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Multiple-angle-of-incidence ellipsometry reduces
J1o effects of experimental errors when estimating the
~otical constants of filmed surfaces using least squares.
4 test for correlation between parameters is developed
wnich does not require exact values of the parameters so
that approximate values can be used to test for correlation.
“orrelation between two parameters is present when the
normalized ratio of the derivatives of A with respect to
such of the parameters is constant with angle-of-incidence.
"o solve for the uncorrelated parameters independent
~utimates of the correlated parameters are needed. A
~ommon problem is correlation between the refractive index
and thickness of the film when a very thin film covers a
cubstrate. Experimentally, the optical constants of silicon
in the presence ofA20>githick oxide film were found to
aoree favorably with the measured values for a nearly-
nlean silicon surface (4 X contamination), using multiple-
anmle measurements. Simultaneous heating and ion-~bombard-

mrnt is more effective in cleaning silicon surfaces than
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either heating only at elevated temperatures, ion-bombard-
ment at room temperature or sequential heating (800° C)

and ion-bombardment with 400 eV argon ions, at an ion
current density of 2 uA/cm2 remove about 15 X of silicon
oxide in 30 minutes. For the first time ellipsometry is
used to measure quantitatively the damage of silicon by
low-energy ions. There is an increase in absorption in

the infrared, a decrease of reflectivity in the ultraviolet
and the absorption peak is broadened. The optical constants

return to their original value on annealing at 800° C.
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CHAPTER I
INTRODUCTION
1.1 Ellipsometry

The fundamental physical process of ellipsometry1

is the interaction between polarized radiation and the

array of molecules that constitute the surface. To

extract useful information, two basic problems are involved:

(1) To carry out accurate measurements of the polarization
change induced by the interaction process. In the
visible and near visible regions of the electro-
magnetic wave spectrum, optical techniques are very con-
venient for making these measurements because of the
availability of high quality components.

(2) To relate the ellipsometric measurements with the
optical and geometrical parameters of the surface.
Johnson and Basharaza have derived simplified equations
for the changes in the ellipticity of polarized light
upon reflection from a surface. Azzam and BasharaZb
have studied in detail the effect of the imperfections
in the optical components on the accuracy of ellipsometric

measurements,
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In the case of a thin film on an absorbing substrate,
‘it is necessary to carry out and interpret a number of
independent experimental measurements, because a single
set of ellipsometric measuraments at given angle of
incidence and wavelength is only able to determine two
unknowns whereas there may be as many as five unknowns;
namely, the complex indices of substrate and film and film
thickness. McCrackin and Colson3 investigated four methods
for increasing the available data; (1) measurements on
films of different thickness, (2) measurements on a single
film with different surrounding media, (3) measurements on
a single film using various substrates and (4) measurements
on a single film at various angles of incidence.

The variation of angle of incidence is convenilent
experimentally and avoids the complications of introducing
new physical factors.

Multiple-angle-of-incidence (MAI) ellipsometry has
found only limited use because of unresolved questions in
various studies. Using a chrome substrate, McCrackin and
Colson3 found satisfactory MAI solutions for film properties
at a specific thickness only. Burge and Bennett4 showed
that MAI could not be used to determine whether a film is
present on a substrate. Schueler5 examined the relation
of MAI measurements to experimental error for a film-

covered substrate and proposed a feasibility test for such
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measurements in the presence of experimental errors. His
method involves first derivatives of the ellipsometer
parameters \y and D. Old.ha.m6 discusses the problem of a

film on a known substrate at one and two angles of incidence.
Johnson and Bashara7 studied contamination films on silver
using MAI and found that their solutions were sensitive to
starting estimates of the unknowns.

A primary objective of this study is to clarify the
theoretical aspects of the computational problem of MAI
ellipsometry. To this end two useful tests (the parameter-
correlation test and the convergence-second-derivapive test)

are developed and applied to the Si-Si0, interface.
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1,2 Silicon Interface in Ultra-high Vacuum

Further development and refinement of surface-
sensitive semi-conductor devices depends critically on
understanding and controlling the silicon surface inter-
face. For example, the characteristics of metal-oxide-
semi-conductor8’9 transistors (MOST) are critically
dependent on the properties of an insulating 8102 layer
on the silicon and the properties of the silicon-insulator
interface. Also, an important factor in making nearly
ideal metal-semi-conductor contactsli® is to minimize the
thickness of the interfacial layer between the metal and
the semi-conductor.

An important step in controlling the silicon surface
is to study the problems associated with obtaining an
atomically clean silicon surface. Such a surface is

defineail? 12

as "a surface free of all but a few percent

of a single monolayer of foreign atoms, either adsorbed

on or substitutionally replacing surface atoms of the parent
lattice." Because of the known interactions of atmospheric
gases With a silicon surface, it follows that clean-surface
lnvestigations must be performed in ultrahigh vacuum with

a low residual pressure.
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1.3 Arrangement of the Dissertation

Chapter II is devoted to analyzing the ellipsometric
theory where we will consider the effect of a small tilt
in the specimen on the ellipsometric measurements. Also,
the matrix approach of relating the ellipsometric measure-
ments to the optical parameters of filmed surfaces will be
discussed. Chapters III and IV deal with computational
problems of multiple-angle ellipsometry. In Chapter III,
a parameter-correlation test is introduced and applied to
the Si-5102 system. The conditions for minimizing para-
meter correlation are developed. The effect of experimental
errors on the accuracy of estimating the optical parameters
of a filmed surface is considered in Chapter IV. Also
another useful computational test is developed using the
second derivatives of least-square residuals. Chapter V
is devoted to experimental studies on cleaning silicon
surfaces using argon-ion bombardment, heating in ultra-
high vacuum, and a combination of the two. The summary
and conclusions are included in Chapter VI. Finally, details

of the essential computer programs are given in Appendix D.
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CHAPTER II

ELLIPSOMETRIC THEORY
2.1 Ellipsometric Technique in U.H.V.

The basic ellipsometric arrangement is shown in
Fig. 1. The ellipsometer consists of polarizer, com-
pensator (Soleil-Babinet), the surface under investigation
and analyzer. Linearly polarized light becomes, in general,
elliptically polarized upon passing through the compensator.
Reflection from the specimen introduces changes in the
relative magnitudes and phases of the electric field
components of the light. The ratio of the parallel to the
perpendicular reflection coefficients, BP and Rg respectively

is defined as
@ = Rp/Rs= tamw exp(jn) , 2D

where the subscripts p and s refer to those components
parallel and perpendicular tothe plane of incidence, which

in turn is determined by the direction of the light ray and
the normal to the test specimen surface. The parameters W and
A (relative phase difference) are determined from azimuthal
angle measurements of the polarizer, analyzer and compensator.

For a compensator azimuth of +45°, there are two palrs of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



