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ABSTRACT

Because spectroscopic ellipsometry (SE) mmvolves measurements of both the
phase and the amplitude change of hight on reflection from a sample at many wavelengths,
it can be utilized to determine the depth profile of the sample's refractive index with a
resolution as high as the Angstrom level, Due to recent advances in the techmigue of
incorporating an achromatic compensator into a rotating-analvzer ellipsometer, it is now
possible to make such measerements on transparcnt materials such as glasses and
dielectrics. In this work, the sensiivity of SE data to the chamctenzation of diffusion
profiles in transparent materials for optical applications is shown to be a function of
parameters such as the thickness of the altered layer and the refractive index contrast. To
determine the sensitivity, a model of the sample with a known compositional depth profile
was constructed and the resulting ellipsometric spectra were cakculated. These calculated
spectra were then compared to that of the unmodified sample surface to determine the
relationship between the magnitude of the changes in the optical data and the parameters
describing the diffusion. The sensitivity of SE to the depth, refractive index contrast and
surface concentration of the graded index layer was reported.

In addition, ellipsometric data on selecied samples which have graded index layer
structures were quantitatively modeled. The depth profiling results measured by SE were
compared with those measured by Secondary lon Mass Spectroscopy (SIMS). Good

quantitative agreement between these completely independent measurernents was found.



TABLE OF CONTENTS

ACKNOWLEDGMENTS ...

CHAPTER 1 INTRODUCTION ..o,

CHAPTER 2 LITERATURE REVIEW AND BACKGROUND ...

2.1
22
2.3
2.4

2.5
2.6
2.7

Spectroscopic Ellipsometry (SE) oo
e L e o e e b

SISV el 8H s snsis e et i T
Basic Principle and Theory of EIIpSomerry ........ocoemsesmmm s

24.1 Propagation of Light in Mater ...........ccemminiisiiin

242 Polarizad LIFRE i i i sassnisnan amsaiaesd
2.4.3 Equations of ENipsomewry ......ccoereerameisisins

244  Dispersion Relationships ...ooooe oo
245 Effective Medium Approximations v oo oscccens
b R E T T SR e R P S S

Graded-Index Optical Thin Films oo,
Diffusion in Films on Planar Substrates ..o oo,
DI BB s i o R B i i e

CHAPTER 3 INSTRUMENTATION AND EXPERIMENTAL

EH |

3.2

PROCEDURE: .. coonaminsissns
Modeling Procediee .. s iesniosimss srrerrmrsmmierrsssrs

3.1.1 Reference Optical Property Data ............ccummiin e
G ITORTITNE TOPONBTINNN o o it g o i ' .

Optical Components of PSU Spectroscopic Ellipsometer.....ooonn, p

]

40



3.3 Electronic Components of PSU Spectroscopic Ellipsometer............. 42
3.4 Calibration of PSU Spectroscopic Ellipsometer........ccoovvevveceinnnes. 42
3.5 Alignment and Signal Correction ..o iceeeeeceeceenrenssrreerenmsnenes S
b Sarmyle Preparation . . cisie b s it S

3.6.1 Soda-Lime Silicate GIass ....ccooooimieicisiiiiiiineie e 458
3.6.2 Alkali-Lead Silicate GIASS oo eeeererrerserreseees BT

3.7 Secondary lon Mass Spectrometry (SIMS) .oivvrimrcrimmmimsisorersnans 30

CHAPTER 4 RESULTS AND DISCUSSION ... 81

4.1 Introduction .......... TR BT e s | |
4,2  Modeled Change ut‘EHtpmmml: Pnrnmelers e pmamed R

4.2.1 Effect of Surface Concentration of a Modified Glass .............. 53
4.2.2 Effect of Modified Depth ... £ PR T R b,

4.2.3 Effect of Number of Layers Uﬁl:-d m Mminl PPRSSPIRREVE, .. |
4.3 Determination of the Sensitivity of SE ... veevvvrsicsssinnrsnnnn 60

4.3.1 Determination of the Depth Sensitivity of SE for Graded
INdeX LAYEES cooeeeeeeieseeecnmearssrerersmesns seeres rerssmssasans smsasasssoie .64
432 Determination of Composition Sensitivity of SE .............. 68

4.4 Soda-Lime STHCHE (HABE .. issiammsinnsmnnnissisassrsssssssssssnasimsinseiies 71
4.5 Alkali-Lead SiHcate GEaSS eeseieescsssssssrssssssssossrssssssssssosssessansmmmrnr, B4

CHAPTER 5 CONCLUSIONS AND FUTURE WORK ............ 101

T s 1 [ L3 OO 1 ) |
o BB MO i i e i b L b b ki e TR



2.1

22

23

24

By

2.6

2.7

28

29

3.1

3.2

3.3

LIST OF FIGURES

Schematic diagram of several methods to obtain dapﬂ't pmflnh m thin films

(a) Backscattering method, (b} AES, (¢) SIMS .,

Elliptically polarized hght .........ccccoceciiiecs

Representation of reflection and refraction at an interface .o

schematic representation of a multilayer film ..o

Configuration of an optical waveguide made by diffusion .....cvvurrnnn

Schematic diagram of the fabrication of a planar glass waveguide by

O -SXERMINEE wouiiissimnssniao insssssuinapissns A A I AR S e

The simulated linear profile used by Erman et al. (20-layer model) ..............

(a) Rectangular model, (b) lra.pemld-LypE maodel, (c) realistic mode]
for Ge-implantd Si samples ... : e

Stair -case optical model for a Na,O-modificd 510, glass surface...............
Schematic diagram of the Rotating Analyzer Ellipsometer (RAE) system ...

Flow chart for the modeling procedure used in this study ...

Refractive index dispersion for several compositions of

more ki -l BRI o b e e e e e e

Page

S

o

il

il B

-



34

3.5

3.6

37

38

39

4.1

4.2

4.3

44

4.5

4.6

Effect of composition on the refractive index of (510, {]"-J'ﬂ.i‘--';l']!r
at a wavelength of 589.3nm ..o

Dispersion phenomena of sodium silicate glasses ........ccceeeeee.

{a) Typical calculated Na,0 diffusion profile and
{b) Schematic of layer thickness subdivision used in modeling of SE daia ...

Refractive index (n) profile at 589 3nm wavelength for a Na,O-modified
Si0, glass. (a) Actual diffusion profile, (b) Approximation o% the diffusion
profile used in this stody (Sep MORCHON ). e

Apparatus used for leaching the glass slide with hydrochloric acid .............
Compasitional depth profile of Si0, within a leached glass slide ..............

Calculated ellipsometric data for Na, O diffused into 5i0,
(strface comoentratdon 2 TR .. o rrrecboninsssnsiss iasnsasasndanni e i it sabns

Calculated change of A as a function of wavelength of the SE data for
different dopant cONCENTALIONS .........cocoveieineaiisiies st e ssssmsans

Comparison of the change of A between a homogeneous layer
and 3 graded layer......c.c.......

Calculated change of A as a function of dopant concentration
and wavelength ...

Effect of the diffusion depth on the ellipsometric spectra ..o,

Change of A of SE data with varying diffusion depth at wavelengths
between 300 and 800nm (C_=10%) for Na, O diffused into Si0, .............

.. - .

. )

v 4]

48

449

52

- 57

58



4.7

4.8

49

4.10

4.11

4.12

4.13

4.14

Oscillations of modeled A values due to artitacts associated with the
number of sub-layers describing the graded index region
{ Surface concentration {C;] = 10%, Diffusion dcpmzilm.'!t fixed,
I R i i S B s e i

The change of modeled ¥ values associated with the number of sublayers
degoribing the graded indeX TEZION ... cssms i e e s acinas B3

Sensitivity (8A) of the ellipsometric parameter A to various modified
graded index layer depth changes. The scale is in degrees per 104,
204, 30A, 50A and 100A depth change. The mg.ma] modified dcp[h

is 140A. - By “bmr”””"' at & = 500nm) ... i i

Sensitivity (6A) of the ellipsometric parameter A to various modified
graded index layer depth changes. The scale is in degrees per 10A,
20A, 30A, S0A and 100A depth change. The original modified depth

is 1404, e - mu—t}ﬂjﬂatl = 500nm) ... R R s T

Sensitivity (8A, &'F) of the ellipsometric parameter (A, '¥)
e & change i modified depth. The scale is in degrees per S04 depth
change. The legend shows the original diffusion depth. .ooovvveecvenniciininns 67

Sensitivity (8A) of the ellipsometric parameter A to a change
in the surface concentration. The scale is in degrees per 1% surface
concentration increase. The modified depth of model is held at 1404, ........ 69

Sensitivity (8A) of the ellipsometric parameter A to a change
in the surface concentration. The scale is in degrees per 1%, 2%,
3%, 5% and 10% surface concentration change, The modified depm

of model is held at 140A. (n_ oo =My = 00174 at h = 500Am) .......er. 70

Sensitivity (8A) of the ellipsometric parameter A 1o a change
in the surface concentration. The scale is in degrees per 19, 2%,
3%, 5% and 105 surface concentration change. The modified depth

of model is held at 1404, (n_ - -n_ =0.030 at &= 500nm) ........... TR



4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

435

%

Sensitivity (dA) of the ellipsometric parameter A to a change
in the surface concentration. The scale is in degrees per 1% surface
concentration change. The modified depth of model is held at 3760A. ... 73

Sensitivity (8A) of the ellipsometric parameter A to a change

in the surface concentration. The scale is in degrees per 1%, 2%,

3%, 5% and 10% surface concentration change. The modified depth

of model is held at 3760A. (n_ . -n_ . =00174 at &= 500nm) ........... 74

Une layer model of an unmaodified glass with a rough sorface layer ............ 76

Ellipsometric spectra (A, '¥) as a function of leaching time for a commercial
SOt BHICE RIGRE ... v sy sps s s sy sssos i T

Depth profile of the 48 hours leached soda-lime silicate gla.ﬁ usIng
BN TP ot st s s I s

Depth profile of the 7 da}'s leached soda-lime silicate g].au using
two-layer model .. b LA My SR R AR S AR B ey IR

Depth profile of the 10 days leached soda-lime silicate glass vsing
EO IR TR o s o ysi i s et st T

Change of surface roughness during leaching of soda-lime silicate glasses 82

Depth profiles {error-function-like) of the Si0,, volume fraction within the
graded layer for soda-lime-silicate glass determined from the SE models..... 83

SIMS compositional depth profile of an unleached soda-lime silicate glass ., 84

SIMS5 compositional depth profile of 48 hours leached
soda-lime silicate glass ... &5



4.26

427

428

4.29

4.30

4.31

4.33

4.34

4.35

436

SIMS5 compositional depth profile of 7 days leached
eda-Tine: sE R L T B

SIMS compaositional d:pli'l |:bmf“lz: of 10 dﬂ}f‘& leached
soda-lime silicate glass ..o A S e e

Normalized SIMS depth pn:rf:le ﬂfNﬂz(} in the soda-lime silicate g!asses

with different leaching times . e e b e e e
Twa layer model of the 30min. 1hr and Shr leached lead-silicate glass ...... 9
Two layer model of the 1 day leached lead-silicate glass ..., G2

Expernimental and calculated :]J.lps-l:rmetnc spectra (A, W) for the 30min.
leached lead-silicate glass ... e R R e

Experimental and calculated ellipsometric spectra (A, ¥) for the 1hr,
leached lead-silicate lass ...t it s sressoinniinness. O

Expenimental and calculated ellipsometnc spectra (A, W) for the Shr.
sk Ten-a Tl Cmte PUMEE ... i icmiiinanss s sascne it i 0 ks e s .. 0%

Expenmental and calculated elllps-urm:m: ﬁpe:lra (A, ¥ for the | da:.:
leached lead-silicate glass ... L ey

Depth profiles (emor-function-like ) of the oscillator describing
the graded layer for lead-silicate glass ......cocemeiiicirnnen i nirereerseses 9B

SIMS depth profiles for lead-silicate glass as a function of leaching time ..... 100



il

4.1

LIST OF TABLES

Composition and density of Fisher brand glass slide

Model parameters for the leached lead-silicate glasses (...

b1



ACKNOWLEDGMENTS

I would like to first thank my advisor Dr. Susan Trolier McKinstry for her
mvaluable guidance and encouragement throughout this study. I alse thank the members
of my committee, Dr. R. W. Colling and Dr, Carlo G. Pantano for their time and effort on
my behalf.

| would like to especially thank Brady J. Gibbons and Pavadee Aungkavattana for
their friendship, advice and encouragement. [ would like to thank many friends in
ellipsometry group in MRL. Sincere thanks are also extended to A. D¥Souza for his help
with SIMS measurement.

Finally. I would like to especially thank my mother and father, my brother and sister-
m-law. And to anyonc 1 missed -- Thanks!

This research was funded by the National Science Foundation through grant No.
DMR-9308332.



Chapter 1

INTRODUCTION

Graded refractive index optical thin films are being increasingly recognized as an
attractive alternative to traditional multilayer dielectric stack devices for spectral filters
and antireflection coatings. Such coatings are used in many different types of optical
systems, and are cxpected to become progressively more important a8 syslems
necessitating optical interconnections between components of different compositions are
developed. A wavegmde material has the property that the refractive index is vaned with
depth in the sample. Waveguiding thin films can be achieved by diffusing a dopant into the
near surface region or by the ion exchange method. In arder to reproducibly produce
devices with a given mdex profile, a technique which is capable of accurately measuning
the film index i5 required. In general, m characterizing such films, it is assumed either that
each film is homogeneous throughout its thickness or that the refractive index depth

profile is known, largely because measurements of the actual depth profile of the

properties has been difficult.

There 15 a need for a non-destructive analysis tool capable of determining the
refractive index (and so the composition) depth-profile of a sample with good resolution.
Spectroscopic ellipsometry {SE) is an optical technique sensitive to the depth profile of the
dielectric function with Angstrom scale depth resolution. A combination of optimum angle
of incidence and variable wavelength (spectroscopic) capability can achieve the highest
possible accuracy in measurements of graded index thin films, However, the sensitivity of
SE to graded changes in the optical properties is unknown. Consequently, this study was
directed towards determining not only the sensitivity of SE to sample composition, and

refractive index contrast but also the depth resolution when there is no abrupt interface.



This problem was approached through a series of modeling studies on the sensitivity
limits of SE. The modeling studies were cross-checked with experimental data on two
kinds of samples. Finally, the SE results were compared with STMS (Secondary Ton Mass
spectroscopy) analyses on the compesitional depih profile of the sample surface.

Chapter 2 is the background and literature review which is relevant to this study. It
describes the basic theory of SE and the optical modeling used, Chapter 3 describes the
experimental procedure and instrumentation used in this study, including the modeling
program, the spectroscopic ellipsometer used, and the sample preparation. Chapter 4
contains the results and discussion section of this study. The calculated sensitivity of SE to
the depth, composition and refractive index contrast of a graded index layer 15 presented.
Also a comparison of compositional depth profiles on selected samples measured by SE
and SIMS is described. Finally, chapter 5 lists the conclusions the proposed and future

wark.,



Chapter 2

LITERATURE REVIEW AND BACKGROUND

Graded refractive index trangparent materials are being increasingly considered as
an atiractive alicmative 1o single or multiple layer dielectric coatings for optical systems
(Chartier et al. 1980, Snyder et al. 19%9%2). An effective and nondestructive method to
determine the refractive index contrast is needed to facilitate device fabrication.
Background material that 15 relevant to not only the characterization techniques for graded

ndex materials but also W several optical models 15 discussed in this chapter,

2.1 Spectroscopic Ellipsometry (SE)

Ellipsometry has been widely used to study the optical and microstructural properties
of thin films. Ellipsometry 15 an optical technigque that measures the change in the
polarization state of a polanzed light wave after interaction with the sample.
Spectroscopic Ellipsometry (SE) measurements made with the optimum angle of mcidence
(Leidler et al. 1974) have been shown 1o be a powerful technique for nondestructive,
quantitative and indirect evaluation of thin films.

Although the theoretical prninciples of SE were developed more than three decades
ago, the introduction of inexpensive computers allowed the ellipsometric technique to
develop to its present mature status, Spectroscopic means that the measurement is
performed at different wavelengths, The wavelength range frequently spans from the near
[R 1o the near UV, The number of wavelengths measured generally exceeds the number of

unknown parameters even for complex multilayer structures.



The important advantage of SE over other optical characterization methods is that it
can measure independently two parameters, which are the relative phase and amplitude
change of polarized light brounght about by reflection from a sample. Since the phase
change is more sensitive to a small change in the sample surface condition or the thickness
of a layer than the amplitude change {Aspnes 1981), the phase data makes ellipsometry
very sensitive to compositional non-uniformity. In general, ellipsometry has monolayer
sensitivity to surface change through the detection of the relative phase change of the
electric field component. Many studies have been conducted to verify the capability of SE
to- perform multilayer optical analysis as compared with other technigues (Woollam et al.
1987, Mcharr et al. 1986). Furthermore, a real-time spectroscopic ellipsometer (RTSE)
with an optical multichanne| analyzer has been developed to investigate dynamic changes
in the microstruecture and optical properties of thin films with a time resolution as short as
5ms (Collins 1990). With this technigue, the growth mechanism, including phenomena
such as nucleation, monolayer formation, coalescence, bulk film growth and the evolution
of surface roughness, can be identified fm-sif.

The SE employed in this study is of the rotating analyzer ellipsometry (RAE)
configuration similar in design to that of Aspnes and Studna (Aspnes et al. 1975). This
instrument was used at an angle of incidence of 707 over the wavelength range 300-800
nm. For these messurements, at cach value of wavelength data from 50 mechanical
rotations of the analyzer were used to yield an estimated accuracy for calculated relative
phase change of 10.03" and an average accuracy for relative amplitude change of £ 0.01°
(Chindaudom 1991).

Typically, such an instrument is insensilive in the measurement of transparent
samples where A is near 0% or 180" (De Nijs and Van Silfhout 1988, Jellison and Modine
1990). However, this difficulty was overcome by utilizing an achromatic compensator to

shift artificially the near 0% or 180" A to near 90% to satisfy the optimum condition for RAE



{Chindaudom 1991), Since the samples characterized in this study are transparent

maferials, the compensator-equipped RAE was utilized.

2.2 Other Technigues

Many techniques have been emploved to analyze the depth profile of thin films.
Among them, Secondary lon Mass Spectrometry (SIMS), Rutherford backscattering
spectrometry  (RBS), X-ray photoelectron spectroscopy (XPS) and Auger electron
spectrometry (AES) are commonly used. As shown in Fig. 2.1, several of these methods
erode the surface of the sample by energetuc pamicle bombardment, called sputtering.
Sputtering provides information on the compaosition depth profile either by analysis of the
remaming serface with clectron spectroscopy (KPS, AES) or analysis of the sputtered
materials (SIMS). The depth resolutions of these antractive techniques, including SIMS,
RBS and AES are penerally approximately ~3nm, -20nm and -3nm, respectively.
However, damage to the sample surface cannot be avoided with wchnigues employing
sputiering. Also, some of the changes in the composition profiles near the surface due o
variations in sample charging and 'knock-in' during the initial stages of sputtering would
limit these technigues. Rutherford backscattering does not regquire sputtering and so
provides a non-destructive depth profile of the sample. In addition, many researchers have
reported that ellipsometry 1s very powerful tool for the depth profiling of thin films.

Aspnes and Theeten {Aspnes and Theeten 1979) pioneered the stody of the optical
properties and microstructure of the interface between Si and its thermally grown oxide
system by SE. The width of the interface (less than 104) is below the depth resolution of
won milling, so that 5IMS, AES, XPS and other electron- and ion- spectroscopic
technigues (Feldman and Mayer 1986) cannot be used effectively to study it. However,
not only the microstructure but alsa the optical properties were obtained by SE with good

depth resolution. Moreover, SE can be applied successfully to the charactenization of
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semiconductors, such as SiGe alloys which show the occurrence of segregation of Ge
from 5iGe (Hulse et al. 1994). Therefore, it is obvious that SE, which is rapid, relatively
cheap, non-destructive and applicable én situ, can detect in a straightforward manner the

guality (optical and microstructural properties) of thin films.

2.3 Sensitivity of SE

Several studies dealing with the sensitivity of cllipsometric measurement have been
reported. Snyder and co-workers (Snyder et al. 1986) reported that the maximm
sensitivity of the phase change for AlGaAs grown by MBE can be found at an optimum
angle of incidence and wavelength containing direct band gap energy. Cuypers et al.
(Cuypers et al. 1978) used ellipsometry as a tool to study protein films at liguid-solid
mterfaces. They sugpested that an automatic ellipsometer for Wochemical work should
have an accuracy and reproducibility of about 0.005°, corresponding to a layer thickness
sepsitivity of 5A.

One major limitation to the accuracy of ellipsometric characterization of some
semiconductors is the decrease in sensitivity as one investigates greater depths below the
surface (Snyder et al. 1986). Another hmitation 15 caused by correlation between model
parameters in the data ftting stage. In general, correlation between parameters become
stronger as the number of parameters increases and as the parameter sensitivily decreases.
Also since the optical properties (i.e. refractive index, absorption coefficient etc.) depend
on the wavelength, understanding the optical wavelength range for high sensitivity in
determming the optical profile s important, As yet, the limits of the technique sensitivity
for many situations are not known, In particular, the sensitivity of SE to the depth,
composition and refractive index contrast in samples with graded index profiles, and the
sensitivity of the data to small changes of surface roughness are not known, During the

course of this study, the sensitivity limits of SE in detecting graded refractive index layers



will be determined. This permits the accurate establishment of optimum sensitivity

conditions for planned work.
2.4 Basic Principle and Theory of Ellipsomeiry
2.4.1 Propagation of Light in Matter

In general, most optical behavior is governed by the refractive ndex (n) and
extinction coefficient (k), both of which are related to the complex dielectric function (E ).
The dielectric function is also directly related to the electronic structure of the solids.
Maxwell's equations (Wooten 1972) deal with the nature of the interaction between
electromagnetic ficlds and matter. Thus, understanding Maxwell's equation is important.

Starting from Maxwell's eguations and assuming no external currents and an
isotropic and homogeneous medium, the electric field E of a wave is given by (Wooten

1972} (in S1 Units),
i
SO

Where, &:relative dielectric function
¢ ; speed of hight in vacuum

o : optical conductivity

The solution of this equation is given by

E(r.t)= Eﬁexp{i[i‘] r —ml.]ll

O M



Where, q :complex wavevector = i_
N

o0 ; angular frequency

N : the frequency dependent complex refractive index = n+ik

Consequently, the optical propertics of solids can be descnbed i terms of complex

dielectric function £ , where
E=g, +ig, =N? (2.3)

where, €, and e, are the real and imagmary part of the dielecine function. These

descriptions are related by
g =n’—k*, (2.4 a)
o - (2.4 b)
Thus,
nz{%[[ﬁzﬂlz}ﬁﬂl]}ﬁ (2.5 a)

L
k :{%[{E]T+EEE}H—E]]} (2.5 b)



10

2.4.2 Polarized Light

Light may be treated as a transverse electromagnetic wave. Polarization is a property
that is common to all types of electromagnetic waves. The polanzation state 1s determined
by the shape the electric field vector traces in time. For elliptically polarized light, the
resuliant electric field vector E will rotate and change its magnitude. In this case, the
endpoint of E will trace out an ellipse, in a fixed space perpendicular to q (the
waveveclor),

The following is one of the representations of the electric field E of a light wave

traveling along the z-axis from Eq. (2.2).

E, =E cos(gz—al+7,) (2.6a)
and

E, = Ewcns[qz.—nl + %y ) {2.6b)

where v, and v, are the phase of E_and E_respectively atz=0and t=0.

The ellipse characteristic can be described by two mode parameters, () and 2 (Fig.
2.2) where, 15 the angle between the major axis of the ellipse and the x-axis and a is the
ratio of the minor to major axis of the cllipse. These two parameters are given by the

following equations, (Hecht 1987, Azzam and Bashara 1977)

EEDEEHIED'F{?!I' ~ 1)
2
| L sz

SO

an2Q =

(2.7

2a 2B, Egsin(yy —1,)
1+a B +Eg”

(2.8)



a=B/A
E-l:l:li

Ex

Fig. 2.2 : Elliptically Polanized Light

il
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Furthermore, linearly and circularly polarized light are special cases of elliptically polarized
light and are generated when the value of 'a’ assumes the special values of 0 and %]
respectively, In other words, linearly polarzed light occurs when y, -7, =0

(E=E, +E,) and circularly polarized light occurs when y, -y, =*—and E, =E_.

RN

2.4.3 Equations of Ellipsometry

In ellipsometry, light of a4 known polanzation state strikes the sample at an oblique
angle. The eeflected light from the sample surface is generally elliptically polarized. This
polarization state of the reflected light contins information about the sample's properties.
The result of this measurement is two angles, A and ¥,

The reflection coefficients for the p and s components of the light wave are defined

as the ratio of the reflected and incident field amplitudes,

E_™=t] | el |
po =B L) (2.9 a)
P E Lnei
= BE |
E el i
s T P e (2.9 b)
E.;ml-

Ty reflectivity of p component

1. reflectivity of s componeni

7 phase component of electric field

E :amplitude component of electric ficld

p and & denote electric field / and L plane of incidence

ref and inc denote reflected and incident waves.
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The complex reflectivity ratio p can be defined by (Muller 1969)
Tp

PEr—

5
red ref
=|EP |H|IE!' :Il['rprﬂ_'.ﬁm]_[.rplm_.-llllx}l I:'I ]u]
inc| /|y e '
E k.

The cllipsometric parameters, A and ¥ can be expressed in terms of the phase and

amplitude of the p and s component of electric field as follows:

A=yp—7, (2.11 &)
_[B|

tan ¥ = f— (2.11 b)
IE,

By making use of Eqs.{2.11 a) and (2.11 b}, Eq.(2.10) becomes

o tan't ref [ AT pme]

= (2.12)
tan'F e
Which 15 often wntten in the simple form as,
p = tan ¥e" (2.13)

From the Fresnel equations for single interface case, we can get {Fig. 2.3),

E=E, 55"]5'[“tanjﬂ’{“_%*ﬂr] (2.14)
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Where, €, and €, are the dielectric functions of the substrate and the ambient, 8, is the
angle of incidence of the beam and n, and m are the refractive indices shown in Fig. 2.3,
Therefore, for an ideal interface betweesn two media (ambient/substrate), the dielectric
function is obtained directly from the two ellipsometry angles A and ¥'. On the other hand,
consider a multilayer structure consisting of m parallel lavers between an ambient (0 and
the substrate (m+1) (Fig. 2.4). The scaltering matrix 8 represents the overall reflection and

transmission properties of a multilayer structure and is given by (Azzam and Bashara

19773,

§=L LI L« Lo LI (2.15)

with I and L the interface and the layer matrices respectively.

The interface matrix between lavers @ and b is obtained from:

L. =i[ : "I":| (2.16)

L LT

Where, r and t arc Fresncl coefficient for reflection and transmission. The layer matrix can

be wrillen as

if
L=[Eu {L] (2.17)
1=

[ (the phase shift) 1s defined as,

f= 11:]:1 cos (2.18)
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and depends on the refractive index of the layer (n) and on its thickness (d). § 15 the angle
between the incident light and the normal on the surface of the layer and A is the
wavelength. Hence, the complex reflectivity ratio (Eq. 2.10 and Eg. 2.13) can be

calculated from the overall scattering matrix § for both p and s polanzation.
5
p=im[,_ﬂ]x[h] (2.19)
TI Sl]p SEII

2.4.4 Dispersion Relationships

To describe the optical properties of a transparent material, a dispersion equation is
fied to experimental data for the refractive index. Various semi-empirical dispersion
formulae have been proposed e.g. the Helmholtz-Ketieler formula (Rawson 1980),

I
n-l=A+Y f‘-lr (2.20)

Where, & _is the centers of the strong absorption bands and the constants C. are weighting
factors related Lo their strengths.

Carnighia and co-workers (Camigha ct al. 1989) proposed an orthogonal form of a
general three-term dispersion equation to determine the refractive index of transparent

optical materials, This dispersion curve for the refractive index has the form:

A= A+-—+— (2.21)

Where A, B and C are constants to be determined. This form of the dispersion curve is

referred to as the Canchy equation.
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Since the samples in this study are optically transparent in the near UV-visible-near
IR region, the dispersion of the refractive index can be described by the well-known single

term Sellmeier dispersion equation.

i)

B

ﬂ2{1:|=.l!‘|.+~i:i-:1'—:

(227

Where A, B and & are constants. If the refractive index of the film material and its
dispersion with wavelength are to be known, then the three parameters A, B and &, can be
determined. Eor the sake of fitting & wider wavelength range, additional terms or damping

terms can be added 1o this equation.
2.4.5 Effective Medium Approximations
The dielectric response of a layer consisting of a physical mixture of two or maore

components can be calculated using an appropriate effective medium approximation

{(EMA). The general form of the EMA of the two-component can be expressed as,

ﬂ._=“_u}iﬁ_+u_53__ga (2.23)
g+2g, E, +2€, g, +IE,

Where € and €, are the effective dielectric functions of the mixture and host medivm
respectively. €, B, and v are the dielectric functions of component 1 and 2. and the
volume fraction of phase 2, respectively. Three important cases have been considered
{ Aspnes et al. 1979, Niklasson et al. 1981).

a) £, = 1, the Lorentz-Lorentz approximation

b) €, = €, the Maxwell-Gamett approximation

C)E=E, the Bruggeman approximation
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The Bruggeman effective approximation has been successfully employed for
semiconducting and diclectric materials (Aspnes 1986). The Bruggeman approximation
leads to

 Tm - g, —E
i Ty
g +2& £, +2€

(2.24)

z=§{u +,|':1‘+Ez,£!} (2.25)

with o =(3v, —1)€, +(3v, - 1)E, (2.26)

This is only valid when the particle size is much less than the optical wavelength.
However, the lower limit of size is that the particle keeps its dielectric identity (i.c. there 15

no size effect). In addition, the host and guest components are treated equivalently.

2.4.6 Data Modeling

In general, ellipsometric data are analyzed by comparison with simulaied data
determined by calculation for an assumed multilayer model of the material (Azzam and
Bashara 1977). The ellipsometric parameters (A and ¥) can be calculated for the model in
a straightforward manner and the model parameters adjusted by the linear TEZTeasIon
methoed to give the best fit to measured data. Many fitting parameters are involved in the
construction of a model, for example, the constants within the dispersion equation, layer
thicknesses, second phase composition and void fraction, ete.

The modeling consists of optimizing the parameters of the model for a minimum
difference between calculated and measured values of p, The difference is defined by the

unbiased mean square deviation & (Aspnes 1981), given by the following equation,
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[E{{'ﬁ'ﬂl E:tp k¥ = -E:.p::l HH (2.27)

nl—p—l =1
Here 'm' is the number of data points over a spectral range and 'p' is the number of
unknown parameters required in the model and ‘exp’ and ‘cal’ denote measured and
calculated values respectively (Azzam and Bashara 1977). The (A and ¥') can be replaced
by (cosA, tan't) (Aspnes and Theeten 1979) or (o, B) (Kim and Vedam 1986), where o
and [} are Fourier coefficients of the light intensity, The & values described m chapter 4
were calculated using A and ¥ fitting.

The goodness of a fit can be seen from the value of o and the correlation value
between the parameters. In some cases, high correlation values show that the number of
parameters should be reduced. Before conducting linear regression analysis (LRA), a gnd
search is applied over the fitting parameter space to find the local minima. It is essential to
choose a proper value for each model parameter during the ftting procedure, atherwise
the final linear regression analysis program can find a false minimum.

The selection of particular model is based on the simultaneous completion of all the
following crteria:

a) lowest value of o

b} physically realistic model

¢} good agreement between caleulated and experimental data
d) relatively low 940% confidence limits

e} acceprably low values of the cross comrelation coefficient.

If a model! cannot fulfill these criteria, the LRA procedure should be repeated.
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2.5 Graded-Index Optical Thin Films

Graded refractive index optical thin films have appeared rather recently and are being
increasingly considercd as an alternative to traditional multilayer dielectric stack devices
for spectral filters and optical waveguide matenals (Rancourt 1987). One type of optical
component in which the optical properties (i.e. the refractive index) are vaned with the
depth in the sample is waveguide materials. A waveguide is a structure capable of guiding
the flow of electromagnetic energy in a direction parallel to s axis, while substantially
confining it to a region either within or adjacent to its surface (Kapany and Burke 1978),
The well-known fiber optic light guide clearly fits this definition.

Planar lightguiding can be achieved by diffusing a dopant into the near surface region
of a transparent solid to raise the refractive index. This results in a smoothly changing
refractive index profile. Similardy, for jon-implanted and ion exchanged glasses, the
refractive index profile is graded smoothly between the surface layer and the bulk value for
the unperturbed substrate, Glass is one of the most promising subsirate materials for
designing optical devices. Ag*, Ti*, K*, Na¥ and Li* are widely used as dopants (Glebov
et al, 19913, Both ion diffusion (Li and Johnson 1992} and 1on ¢xchange (Findakly [985)
have been used to Tabricate planar optical waveguides, Examples of these techniques are
shown in Fig. 2.5 and Fig. 2.6. For such devices, the amount of refractive index change,
the compaosition profile. and the diffusion depth should be known exactly.

Up to the present, many methods have been developed to estimate the refractive
index change in waveguides (Kaminow et al. 1973, Tien et al. 1969). For instance, in Ti-
diffused LiI'ﬁ"t:l'llIZ'_?| optical waveguide materials, the Ti concentrations in the sample are
converted into refractive index change using calibration curves (Minakata et al. 1978).
However this technique is limited in resolution for the measurement of refractive index
contrast, <1.05x107%, In SE measurements, the accuracy of modeled valucs for the

refractive index are within 0.001 for bulk vitreous silica (Chindaedom 1991), Better
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diffusant

diffusion substrate
laver

Fig. 2.5 : Configuration of an optical waveguide made by diffusion
(Minakata et al. 1978)

A jon : higher refractive index
B ion : contained in glass

glass substrate

Fig. 2.6 : Schematic diagam of the fabrication of a planar glass waveguide
by 1on exchange (Okuda et al. 1984)
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resolution is expected for higher index materials, Therefore, SE 15 2 promising candidate
tool for the characterization of planar optical waveguides due to its good resolution for

the depth profile of the refractive index.

2.6 Diffusion in Films on Planar Substrates

Buried glass optical waveguides can be fabricated by diffusion techniques using
metallic coating films as finite diffusion sources (Li et al. 1992). Diffusion profiles can be
predicted from theoretically calealated results if one can ensure surface concentrations
decay to zero in proper boundary conditions (Shewmon 1989). Ramaswamy and co-
workers reported optimization of the processing conditions for febricanng ion-exchanged
waveguides in a soda-lime silicate glass (Ramaswamy et al, 1988). They used numerical
methods for solving the diffusion equation to calculate the buried index profiles. The
concentration profile of silver in glass waveguides was measured by atomic absorption
spectroscopy (AAS). It was found that the concentration profile showed excelient
agreement between an AAS measurement and a numerical calculation, This was possible
because changes in glass composition induce changes m the refractive mdex. The index
change, An, vs. depth. x. in the substrate follows a law: An(x}=an_xf{x), where n_and n are
the original and modified refractive index and fix) 1s a decreasing function (Chartier et al.
1980,

The linear differential equation for the dopant concentration distnibution due to a
diffusional process is given by

de d'c

S-ps (2.28)
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where ¢ is the concentration of the dopant, x is the distance from the surface, t 15 the
ditfusion time and D is the diffusion coefficient. The solution of Eq. (2.28) for a half
infinite plane with boundary conditions, ¢fx,0)=0 for x>0, c{==t)=0 and c(0.th=c_, is given

by the complementary error futction;

X X
c“'”-c”[l_nﬁ[mn_c“ﬁr&[ﬂﬁ] (2.29)

where  c(x,t): concentration at a position x from the surface at time 1
- concentration at x=0 boundary
: error function

C
(n]
erf
etfe : complementary error function

The composition profile of buried Ag’-Na® ion-exchanged waveguides measured by
Atomic Absorption Spectrophotometer (AAS) and Electron Microprobe have the
complementary error function profile given by Eq. (2.29) (Ramaswamy <1 al. 1988).

Because it i advantageous Lo use a functional relation for the index profile, as it will
reduce the number of unknown parameters which have to be calculated through the
regression program, the complementary error function was chosen to fit diffusion depth

profiles in this thesis.
2.7 Optical Models

Several modeling techniques have been tried to calculate SE data. There are mamly
two numerical methods for modeling multilaver structures. The first one (Nguyen et al.
1990, Erman and Theeten 1982) is to use a number of layers with constant composition

The thickness and composition of each layer are unknown parameters which must be



determined from the SE data. The second method uses a given function to describe the
variation of propertics with depth as mentioned in section 2.6. In this case, a functional
form ic used to deseribe the variation of composition with depth for graded index samples;
the composition profile shape is fixed. During the fitling procedure only a few parameters
(from the functional formula) are varied. This permits a smocthly varying composition
change to be modeled with a minimum number of fitting parameters.

Erman and Theeten (Erman and Theeten 1982) used a linear profile with many layers
of identical thickness to calculate the complex reflectance ratio p corresponding to the
idealized multilayer structure shown in Fig. 2.7. Fried and co-workers (Fried et al. 1992)
describe the damage depth profiles for the Ge-implanted 51 samples by either rectangular,
trapezoid-type, or coupled half-Ganssian optical model {realistic model) with 2, 4 and 5
parameters each as shown in Fig. 2.8.

In this work, a stair-case model was employed to calculate the ellipsometric data.
The material under study was subdivided into many layers patallel 1o the surface. As the
refractive index changes quickly near the surface, the layers were spaced closely near the
film-air surface, and more widely further into the bulk of the material. A schematic
representation of this approach is given in Fig. 2.9. This model combined with the
diffusion equation (Eq. 2.29) was chosen to analyze the ellipsometric data. It was
necessary to adopt this approach, rather than a large number of equally spaced layers, to

avoid time -consuming calculations.
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Chapter 3

INSTRUMENTATION AND EXPERIMENTAL PROCEDURE

The spectroscopic rotating-analyzer ellipsometer (RAE) employed in this study was
constructed (Mariner 1981) and revised (McMarr 1985, Chindaudom [991, Gibbons,
unpublished) at the Intercollege Materials Rescarch Laboratory (IMRL) of the
Pennsylvania State University. Fig. 3.1 shows the RAE instument used in this study,
which may be grouped into two parts, the optical components and the electronic
components (section 3.2 and 3.3).

The modeling program which convents the data for A and ¥ to dielectric functions
for the sample was also developed by the ellipsometry group at the IMRL. Muodifying this
program to fit graded index layer profiles is the key work for this study. Hence,
considerable emphasis is given o the modeling procedure in this chapter.

This chapter also describes briefly each component of an RAE, as well as the
alignment, calibration procedure and the experimental errors caused by the low intensity of
light reflected from transparent samples. This error can be reduced by dark cycie
correction, PMT non-linearity correction and through use of a compensator (Chindasdom
1991).

The final part of this chapter describes the use of the modeling procedure fo
characterize graded index profiles associated with leaching of glass plates as well as SIMS

measuremenls.
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Fig 3.1 : Schematic diagram of the Rotating Analyzer Ellipsometer (RAE) svstem
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3.1 Modeling Procedure

For thin film/substrate svstems involving a large contrast in the refractive index such
as $i0,/5i, direct inversion of ellipsometric data can be used to get the optical properties
and thickness of the film (Charlot and Marauni 1985). However, in the case of a thin
wansparent film (i.e. Nisgnuorrseso=1-4977 at A=589nm) on a silica substrate (ngo,=
| 458 al A=5%0nm), the small refractive index difference leads to large uncertainty in the
resulting values for the refractive index and thickness when a dizect inversion of the data is
used (Gustin 1987). Hence, in this stady a modeling procedure was developed to fit
experimental data on graded index systems. A flow chart for the modeling procedure
employed is shown in Fig. 3.2. This section deals with reference optical propertics and the

modeling program utilized in this study.
3.1.1 Reference Optical Property Data

Using accurate optical data is essential to obtain accurate ellipsometric models,
Thus, before entering the linear regression analysis, it is necessary 1o determine as
accurately as possible the diclectric functions of the reference materials. The dielectric
function of a mixture can then be estimated via the Brugpeman effective medium
approximation as mentioned n section 2.4.5,

A hypothetical system was constructed 1o examine the sensitivity limits of SE to
graded index layers. This model consists of a graded layer induced by diffusion of a
modifier (Na, () into bulk $i0,. A model of this type requires knowledge of the refractive
index of the glass as a function of composition, $i0, and 25%Na,0 + 75%5i0, (called
Na,0:25) were chosen as end member compasitions, While the dispersion of the refractive
index is well-known for fused Si0, (Malitson 1965), a complete dispersion relation for
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Fig. 3.2 | Flow chart for the modeling procedure used in this study
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Na 0:25 was not available and had to be estimated from available data. This was done as
follows:

A simple empirical formula that fits the refractive index data of many commercial
silicate plasses hetween about 300nm and 1000nm can be expressed as {Doremus and
Bansal 1986) (A in nm),

|1=A+% (3.1)

Using reported values of refractive index for the Na,0:23 at three different wavelengths
(M g9 3m=1 4977 T 33 o™ 4933 Py g 0, _psgnm=0-0086) (Doremus and Bansal

1986, Mazurin et al, 1985), the dispersion of Na,0:25 was fitted to Eq. (3.1} The

resulting fitted dispersion is (A in nm)

24.94

n=1436+ {3.2)

The three-tesm Sellmeier equation of fused silica ($10,) is (Malitson 1963):

0.60616634° 2 0. 40794267 5 0897479427
22 _(68.4043)° AT —(116.2414)  3? —(9896.161)°

(3.3)

Where £ is the dielectric constant and A is wavelength expressed in om.

The optical behavior of sodium silicate glasses of intermediate compositions was
described by modeling it as a simple mixture of Si0, and Na,0:25 using the EMA. The
result is shown in Fig 3.3, The fitted refractive indices at 589.3nm (n) for several
intermediate compositions are identical 1o the literature data up to third decimal place

{Doremus and Bansal 1986).
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Fig. 3.4 shows the composition variation of the refractive index for the Na,0-510,
mixture at 589nm. The refractive index varies almost linearly with composition. The
reason for this change of refractive index 15 that the molar refractivity (R} of the Na jon
(0,501 is greater than that of the Si ion (0.10) (Rawson 1980}, The value of B, is strongly
related to the polarizability of the materials. A 3-dimensional plot for the dispersion of
lSiEIE‘]JL[Na.zﬂ‘Jy is represented in Fig. 3.5. The composition dependence of refractive index
can be seen in Fig. 3.4 and Fig. 3.5,

3.1.2 Muodeling Program

The computer program utilized in this work is an extension of the existing program
developed by the ellipsometry group of MEL. All of the computer code, including the
program to calculate the dielectric function for each layer, was written and compiled using
Microsoft FORTRAN Powerstation for an IBM-compatible personal computer. IMSL
{International Mathematical and Statistical Library) subroutines were used to calculate the
error function and the inverse error function.

Numerous fitting parameters are incorporated into the program. The program tries
1o determine the values which lead to the best fit of the experimental A and % data by
utilizing a combination of a grid search and linear regression analysis. For the system of
ﬁalﬂrlﬁ diffused into bulk Siﬂz‘ the function describing the composition depth profile is a

type of complementary error function (Eq. 2.29).

X X
i i i ) |
cix, L) f"[ e [la.llﬁl] ¢ erfe >0 (3.4)

Two parameters, Dt (diffusion coefficient=<time), and ¢ (surface conceniration), are

chosen in this system. These two parameters completely describe the depth profile.
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Fig. 3.6 shows a calculated depth profile of a typical Na,O concentration vs. depth
into Si0), at different times for a diffusion coefficient of 170107 "em?s (Doremus and
Bansal 1986). Tn order to calculate A and “¥ for this profile, the material was subdivided
into many layers which have different thicknesses, However, the composition is uniform
within each sub-layer. Eq. (3.5) is a numerical equation for sefting the concentration of

Halﬂ for each layer.

ol J=|:1- i[%]} (15)
j=f .

Where, m and | are the layer number and the total number of subdivided layers,
respectively, ¢ is the surface concentration and x. is the position of the i" layer from the
surface. This arrangement ensures that there are closely-spaced layers in regions where the
refractive index changes rapidly. Where the refractive index changes more slowly, the
layers are more widely spaced. The corresponding depths inte the surface x{i) at these
concentrations, are then calculated from Eq.(3.6) using the inverse complementary error
function.

ik

x(i)=2 {D:Jeﬂ-:"[qlf-] (3.6)

Using the values from Eq.(3.6), the thickness of the individual layers are defined as,

t[ﬂ:{x{lhlil—li

> ] - (summed thickness of the previous layers)  (3.7)

Where, t{i) is the thickness of the i" layer.
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In summary, for compositionally graded layers, the dielectric function is «
continuously varying function of depth. This smoothly changing function was treated as &
step function as shown in Fig. 3.7. This permits calculation of the ellipsometric data using
the values of thickness of each layer from Eq.(3.7).

3.2 Optical Components of PSU Spectroscopic Ellipsometer

A 75 W high pressure Xe short-are lamp is used to supply a broad spectrum from the
near Infrared (IR), through the visible to the near Ultraviolet (UV). Since the output
intensity of the Xe arc is approximately proportional to the current flowing in the lamp, it is
essential that the lamp power supply should be stable during measurements.

The light beam from the lamp is focused and directed to the monochromator. The
monochromator does not vary the position of the output beam over the wavelength of
interest, Rochon prisms of crystal quartz are used for the polarizer and analyzer. These
components induce polarized light by spatially separating the two polarization components.
An aperture is needed to filter the unwanted beam. In this study, an achromatic
compensator was also used. Because the experimental error in A for an ellipsometric
measurement is proportional to 1/sinA (De Nijs and Van Silfhout [988), the cmrors arc
unacceptably large near A=07 or 180°. This difficulty can be overcome by inducing & phase
change deliberately from 0° or 180° to near 90" with a compensator (King and Downs
1969, Kizel et al. 1964, Chindaudom 1991).

A Photomultiplier tube {PMT) is used as the detector. The intensity can be detected
as a function of analyzer position using the PMT. All of the components except the lamp

and monochromator are mounted on a Rudolph ellipsometer table (model # 436).
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3.3 Electronic Components of PSU Spectroscopic Ellipsometer

In outline, the electronic part of the RAE instrument consists of a signal processing
unit, a digital conversion unit and a control computer.

The photomultiplier output current is converted 1o a voltage by means of a Keithley
427 current amplifier, The PMT control circuit maintains & constant signal level from the
PMT output by regulating the high voltage to the PMT. The signal is digitized for data
processing by means of analog/digital converter (ADC). The analyzer is mounted n a
motor and is continuously rotated during measurement. All of these units are connected to
the contrel computer, Moreover, scanning the monochromator, changing the shutter, and
calculating the Fourier coefficients (@ and [§) and A and ¥ are performed by the control

compuler.
3.4 Calibration of PSU Spectroscopic Ellipsometer

The calibration procedure is essential to sccurale measurements. The system
constants, A, P &, and EP are determined by calibration, where A_is the angle between
the azimuth of the analyzer and the reference frame at A(analyzer angle) = 0, P_ is the angle
of the polarizer with respect to the reference frame at P{polarizer angle) = 0, and & 5 and EP
are the optical activity coefficients for the analyzer and polarizer.

Residual and phase calibration are widely used in ellipsometric measurements,
Residual calibration gives accurate results when A is ncar 90° On the other hand, phase
calibration is superior to the residual calibration when 4] < 30" or |A] > 1507 (De Nijs and
Van Silfhout 1988).

In this work, a highly ahsorbing sample (i.e. gold) is used for residual calibration
because gold can reflect lingarly polarized light when the incident light is also linearly

polarized il the beam is either parallel or perpendicular to the plane of incidence [Aspnes
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1974). However, the polarization rotation shifts the maximum modulation from P, 1o a
nearby angle P, (the minima in the residual R(P)=1-(c’+*)) due to the optical activity of

the polarizer. Fi is given by (Aspnes 1974),

%=ﬁ_ﬁﬂtan‘-}':+ﬁpcmﬁ| (3.8)
1] ]PEF,
If the "P" are chosen in the vicinity of the W° (P = P+ m/2), then
P =P+ Eﬂcnt"I"r+5Pl:ﬂﬁ-:5.| (3.9)
sin A |F.'=F,+jroj

where P, is the minima in the residual R(F) near n/2. Therefore, the polarizer is moved
from -5° to +5° around 0° and 90° of P. Finally, these two values (Eq. 3.8 and 3.9) are

averaged to get a value of P

Ta obtain the calibration parameters for the analyzer, A, should be first calculated from

(Aspnes and Stodna 1975):
A, =ltan"[Ej (311
2 &=

Then,

By cot¥ +8, cos A

A=A 312
2 ' gin A ||EF' {



Similarly, in the near local minima P = P_ + /2,

B tan ¥ 48, cos Af

A=Ay - (3.13)
HaA lempion
Therefore, the average valog of As is given by,
b
A oAitAg Byoot2 (3.14)
" 2 sin A

1.5 Alignment and Signal Correction

Alignment is a process in which the optical components are centered in the beam. A
refercnee laser beam (HeNe laser) is used for centering the optical components by means
of backward tracing of the laser light to the source.

The alignment condition can be checked by measuning the symmetry of the two
optical cycles, which differ by a 1807 rotation of the analyrer. The ideal case is that the
intensity difference between the two eyeles is eqgual to zero, However, a difference of
0.1% is enough for a well aligned system {Aspnes and Studna 1973},

The dark correction (background noise comection) is performed before taking data
by measuring the average intensity signal with a deliberately blocked beam, while manually
increasing the PMT voltage. This noise is subtracted from the measured intensity before
the data reduction process, This correction is important for transparent samples, because
the measured intensity of the samples with low reflectivity is significantly affected by dark
curment.

The intensity of Hght (T} incident on the PMT is given by { Aspnes and Studna 1975),
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I=1,(14nocos2A +nfisin 24) (3.15)

Where, I is the average light intensity and 1) describes the difference in amplification of
the ac and de components of the incident light as the voltage of the PMT is increased, The
value of 1 can be caleulated at different PMT voltage as (Chindaudom 1991 )

1

Ty (3.16)
Jﬂ'+ﬂ

When transparcnt samples are measured, the reflected intensity is particularly low at both
ends of the spectral range. Hence, the wavelength dependence of n should be resolved
{Chindaudom 1991). In this work, 1 was measured as a function of the PMT voltage n

the straight-through configuration of the system and the results were used to correct all

subscquent data,
3.6 Sample Preparation

To study materials with graded composition depth profile, two materials, leached
soda-lime-silicate glass and lead-silicate glass, were chosen, Because these samples
contain distinet compositional profiles with depth, it is possible to cvaluate the scnsitivity

of SE. This section discusses the preparation of the samples used in this study.

31.6.1 Soda-Lime Silicate Glass

Chemically leached Fisher Brand glass slides were used to examine the effect of a
depth profile on SE data. The original composition and density of these samples are given

in Table 3.1. The samples were prepared in the following manmner:



Table 3.1 : Composition and Density of Fisher Brand Glass Shde
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Onide Weight %
Si0, 72.1
Na0 14.0
CaO Tl
MgO 3.8

Al,Oy 1.B
S0 0.3
K0 0.15

Fe 04 0,045

Density : 2.4667 glem?
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Since glass slides are transparent over the visible spectrum, the incident light beam
can pass through the sample. If the front and back sides of this sample are parallel, the
light reflected from the back side is detected by the photomultiplier wbe along with the
reflection from the front side. This complicates analysis of the data. In order to climmate
the effect of the reflection from the back surface, the back side of all iransparent samples
were ronghened.

Thereafter samples were leached in hydrochloric acid (37.0%) for different times
{48-hour, 7-days, 10-days) at oom temperature (Fig. 3.8). The solution was stirred
throughout the leaching time. As mentioned in Table 3.1, the glass slide consists of eight
components. Since all the cations except $i and Al are soluble in a hydrochloric acid, the
aluminosilicate network should remain, where the other cations are leached from the
sample surface (Rawson 1980}, In other words, the longer samples are leached, the more
modifier ions diffuse out. The relative amount of Si0, is higher in the top region
compared to the unchanged bulk of the glass slide. Therefore, the compositional depth
profile of 510, which is left over in the glass slide should be as shown by Fig. 3.9, Finally,
the back side of the sample was given a coat of black paint to minimize scattered light
from the back surface.

3.6.2 Alkali-Lead Silicate Glass

The lead-silicate glass that was studied has the composition 65.5 Siﬂl-lﬂ.i PhO
with small amounts of Cs,0, AlLO_, BaO and Rb,O. The samples were imtially immersed
in IN NaOH solution for 20 min. at 80°C in order to clean the surface. Subsequently, the
samples were leached in IN HCI solution at room temperature for different times (30 min.,
| hr., 5 hr. and 1 day). Unlike the leaching procedure for soda-lime-silica glasses, no

stirring was used to this sample. This was done in order to match the leaching conditions
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Fig. 3.8 : Apparatus used for leaching the glass slide with hydrochlone acid
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Surface roughness layer

Fig 3.9 - Compositional depth profile of Si0, within a leached glass slide
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used by Dr. Pantano's group (D'Souza and Pantano, unpublished). Other reatments wers

the same as in section 3.6.1.

3.7 Secondary Ion Mass Spectrometry (SIMS)

As mentioned in section 2.1, ellipsometry is an indirect technigue to characterize the
depth profile. One of the direct depth profiling techniques, SIMS, was performed
independently in order to compare with the depth profiling results from SE. The soda-
lime-silica glass slide were depth-profiled using a Perkin Elmer 6300 SIMS with a 20nA,
fKeV, 60" impact angle and O," primary ion beam at Evans East Company. The lead-
silicate glasses were depth-profiled using a Cameca IMS-3F SIMS with a 125nA,
14.5KeV and O primary ion beam by Dr. Pantano's group in Pennsylvania State

University. The results are presented in section 4.3 and 4.4.
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Chapter 4

RESULTS AND DMSCUSSION

4.1 Introduction

The sensitivity limits of spectroscopic ellipsometry (SE) for the characterization of
optical coatings are not known as yet. The sensitivity of SE data to graded refractive mdex
depth profiles in transparent materials is known to be a function of parameters such as the
thickness of the graded layer and the refractive index contrast {McKinstry 1992). In this
work, to determine the sensitivity, a hypothetical model with a known compositional depth
profile {complementary error function-like) is constructed and the ellipsometric spectra are
calculated. At the opening part of this chapter, these calculated spectra are compared with
those of an unmodified sample 1o determine the relationship between the parameters
describing the diffusion and magnitude of the changes i the optical data. The sensitivity of
SE 1o the depth, composition and refractive index contrast will also be reported in this
chapter. Finally, a comparison between compositional depth profiles measured by SE and
those measured with secondary ion mass spectrometry (SIMS) will be presented,

SE allows the phase and amplitude change of the light beam caused by reflection
from the sample to be measured independently. In most cases the phase change parameter
15 more sénsitive to a small change of layer thickness and composition than the amplitude
change. Consequently, the ellipsometric technique becomes very sensitive to the sample
condition due to the phase information {Aspnes 1981). In this work, all 5E measurements
were performed al room atmosphere and 70" angle of incidence. Fig. 4.1 shows the
calcolated change of the ellipsometric parameters (A and ') for the case of Na,O diffusing

into the surface of purc SiQ, for an incidence angle of 70° In the figure, the
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surface concentration of the Na,O is 10% and the diffusion depth for this system is about
140A. Throughout the modeling studies, the diffusion depth is defined as the depth where
the concentration drops to 0.3% of the surface concentration. Notice that the amplitude
parameter (1) remains almost unchanged, while the difference in the phase change (A) is
easily distinguished. Hence, most of the data listed in this chapter arc represented only by

A values for convenience.
4.2 Modeled Change of Ellipsometric Parameters

There are many parameters which affect the calculated ellipsometric data for a
sample with a diffusion profile, such as the dopant concentration, the modified depth and
the number of sub-layers used in the modeling. In this section, the changes in the
calculated ellipsometric spectra due to these factors are described and three-dimensional
plots of parameter changes describing the sensitivity (o the modeled parameter are

generated,

4.2.1 Effect of Surface Concentration of a Modified (Glass

Tn this section. the changes in the calculated ellipsometric phase parameter A as a
function of dopant concentration and wavelength are described.

The altered value of A (8A) is caleulated by taking the numerical difference between
two simulated data sets (unmodified E.'-il'.'_“!j and S]DI with @ layer of Na,O rich material
diffused into the surface) at 101 wavelengths. The plot in Fig. 4.2 is the 8A of the SE data
obtained for the cases of 5%, 10% and 20% surface dopant concentration (C) of Ha.zD.
The diffusion depth of this profile was held for all cases to 1760A. This profile is
subdivided into 300 layers parallel to the surface. This plot clearly shows the strong C

dependence of 84, as well as the wavelength dependence. As the dopant concentration
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Fig. 4.2 : Calculated change of A as a function of wavelength of the SE data for

different dopant concentrations
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becomes larger, easily distinguishable changes in A appear. 300 sub- layers were used to
descibe this thick graded layer in order to avoid false interference fringes in the calculated
spectra. Fig. 4.3 shows the difference in A change for a graded layer and a homogeneous
layer with a composition equivalent to the surface concentration of the graded layer. The
solid and dotted lines represent 8A for the graded layer with 5% C, (from Fig. 4.2) and a
5% homogeneous layer of the same thickness respectively. It is immediately apparent that
the graded index layer possesses SE data much closer to the unmodified sample. Fig. 4.4
shows a plot of concentration sensitivity for different surface compositions with the
diffusion depth fixed at 3760A. For this diffusion depth, an increase in the dopant

conceéntration at the surface leads to a nearly linear change in A.

4.2.2 Effect of Modified Depth

As stated in section 2.8.6, S5E is an effective and accurate technique to investigate
the depth profile of samples. In order (o determine the depth resolution of SE to graded
index layers, the change of the calculated ellipsometric phase parameter A as a function of
maodified depth is described.

Ellipsometric data were first calculated as in Fig. 4.5, assuming C, = 10% and
allowing the diffusion depth to vary by changing the “diffusion time”. As can be seen in
Fig. 4.5, the change of A and ¥ increases with an increase in diffusion depth. Because the
SE used in this study can measure A within 0.03-0.05", samples with modified depth of
~50A can be detected for a refractive index contrast between the surface and the bulk of
0.02 at 500nm (Fig. 4.5). Fig. 4.6 shows a 3-dimensional plot of A with varying diffusion
depth and wavelengh. As shown in Fig, 4.6, the maximum change of A is approximately
(.89" at the diffusion depth of ~620A. With increased diffusion depth, the change of A
decreases rapidly until ~3800A. At this point, changes in the ¥ spectra should be large

enough o detect the graded layer, even though the changes in A are relatively small.
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Diffused Depth : 3760 A fixed

Fig. 4.4 : Calculated change of A as a function of dopant concentration
and wavelength



¥ (degree)

58

DI:I SO DD A ARG N A A LA

300 400 500 600 700 800
22.0 '| r r - T - | ' I

{5 ]
iy
)]

300 400 500 600 700 800
Wavelength (nm)

Fig. 4.5 ; Effect of the diffusion depth on the ellipsometric spectra

4 4 ¢+ >R O O

pure Si0O4

20A diffusion
50A diffusion
140A diffusion
2B0A diffusion
475A diffusion
620A diffusion




=1

Fig. 4.6 : Change of A of SE data with varying diffusion depth a1 wavelengths

between 300 and E00nm (C,=10%) for Na, O diffused into 510,



4.2.3 Effect of Number of Layers Used to Model

As stated in section 3.6.3, the material under study was subdivided into many layers
parallel to the surface which have different thickness for the sake of calculating A and V.
The composition and refractive index were fixed at the mean value within cach shee.

If too few layers are used to describe the system, then the relatively large changes in
the composition and refractive indices between sublayers result in artificial interference
fringes, and the calculated ellipsometric data oscillate arcund the true solution as a
funciion of wavelength. On the other hand, it may take a lot of time to caleulate A and 'Y
if too many layers are wtilized. Therefore, the number of sub-layers was chosen as a
compromise between reselution and the required computing ime.

Fig. 4.7 and Fig. 4.8 show how the calculated ellipsometric parameters converge Lo
the true values as the number of layers used to model the graded layer increases, For 4
diffusion depth of 5100A and a refractive index contrast of 0.02 at 500nm, the calculated
ellipsometric data have largely converged to a consistent solution when 500 layers are
used to describe the graded index region. It is important 10 note, however, that even for
100 and 150 layer models, the oscillation are small in amplitude {<0.03%). Since this is on
the order of the instrumental accuracy, arificial interference fringes of this magnitude
would not affect modeling results. Again, the ¥ value is less sensitive 10 the number of
layers used to maodel the graded layer (see Fig. 4.8). The larger the diffusion depth, the

more layers are required to eliminate artificial interference fringes.

4.3 Determination of the Sensitivity of SE

In this section, the sensitivity of the cllipsometric parameters to depth, composition
and refractive index gradient for graded index layers as a function of wavelength is

presented. The sensitivity is calculated by taking numerical differences between two
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simulated data sets, each with 101 wavelengths and 70° angle of incidence. The two data
sets came from a model with a known compositional profile and one with a slightly

modified composition profile.
4.%1 Determination of the depth sensitivity of SE for graded index layers

The plots in Fig. 4.9 and Fig. 4.10 show the differences between A values for models
of 8i0, with Na,O or a higher index material (modeled using data for crystalline Mzﬂj}
diffused into the top surface with a 10% surface concentration and diffused depth
mcreased by 104, 20A, 30A, S0A or 100A each. The scale is in degrees per 104, 204,
20A, S0A or 100A depth change. The original modified depth was 140A and 20 layers
were used to describe the graded index region. In Fig. 4.9 and Fig. 4.10, the refractive
index contrasts (An) between the top surface and the bulk are 0.0174 and 0.030 at the
wavelength of 500nm, mespectively. These plots show the depth and refractive index
contrast dependence of the A sensitivity, as well as the wavelength dependent changes. By
comparing these two plots, a significant increase in A occurs (from 0L132 to 0.323) at
500mm for the 100A depth increased model as An is increased from 0.0174 to 0.030.
Bascd on these data, it is clear that a larger relative change in thickness is more readily
detected. That is, the accuracy of the thickness measurement is relative to the total
modified depth. In addition, the sensitivity to thickness measurement is improved as the
mrefractive index contrast between the surface and bulk is increased.

The plots in Fig. 4.11 show the difference of ellipsometric parameters (A, W) for
madels of Si0), with Na, O diffused into the top surface and the diffusion depth increased
by S0A cach. For instance, the solid line in Fig. 4.11 represents the numerical difference of

A and ¥ values for models with 140A and 190A of modified depth. The scale is in degrees

et S0A depth change. 20, 40, 80, 120 and 150 lavers were used to describe the graded
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Fig. 4.9 : Sensitivity (8A) of the ellipsometnc parameter A to various modified
graded index layer depth changes. The scale is in degrees per 10A, 204,
30A, 50A and 100A depth change. The original modified depth is 140A
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Fig. 4.11 : Sensitivity (84, ') of the ellipsometric parameter (A, ‘¥') to a change in

modified depth. The scale is in degrees per S0A depth change. The legend

shows the original diffusion depth.
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index region for 140A, 280A, 475A, 620A and 850A of modified depths, respectively, As
the graded index layer depth exceeds 500A, the magnitade of A change is negligible.

On the other hand, W is sensitive to a SOA change of moditied layer thickness up to
~850A as seen in Fig. 4.11. This decrease in sensitivity to a 50A change in modified layer
thickness at larger thickness values is not surprising, given the decreasing percentage of
the total depth the change represents. These results reinforce the fact that the larger the
relative change in thickness, the better the sensitivity, However, when the original value of
madificd depth is high, the sensitivity of A as well as 't 1o small changes of depth is not
good.

4.3.2 Determination of composition sensitivity of SE

As in the case of the sensitivity to the depth for graded index layers, compositional
sensitivity is also calculated by taking the numerical difference between two simulated data
sets,

Fig. 4.12 shows the sensitivity of the ellipsometric parameter A o the compositional
change corresponding to 1% surface concentration increase of a Na,O-doped 5i0, glass
with 5%, 10% and 20% surface concentration. The diffusion depth is held at 140A and 20
sub- layers were used. For this simulation, the compositional change can be detected only
in the limited energy range (300-400nm) and causes the same effect in the SE data for
different surface concentration values. Consequently, for this refractive index contrast,
there would be a minimum of 1% error in the calculated surface composition. The plot in
Fig. 4.13 is the sensitivity of A to a change in composition in 10% C, Na,O inta 510, The
refractive index contrast between the top surface and the bulk of this model is 0.0174 at
the wavelength of 500nm and the diffusion depth is held at 140A (again 20 sub- layers
were used to describe the graded index region). The scale is in degrees per 1%, 2%, 3%,

5% and 10% addition of NELEU. Mare than a 2% increase of surface eoncentration can be
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detected using the SE adopted in this study, However, for a refractive index contrast
between the top surface and the bulk of 0.030 at 500nm, a change in the surface
concentration characteristic of the diffusion layer can be determined within 1% as can be
seen in Fig. 4.14. It is apparent that the sensitivity is higher for larger refractive index
contrasts, Fig. 4.15 and Fig. 4.16 show the sensitivity of A 1o models in which the
diffusion depth is held at 3760A and other conditions are identical to Fig. .12 and Fig.
413, {except 300 sub- layers were used in this modeling). The changing parameter, Cj,

can be modeled within 2% over the entire spectral range of 300-B00nm.
4.4 Soda-Lime-Silicate Glass

In order to verify the conclusions of the modeling, expenmental studies on selected
gystems were also undenaken. Chemically leached glasses were chosen as a convenient
means of preparing graded index materials.

SE data for the soda-lime-silica glasses were taken over the spectral range of 400-
750nm. Because the dispersion relabion for these samples uvsed in this work was not
known, ellipsometric data for the unleached glass was used to determine reference oplical
properties,

For this sample, the dispersion of the refractive index was expressed by the Sellmeier

dispersion equation with one oscillator term as in equation 4.1,

2
ﬂ:[:"h:'z"j"‘"iil?i_};'-'l' 4.1}
(i)

Where A, B and A are unknown parameters and A is in nm. [t was assumed that the glass
could be described as an otherwise homogeneous material with a thin layer of surface

roughness. Bruggeman effective medium theory and linear regression analysis were used
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Fig. 4.14 : Sensitivity (8A) of the ellipsometric parameter A to a change in the
surface concentration. The scale is in degrees per 1%, 2%, 3%, 5% and
10% surface concentration change. The modified depth of model is held at
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73

0.04 e . —

0.02

ﬂ.ﬂ'1 1 I ] | I 'l I ] |
300 400 500 600 700 8o

Wavelength (nm)

Fig. 4.15 : Sensitivity (5A) of the ellipsometric parameter A 1o a change in the
surface concentration. The scale is in degrees per 1% surface concentration
change. The modified depth of model is held at 3760A.
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to get the best fit value of A and ¥, Because the comelation between the thickness of the
surface roughness laver and the volume fraction of void s very strong for this sample, the
volume fraction of air in the roughness layer was kept constant at 0.5, Equation 4.2 is the
dispersion relation for the unmodified soda-lime-silica glass determined using these
methods (A in nm}.

125837

I'I-'{-l'l.-]: |+m

(4.2)

Fig. 4.17 is a schematic diagram showing the model of the unmodified glags. This
model enabled us to determine the thickness of rough surface layer. It is seen that & (the
unbiased estimator) was 0.08" and the %% confidence limit for the roughness layer
thickness 15 good for this model. This o value is on the order of the accuracy of the
experimental data, so it was judged that additional complication of the model was
statistically unwarranted,

Soda-lime silica glasses leached with hydrochlonic acid (37.0%) for different times
were modeled using the optical data of the unmodified glass as reference data. A two layer
model was adopted 1o describe the leached glasses, which consisted of a rough surface
layer and a void-free graded layer. The graded layer was described by a mixre of the
reference glass and Si0,. This effectively mimicked the leaching of modifiers from the
glass surface. Many sub-layers are supenmposed in the second laver. The thickness of the
rough surface layer (t), surface concentration of 5i0, (volume fraction of Si0, at surface,
C) and diffusion coefficient<diffusion time (D) are chosen as the model parameters for
the leached glasses. The values of C_and Dna are sufficient to describe the modified depth
corresponding to the concentration profile. Fig. 4. 18 shows the ellipsometnic specira as a
function of leaching time for a soda-lime silica glass. It can be seen that larger changes

occur in A than in ‘¥, The schematic diagrams for the two layer model used are shown in



76

=23 = 0.5 A

base glass + air (0.5)

(=]
a
u..,_.................rr.............r......,..-........r.-.r,,..r.........}x
ARARARAANR AR AR LR LR AL L b
....,._............_._..._....rﬁ.................. RARRRS LAY
R RAEE A AR R R AR
] Bt T il
3R, AR AR ........._....n.".................
RN AARERLAA R LA AR AR AR R
AR AR EE R AR R R AR AR AR AR
n......... ARARRELAARLA AR RAR R LAY
AR RRR YRR R AL A R R AR
........_......_.........._.;.r........._..,.r...rr.,.._.rrr........_..r.....rﬁ
SRR AL AR LA R A
.........................._._._.,..............._._,_.. RRRERRARE LAY
AR AR R L AR LA R R R R AR R AL
AARARRLLL ARG h .........._.......................n.
.........._..____...............n ook ] b
AR Y R w5
.,......,......____.r..........rﬁ... o
RN Y N
Ay &
AR AARER AN ARY )
AR EER AR RARY ARRERRANGY
R AR ARRERRRRE NS
,..rr......_................m AR R RS
..._ AR AR RN
s ]
ﬂ”m ..............................,........HH
h hE

Tk,
T
W
ik
nE
Tl
TR
Aan
k]
e e ARERLARRRRA AN
Pty ...n ' ARRRLERRR RN NS
LT e T e e e
r..._......JH._._ : R L
__..........Hu.............___. B R AR
Y R r....ﬂ....................,_r...r..._
y P rrrﬂﬂrr...r...
TR I
R ..........____._....-....._n .__._..._.......H...._...._.......:
AR RARRRRL RS Mm. b h.r..._r.... Bk i
R R RN R R
S
echted] bl
% "........._HM............_.........._. iy ._.....ﬁf.......r u.._._
& .r..._..,u..-.......r.-..........r......_ b e et
REERRRRL L AALLE & ....._._..,............._.........
REALLARERARELY, b o ) .H..,._..._...._._...
TR R R N A R
MR AR LR RN AR
A gty AR AR R R,
a ARRRRARATE AR RN,
.............,._...............-............_ﬁ ......u. .........m....
SRR R hly H ok k]
................._ﬂﬂ_......... by ua._r hh
RS «......... e WA ALY
AR AR AR LA AR LA LA AN
Ty By R B B B T B B
% o B R R R R T R
o By AERAAR AR RL LA LR
AR mmr AEALAEARARL AL L LAY
N by R LR R R
ARR AR, e
Bk b B ke )
Pubabulobab g tbahatd e LR L L]

Fig. 4.17 - One layer model of an unmodified glass with a rough surface layer
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Fig. 4.19 to Fig. 4.21, The use of similar models when a roughness layer (310, +air) and a
pure SiC), layer are substituted for the top layer (base glass+air) leads to poor matching
with the experimental data. It has been shown previcusly by Clark et al. (Clark et al. 1979)
that leaching of modified aluminosilicate glasses can lead to a diserete layer of NayO-
depleted material near the surface on top with graded composition (i.e. the composition
profile does not follow the error function shape because the sodium diffusion coefficient in
the glass is concentration dependent). It was found that it was extremely difficult to model
this behavior for the aluminosilicate glasses due to the strong correlation between the
roughness layer and Si0,- rich layer. Consequently, the simplified model shown m Fig.
4.19 1o Fig. 4.21 were used imstead, This leads, as 15 descnbed in the next section, to some
problems in the calculated thickness of the graded layer. It is possible that this problem
could be eliminated by fitting multiple data se1s simultaneously to find the global minimum
in sigma. Fixing the thickness and varying the void volume fraction of the top layer in two
layer model was also tried. However, this led to poor fits (e.g. o = 5.8"), This indicates
that fixing the composition of the air at 0.5 and varying the thickness of the rough surface
layer is appropriate 1o model the expenmental data, Simalarly, models in which it was
assumed that there was no roughness at the glass surface led to poor fits. The surface
roughness increase during leaching is also shown in Fig, 4.22. It is apparent that increase
in surface roughness leads to significant change in SE data. 200 sub- layers were used to
describe the graded index layer. Fig. 4.23 shows the depth profile of leached soda-lime
silica glass based on the modeling results.

Fig. 4.24 to Fig. 4.27 show the SIMS depth profile for unleached and leached soda-
lime-silica glass. The Si0, profile is plotied relative to the right side axes whereas the
other elements are plotted relative to the left side axes on an extended scale. It can be seen
that the sum of the concentrations at a given depth in the SIMS profiles does not total
1 00%. This is probably because there 15 some uncompensated sample charging thal causes

all of the profiles to fall as the charging increases. In order to compare the Na O
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Fig. 4.22 : Change of surface roughness during leaching of soda-lime silicate glasses
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graded layer for soda-lime silicate glass determined from the SE models
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concentration of each glasses at certain depth, the Na,O depth profile was normalized,
Fig. 4.28 is a plot of normalized depth profile for Na,0. Through the normalized profile, it
can be scen that the area under the curve corresponds to the remaining relative Na O
concentration within the glass, The depth profiles from the SIMS and SE results are not
well matched to each other. The thicknesses which the Na,O concentration becomes
constant are ~5200A and ~1500A measured by SE and SIMS, respectively. This may be
due to two factors, The model used to fit the experimental SE data includes a rough
surface layer. As can be seen in Fig, 4,22, the surface roughness increases as leaching time
becomes longer. The roughness layer significantly affects the modeled SE data describing
the graded layer. Another reason might be the small refractive index contrast between sub-
layers within graded layer. Therefore, leached lead-silicate glass which has higher
refractive index than soda-lime silica glass was also measured by SE as well as S3IMS. This
is described in section 4.5.

4.5 Alkali-Lead-Silicate Glass

It is known that the leaching of lead-silicate glasses in acidic solutions results in the
formation of a 5i0), nch layer at the top surface of the glass due to the preferential
leaching of Ph (Wood and Blachere 1978). A comparison between compositional depth
profiles measured by SE and those measured with SIMS was also done using a lead-
silicate glass.

The procedure to determine a reference optical properties of lead-silicate glass was
the same as that of the soda-lime silica glass. The dispersion relation for the unleached
glass is (A in nm)

i
02 (hy= 14 LT

=i 43
A —141.22 e
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Fig 4.23 : Normalized SIMS depth profile of Na,O in the soda-lime silicate

glasses with different leaching times
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Lead-silicate glasses chemically leached with 1N HC solution for varying amount of
time, {ranging from 30 min. 1o 1 day) were modeled using the optical data of an unleached
glass as reference data, The proposed model of the leached lead-silicate glasses is similar
to that of soda-lime silica glasses. However, the Sellmeier dispersion equation with one
effective oscillator (Eq. 4.1) was used to describe the depth profile of graded layer instead
of 5i0,, because the refractive index of the remaining material following the leaching
process will not necessarily be identical to that of pure 5i0,. The volume fraction of void
in the top roughness layer, A and & in Eq. 4.1 were fixed to 0.5, 1 and 120, respectively.
The two layer model describing the leached glasses consists of a rough surface layer and a
void-free graded layer (Fig. 4.29). The parameters utilized to fit this model are the
thickness of the rough surface layer, the diffusion coefficient = diffusion time (Dt) and
constant B in Eq. 4.1. The surface concentration of the low refractive index surface
material (osc) was fixed a1 100%. Another model was proposed to fit the ellipsometric
data for 1 day leached glass. This model (Fig. 4.30) includes a Si0, layer on the top
surfuce instead of rough surface layer, The unbiased estimator (@) of 0.42" is good for this
model compared to the model including just a rough surface layer (3.8%). Comparison
between model and experimental curves of the leached glasses for different times (30 min.,
| hr., 5 hr. and | day) are shown in Fig. 4.31 to Fig. 4.34. The results of the models for
leached lead-silicate glass are summarized in Table 4.1, The numerical values of the model
parameters and their 90% confidence limits are given except for the parameters which are
fixed in the modeling. It is important 1o note that for samples leached longer, higher values
of surface roughness and diffusion depth were obtained. The diffusion depth listed in Table
4.1 corresponds to the thickness which the amount of oscillator reached 0.3% of the
surface concentration. Fig. 4.35 shows the calculated depth profile within the graded layer

for leached lead-silicate glasses,
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Fig. 4.36 presents the SIMS depth profile for Pb. This plot indicates that the Si0,
rich surface laver grows in thickness with increasing leaching time. The fact that a small
amount of Pb and other components (Ba, Rb. Cs) remain in the leached layer leads to a
poor fit of the SE data when the optical properties of pure S'ﬂ}z are used to describe the
surface material for the 30 min. 1 hr. and 5 hr samples. The SIMS depth profile in Fig.
4,36 also shows the depth al which the Pb concentration hecomes constant., The thickness
of the leached layer of 1 hr, 5 hr, and 1 day samples measured by SIMS corresponds to
710A, 10004 and 1300A, respectively. Also the diffusion depths measured by SE are 550
+38A, 0604664 and 1290£124A, respectively. Furthermore, the constant concentration
region can be seen in Fig. 4.36 at the initial depth of 24 br, leaching sample. This should
be the 510, layer on the top surface of the |- day leached sample. The thickness of this
layer corresponds to ~180A and 164A measured by SIMS and SE, respectively. It is
shown that SE results are m good agreement with the independent results obtained using
SIMS
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Chapter 5

CONCLUSIONS AND FUTURE WORK

The studies of the comrelation between the ellipsometric data (A, ¥) and many
parameters (e.g. surface concentration, modified depth and refractive index contrast) and
sensitivity of ellipsometric data were described in chapter 4. This chapter discusses the

conc lusions and future work.
5.1 Conclusions

The phase change information of ellipsometric data (A) makes spectroscopic
ellipsometry (SE) sensitive to a small change of layer thickness and refractive index
confrast, The power of SE, which is a non-destructive analytical technique, to characterize
graded composition layers formed by a leaching process was demenstrated and verified by
comparison with another analytical lechnique, SIMS. That is, SE also allows us to obtain
compositional depth profiles of layers with varying refractive index, The sensitivity of the
cllipsometric parameters to layer thickness, composition and refractive index contrast for
graded index layers was caleulated. The sensitivity is a strong function of the layer
thickness and refractive index contrast. For example, the SE technique has a sensitivity
limit to ~20A and -30A change in diffusion depth for a layer thickness of 140A with
refractive index differences of 0,03 and 0.017, respectively, at 500nm, It was apparent that
the larger the relative change in modified depth, surface concentration or refractive index
contrasts, the better the sensitivity.

It was shown that the SE results are not good agreement with the results of the

SIMS measurement when additional factors (1.e. a roughening of the surface for low index
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contrast samples) complicate the data interpretation. This is due to the fact that SE is
sensitive Lo the large index contrasts in the specimen. As the refractive index contrast was
considerably larger between the roughness layer and the bulk of the glass than within the
eraded layer, some correlation between the fitting variables leads 1o inaccuracies in the
modeled diffusion profile. However, in the case of higher index contrast materials, the SE
results are in good quantitative agreement with the results of the direct technique SIMS.
This indicates that the optical model and algorithm could be applied suecessfully in the
ellipsometric investigation of materials with graded index layers. Also, the refractive index
contrast (An) and the modified depth are key parameters to determine the sensitivity of
SE.

5.2 Fulnre Work

Although the positive experimental resulis presented in this thesis are limited to lead-
silicate glasses, the data provided give strong evidence of the potential application of the
spectroscopic ellipsometry as a characterization tool to study the graded refractive index
transparent materials.

lon-implantation is widely used for processing semiconductors and dielectric
coatings, Depth profile of implanted material can vsually be described by a Gaunssian
function. Therefore, by applying an other optical model consisting of a stack of layers with
varying thickness and composition levels described by a half Gaussian function, ion-
inplantation depth profiles can be evaluated. Also, SE can be applied to depth profiling of
the refractive index for an optical waveguide matenial including graded layers with good
resolution,

Another madeling method should be developed 1o decouple the effect of surface

roughness from the actual optical properties of a graded ndex transparent materials. One

of the data analysis methods, & -mimmization (Li 1992) can be applied to analyze the
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spectra of soda-lime silicate glasses leached for different times. This may be a possible

means to decouple the effect of surface roughness from the real ellipsometric data
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