
0. 337
0. 308
0. 285
0. 266
0. 251
0. 232
0. 223
0. 203
0. 187
0. 173
0. 168
0. 151
0. 152
0. 118
0. 105
0. 097
0. 091
0. 087
0. 085
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Appendix 1. 3-1nP Optical Constant

^ :=

400
408
413
421
427
437
443
452
459
470
477
488
496
508
517
530
539
553
564
579
590
608
620
639
653
674
689
713
730
760
800

ns :=

4. 415
4. 433
4. 395
4. 314
4. 265
4. 175
4. 121
L 048

. 004
(. 940
1. 903
t. 851
(. 818

3. 773
3. 745
(. 706
(. 682

3. 649
3. 629
3. 602
3. 585
3. 563
3. 549
3. 530
3. 517
3. 501
3. 492
3. 481
3. 476
3. 489
3. 459

4

4,
3,
3,
3.
3.

3

3,
ks :=

1. 735
1. 414
1. 247
1. 061
0. 964
0. 847
0. 786
0. 712
0. 667
0. 614
0. 579
0. 536
0. 551

1. 479
1. 457
L 431

0. 416
0. 393
0. 380
0. 358
0. 347
0. 329
0. 317
0. 299
0. 293
0. 278
0. 270
0. 255
0. 242
0. 225
0. 209

0

0

0,



APPENDIX 2

THE NORMALISED REFLECTANCE MINIMUM OF THIN FILMS OF

DIFFERENT REFRACTIVE INDEX ON Si, GaAs AND InP

The normalised reflectance minimum of transparent thin films

of different refractive index and semiconductor combination are
4?

calculated using formular (3. 1) to (3. 8) . The optical constant are

shown in Appendix 1. The results of the calculation of this Appendix

can be used to find the refractive index of the transparent thin films

from its normalised reflectance minimum values in a film-

substrate's normalised reflectance spectrum.
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^ (i) := ^ ns(i) :== ns ks (i) := ks
i i i

1 j := 0 .. 9 nf(j) := 1. 40 + 0. 05-j

nf(j) - na
rl2(j) :=

na + nf(j) (3. 2)

P23(i, j) :=
.

(ns(i) - nf(j)) + ks (i)

.
(nf(j) + ns(i)) + ks (i)

R0(i) :=

2 2
(ns(i) - na) + ks (i)

2 2
(ns(i) + na) + ks (i)

(3. 3)

(3. 6)

Kn>(i/J) :=
(p23(i, j) - rl2(j))

(1 - p23(i, j). rl2(j)) (3. 8b)

K(i, J) :=
Rm(i, j)

R0(i) (3. 7)
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APPENDIX 3

THE MULTI-LAYER TRANSPARENT THIN FILMS ON

SEMICONDUCTOR

To show normalised reflectance calculation for multi-layer

thin films and substrate assembly, an example of eight layer thin

films and silicon assembly is calculated. Fomulars in Sec. 3. 2 are

successively applied. The result of this calculation are shown at

same time in Fig. 5. 3b and in this Appendix.
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Fig. 5-3:-The normalised reflectance calculation for a linearly inhomogenious
tnin -Film of thickness of 360 nm on Si. An eight layer subdivition is used

nl
n2
n3
n4
nS
n6
n7

0 . . 40
1. 35
1. 3643
1. 3786
1. 3929
1.4072

= 1. 4215
1. 4358

X(i) := 400 * i-10

n8 :s 1. 45

t := 4.5

KH(i) := 0. 050 - 0. 1327-
?.. (i) - 550 17 |X(i) - 550

1000 75 1000

A(i) - 400 |;v(i) - 400
KL(i) . := 0. ISO - 1. 33 + 1 99-

looo L 1000
ks(i) := if(>.. (i) < 550, KL(i), KHCi))

.2
\(i) - 550 ^-. (i) - 550'

nH(i) := 4. 090 - 3. 6 + 7-
looo L 1000

.?<(i) - 400 |>.. (i) - 400
nL(i) . := 5. 060 - 9.867 . *- 22. 67-|

iooo L 1000
ns(i) := V(>. (i) < 55Q, nL(i), nH(i)^:

t I I t
&l(i) := |2-1T nl--j S2(i) := |2-7T'n2

;... (!)

S4(i) : |2-ir-n4-
>(.i

&5(i) := |2--IT-n5

;... (!)

t

A<i)

t 1 . _. . L _ _ l
67(i) := |2-TT-n7---| . S8(i) := |2-ff-n8-

x(i)J L >'(:

(Silicon)

(Silicon)

S3(i) := |2-7T'n3

&6(i) := |2-TT-n6

X(i

t

?.. (i)

al(i5 :'
a4(i) :,
a7(i) ::

cos(Sl(i))
cos(&4(i))
cos(S7(i))

a2(i)
a5(i)
a8(i)

cos(S2(i))
cos(S5(i))
cos(S5(i))

a3(i) := cos(f. 3(i))
a6(i) := cos(&6(i))

bl(i) ::

b4(i) :.

b7(i) :.

sin(Kl(i))

nl
sin(64(i})

n4
sin(S7(i)}

n7

b2(i) ::

b5(i) :-

b8(l. ) :'

sin(&2(i))

n2
sin(f. 5(i))

nS
sin(&8(i))

nS

b3(i) :'

b6(i) .-=

sin(S3(i))

n3
sin(S6(i))

n6
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cl(i)
c4(i)
c7(i)

dl(i)
d4(i)
d7(i)
al2(i) :
t-12(i) .
cl2(i) :
dl2(i) ;

al_3(i)
bl_3(i)
cl_3(i)
dl_3(i)

al_4(i)
bl_4(i)
cl_4(i)
dl_4(i)

nl . sin(&l';'i))
n4-sin(t,4(i))
n7-sin(&7(i))

c2(i) := n2-sin(t. 2(i))
c5(i) := n5-sin(if. 5(i))
'c8(i) := n8-sin(f. 8(i))

al(i)
a4(i)
a7(i)-
al(-i)
al(i)
cl(i)
dl(i)

&2(i)
b2(i)
a2(i)
d2(i)

d2(i) :-
d5(i) :=
d8(i) :

bl(i)-c2(i)
t>l(i)-d2(i)
cil(i)-c2(i)
cl(i)-b2(i)

a2(i)
a5(i)
aS(i)

al2(i)-a3(i) -
al2(i)'b3(i) +
cl2(i)-a3(i) +
dl2(i)-c!3(i) -

bl2(i)-c3(i)
bl2(i)-d5(i)
dl2(i. )-c3(i)
e12(1)-b3(i)

al_3(i)-a4(i) - bl_3(i). c4(i)
al_3(i)-b4(i) + bl_3(i) . cf4( i )
cl_3(i)-a4(i) + dl_3(i)-c4(i)
dl_3(i)-d4(i) - cl_3(i)-t>4(i)

c3(i)
c6.( i )

d3(i)
d6(i)

n3
n6

sin(63(i))
sin(66(i))

a3(i)
a6(i)

al_5(i)
bl_5(i)
cl_5(i)
dl_5(i)

al_6(i)
bl_6(i)
cl_6(i)
dl_6(i)

al_7(i)
bl_7(i)
Cl_7(i)
dl_7(i)

al_4(i)-a5(i)
al_4(l)-b5(i)
cl_4(i)-a5(i)
dl_4(i)-d5(. i.)

bl_4(i)-c5(i)
bl_4(i)-d5(i)
dl_4(i)-c5(i)
ol_4(i)-b5(i)

= al_5(i)-a6(i) - bl_5(i). c6(i)
= al_5(i)-b6(i) + bl_5(i)-d6(i)
= cl_5(i)-a6(i) + dl_5(i)-c6(i)
= dl_5(i)-d6(i) - cl_5(i)'b6(i)

= al_6(i)-a7(i) - bl_6(i)-c7(i)
= al_6(i)-b7(i) + bl_6(i). d7(i)
= cl_6(i)-a7(i) + dl_6(i)-c7(i)
= dl_6(i)-d7(i) - cl_6(i). b7(i)

a(i) := al_7(i)-a8(i) - bl_7(i) c8(i)
b(i) := al_7(i)-b8(i) * bl_7(i) dS(i)
c(i) := cl_7(i) . a8(i) * dl_7(i) . c8(l.)
d(i) := dl_7(i)-d8(i) - cl_7(i). b8(i)
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r0(i) :^

2 2
(ns(i) - l) + ks(i)

2 2
(ns(i) + 1) + l<s(i)

yi(i) :=
ns(i)-d(i)-(a(i) * l<s(i)-b(i)) + (c(i) - t<s(i)-c!( i)) (ns(i)-b(i))

2 22
(a(i) + ks(i)-b(i)) + ns(i) . b(i)

y2(i) :.-

r-(i) :..

ns(i) -d(i)-b(i) - (c(i) - ks(i}-d(i)) (a(i) -.. l<s(i) b(i))

2 22
(a(i) + ks(i)-b(i)) + ns(i) . b(i)
2 2

(1 - yl(i)) + y2(i)

2 2
d + yl(i)) * y2(i)

Rnom(i) :=
r-(i)

r0(i)

1.5

^

Rnom(i)

\

400 X(i) 800

:'s~*,\-



APPENDIX 4

THE SINGLE TRANSPARENT THIN FILMS ON TRANSPARENT

SUBSTRATE

This appendix is a software for the normalised reflectance

calculation of thin transparent films on transparent substrate. The

Rnorm is calculated using eguation (3. 5)-(3. 27) and assuming an semi-

infinitive thick substrate. The R'norm is calculated according to

(3. 27) and taking the back surface of the substrate into account.



Appendix. 4-Fig. 3. 10
i := 0 .. 40 d := 300 nm

"a := 1 nf(i) := 1.7

>(i) := 400 + i-10 nm

0. 6961663
0. 0684043
0. 4079426

c := 0. 1162414 X(i)
0. 8974794 L(i) :=
9. 8961610 1000

118

LI (i) := c -
0

L(i)

L(i) - c

L2(i) := c

L3(i) := c -
4

L(i)

2 2
L(i) - c

3

2

L(i)

L(i) - c

ns(i) := (LI (i) + L2(i) + L3 (i) + 1}
(4. 3)
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P(i) := 2-iT-nf(i) -
\{i)

ks(i) := 0

r0(i) :=
(ns(i) - na) + ks (i)

.
(ns(i) + na) + ks (i)

m(i) := na-
ns(i)

nf(i)

ml (i)

"2(i)

(3. 5)

(3.6)

r(i) :=

:= L(m(i) - nf(i)) J - (sin(p (i)))

21 2
.
(m(i) + nf(i)) J - (sin(p (i))) .

2 2
. (na - ns(i)) - (cos(P (i))) + ml (i)

2 2
. (na + ns(i)) -(cos(P(i))) + m2(i)

r0(i)
R0(i) :== r0(i) + ^ -d - r0(i))

(3. 16)

2

.

21
Ll - r0(i)

(3. 24)
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K(i) := r(i) +
r0(i)

(1 - (rO(i)-r(i)))
(1 - r(i))

monm(i) :=
r(i)

r0(i)

Rnorm(i) :=
R(i)

R0(i)

(3. 21)

(3. 18)

(3.27)

Rnorm (i), rnorm (i)

400 ^(i) 800



APPENDIX 5

THE SINGLE TRANSPARENT THIN FILMS ON AN ABSORBING

SUBSTRATE

This is a software to simulate the normalised reflectance of a

transparent thin film on an absorbing substrate. The substrate is

thick enough that the rear surface do not contribute to the surface

reflectance. The example of Fig. 12 is considered and equation (3. 1)

to (3. 7) is used.



Appendix. S-Fig. 3. 12
122

i := 0 .. 37

x :=

400
403
407
416
425
431
439
449
456
462
473
480
488
496
504
512
521
530
539
544
554
559
569
579
596
608
626
639
660
674
689
697
721
738
756
775
795
800

ns :=

d := 857.5
5. 570
5. 493
5. 349
5. 164
5. 009
4. 916
4. 791
4. 682
4. 615
4. 553
4. 466
4. 416
4. 367
4. 320
4. 277
4. 235
4. 196
4. 159
4. 123
4. 106
4. 073
4. 042
3. 997
3. 969
3. 943
3. 918
3. 893
3. 870
3. 847
3. 815
3. 796
3. 778
3. 761
3. 745
3. 728
3. 721
3. 705
3. 688

nm

ks :=

0. 387
0. 355
0. 313
0. 255
0. 211
0. 194
0. 170
0. 149
0. 131
0. 131
0. 120
0. 094
0. 079
0. 073
0. 066
0. 060
0. 056
0. 043
0. 048
0. 044
0. 032
0. 032
0. 027
0. 030
0. 025
0. 024
0. 022
0. 018
0. 016
0. 014
0. 013
0. 012
0. 011
0. 010
0. 009
0. 008
0. 007
0. 006



X(i) :=^

na := 1

c :=

0. 6961663
0. 0684043
0. 4079426
0. 1162414
0. 8974794
9. 8961610

123

ns(i) :== ns ks (i)
i

:= ks

L(i) :=
^(i)

1000

L(i)
LI (i) := c -

022
L(i) - c

1

L2(i) := c
L(i)

L3(i) := c

222
L(i) - c

3

2

L(i)

4 22
L(i) - c

5

nf(i) := (LI (i) + L2(i) - L3(i)) (4. 3)
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(i) := 2-ir-nf(i) (3. 5)

rl2(i) :=

^(i)

(nf(i) - na)

(na + n£(i)) (3. 2)

0.5

p23(i) :=
^(ns(i) - nf(i)) + ks (i)

.

(nf(i) + ns(i)) + ks (i)

.

(ns(i) - na) + ks (i)

.

(ns(i) + na) + ks (i)

»23(i) := atan 2-ks(i)-

0.5

(3. 3)

R0(i) :=

(3. 6)

nf(i)

ns (i)
222}

i) + ks(i) - nf(i)
(3.4)

rp(i) := 2-rl2(i)-p23(i)-cos($23(i) +2-p(i))

Lrl2(i) +p23(i) + rp(i)
R(i) :=

[- rl2(i) -p23(
.2

i) + rp(i)^
(3. 1)



Rnorn(I)

125

Rnor (i) ;=
Rd)

R0(i) (37)

400 ^(1) 800 (nm)
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