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ABSTRACT

This dissertation is concerned with the study of electric field
modulation of the optical properties of semiconducting films, employing
ellipsometry as the basic spectroscopic method. The theoretical and
experimental aspects of modulated reflectance gllipsometry are presented
within the general framework of electroreflectance theory. The ellip-
sometric method provides additiomal experimental information about the
optical modulation not obtained by electroreflectance measurements using
linearly polarized light. 1In this study, the added information is used
to calculate the penetration depth of the optical modulation in semi-
conducting Sn.O2 films. Based on a perturbation having an exponential
profile, the effective penetration depth is of the order of 75 A. This
is approximately twice the effective penetration depth of the electric
field, as determined from field-effect conductivity measurements. The
static optical properties of the SnO2 film indicate an indirect-
transition edge near 2.6 eV and a direct-transition edge near k.0 eV.
The electroreflectance spectra of the Sno2 £i1m have a broad background
typical of high carrier concentration semiconductors, but generally
{ndicate the expected lineshape and spectral position of the absorption
thresholds. The use of a ferroelectric ceramic for the substrate of the
semiconducting film represents a significant departure from previous
experimental methods and overcomes some of the limitations of previous

sample configurations.
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CHAPTER 1

INTRODUCTION

The interaction of electromagnetic radiation with materials has long
been recognized as a valuable means of acquiring information about their
basic properties. In this connection, optical studies of crystalline
solids have provided much information about their enmergy band structure
and the role of fundamental electronic excitations. In recent years
there has been an increased activity in the measurement of the optical
properties of insulators, metals, and semiconductors in the visible and
near-visible regions of the electromagnetic spectrum. The stimulus for
this activity has come mainly from the development of theoretical ;ethods
for calculating the energy band structure and optical constants of
crystalline solids and the development of a quantum mechanical descrip-
tion of the effecf of an electric field on the optical properties of
crystalline solids, along with the simultaneous development of sensitive
experimental techniques for detecting the extremely small changes in the
optical properties induced by various perturbations. It is the purpose
of this dissertation to investigate the theoretical and experimental
aspects of electric field ﬁodulation of the optical properties of semi-
conducting films, employing ellipsometry as the basic spectroscopic

method.

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



1.1 Historical Survey and General Considerations

Ellipsometry, or polarimetric spectroscopy, is the measurement of
the change in the polarizatiom state of light caused by reflection from
a planar surface. The ellipsometer has proved to be a versatile instru-
ment for investigation of the optical properties of surfaces, interfaces,
and thin films..1 Hall2 has recently surveyed the historical development
of ellipsometry, whose theoretical foundations extend back to the
nineteenth century and the fundamental works of Fresnel, Rayleigh, and
Drude. Throughout its development, the most serious limitation of the
ellipsometric method has been the complexity of the Drude equatioms,
which relate the reflection coefficients to the optical properties of a
film-covered surface. It is generally not possible to obtain closed-
form analytical expressions for the optical properties in terms of
experimentally méasured quantities, and considerable effort has been
expended in developing various linear approximations to the exact Drude
equations.3 The approximate equations, however, are limited to films,
generally non-absorbing, which are very thin in comparison to the wave-
length of the light. Unfortunately, these approximations have often been
extended to situations whiéh may result in considerable inaccuracy in
the results. The widespread availability of high-speed electronic
computers with complex number capability is making the use of the exact
Drude equations routine. Ellipsometric determination of the optical
properties and thickness of films ia no longer restricted to regions of
the electromagnetic spectrum where the film is non-absorbing and is
becoming extremely useful in studying fundamental absorption thresholds

of thin films.

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



The theoretical relation between the energy band structure and the
optical properties of a solid was well established by the middle 1950'3.k
Experimentally observed spectra, however, seldom resembled the predicted
profiles and unambiguous identification of structural features met with
limited success. The first calculations of the effect of an electric
field on the optical properties of crystalline solids were published in
1958 by Franz5 and Keldysh.6 The Franz-Keldysh theory predicts a field-
induced shift of the fundamental absorption edge toward lower photon
energies, due to field-assisted interband excitation of electroms.
Ph1111p37‘and others later extended the Franz-Keldysh theory to higher
energy interband transitionms.

Experimental observations of the Franz-Keldysh effect were first
demonstrated by electroabéorption measurements of semiconductors.8 It
was soon realized that optical modulation could be observed in reflectance
as well as in transmittance and in 1965 the first elecproreflectance
experiments were performed.9 Electroreflectance qeaeurements allow
observation of optical modulation at the higher energy parabolic and
saddle-point edges not accessible to electroabsorption measurements.

The diagnosfic value of electroreflectance measurements comes from the
differential nature of the technique which allows separation of slope
discontinuities in the optical dielectric function from the continuous
background. Identification of the spectral position and tyée of slope
discontinuity, which occur at points of high symmetry in the Brillouin
zone, are essential to properly adjust theoretical energy band structure

calculations.
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The theory of electric field effects on the optical dielectric
properties of solids has progressed sufficiently to allow inclusion of
such important effects as phonon scattering, exciton transitious, life-
time broadening, impurity scattering, et:c:.m"12 Quantitative interpreta-
tion of experimental results has been much less successful. The theoret-
ical understanding of electric field effects in real solids, however, is
showing the need for further refinement of experimental investigations.
The existing experimental results are being re-examined with these
improved analytic methods.

Furfher refinement of the interpretation of the electroreflectance
spectra of semiconductors seems to depend on a better definition of the
effective electric field, both with respect to the actual field at the
surface of the aemiconducfor and its spatial deéendence over the region
of the penetration of the light. In this connection, the effect of
spatially nonuniform changes in the optical dielectric function are just
beginning to receive attention.13’29’3o Quantitative interpretation of
electroreflectance spectra requires determination of the functionmal
dependence of the optical modulation on the electric field. Theoretical
considerations, such as the inclusion of lifetime broadening effects, can
only indicate the general nature of this dependence.

Sample configurations for electroreflectance experiments have been
of two basic types: electrolytic cells28 in which the external modulat-
ing field is applied to the sample surface through the semiconductor-
electrolyte surface barrier, and the field-effect configurationlh in
which a thin, transparent dielectric serves to space a transparent field

electrode from the surface. Both types have undesirable features.
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Because of the complex potential distribution in the electrolytic cell
and chemical processes at the semiconductor-electrolyte interface, the
actual modulating field is not well known. The field-effect configuration
can have a limited spectral range due to the fundamental absorption edges
of the transparent dielectric and field electrode.

Two comprehensive review articles on optical modulation theory and
experiments have recently been written. Aspnes and Bottk812 review the
recent advances in the theoretical description of electric field effects
on the optical dielectric function of insulators and semiconductors, and
Seraphin15 reviews the experimental methods and results in
electroreflectance.

The advantages of combined electroreflectance and ellipsometric

16’17 who studied

measurements were first realized by Buckman and Bashara,
the electroreflectance spectra of gold and silver films in an electro-
lytic cell. However, their phenomenological interpretation of the
optical modulation parameters does not utilize the conventional formula-
tion of oblique incidence electroreflectance. Also, the recent deriva-
tions of modulated reflectance by Schmidt and Knauaenberger,18 which are
concerned with determining spatially uniform changes in the optical
properties of a hoﬁogeneous material, do not realize the full potential
of the ellipsometric method. A more rigorous development of modulated

reflectance ellipsometry in the general framework of electroreflectance

theory is presented in this dissertation.
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1.2 Purpose

The purpose of this work is to present the important theoretical
and experimental aspects of modulated reflectance ellipsometry and to
propose an improved sample configuration for thin-film semiconductor
electroreflectance studies.

The ellipsometric method allows determination of the perturbation in
the polarization state of the reflected light due to optical modulation
of the sample, as well as the perturbation in the oblique reflectances.
This added information may be used to establish a better understanding
of the oﬁtical modulation process. In order to comnect the experimentally
observed changes in reflectance to the changes in the optical dielectric
function, the static optical properties of the sample must be accurately
known. Modulated reflectance ellipsometry combines the static and
dynamic measurements and, in additiom, allows separation of the changes
in the real and imaginary parts of the complex dielectric function. This
is especially important if the measurements are restricted to a narrow
spectral range, making a dispersion analysis difficult, if not impossible.

A primary objective of the experimental measurements is to demon-
strate the.analytical potential of the ellipsometric method in charac-
terizing the spatial extent of the optical modulation. To accomplish
this, a unique sample configuration was used to vary the surface potential
of the semiconductor film. The sample configuration is essentially that
of an insulated-gate thin film field-effect device, with one important
distinction; the insulator is a ferroelectric ceramic which also serves
as the substrate for the semiconductor film.19 The electric field is

applied to the thin film at the semiconductor-ferroelectric interface by

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



a voltage impressed across the substrate. The light impinges obliquely
on the free surface of the semiconducting film and is multiply reflected
from the free surface and the film-substrate interface. Since the optical
modulation occurs in the space-charge region at the film-substrate inter-
face, rather than at the free sufface,as in the case of the previous
sample configurations, the penetratfon depth of the light in the semi-
conductor film must be large enough to allow a significant portion of the
incident intensity to reach the film-substrate interface. Figure 1.2-1
illustrates the approximate range of applicability of this sample con-
figuratidn, in terms of the film thickness and film absorption. The
division between the accessible and inaccessible areas represents the
region in which the absorption coefficient-thickness product is unity.

A ferroelectric ceramic makes an ideal substrate for this sample
configuration. These materials typically have a high static dielectric
constant which results in electric field amplification at the film-
substrate interface, a high index of refraction vhich makes them a good
reflector, and, perhaps most important, the remanent ferroelectric
polarization may be used to vary the charge carrier demnsity of the semi-
conductor over a larger range than is possible with a linear dielectric.
Also, the interfacial polarization is easily established by measuring
the electrical charge supplied to the field electrode of the sample.

This sample configuration does not have the spectral limitations of the
electrolytic cell and field-effect sandwich, and may be used in vacuum

and at low temperatures.
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