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Chapter 1

Introduction

1.1 Background

Ellipsometry is an optical technique for the characterization of and observation of events
at an interface or film between two media and is based on exploiting the polarization
transformation that occurs as a beam of polarized light is reflected from or transmitted
through the interface or film. Its history dates back to the 19th century®), but in the last ten
years spectroscopic ellipsometry (SE), combined with the availability of microcomputers
for both instrumental control and real-time analysis of results, has produced a renaissance
in the technique.

Ellipsometry is made particularly attractive because of two factors: 1) it is not sensitive
to variations in the absolute intensity of the light source, hence its non-perturbing character
suitable for in-situ measurements, and 2) its remarkable sensitivity to surface,? such as the
formation of a sparsely distributed sub-monolayer of atoms or molecules. As an example,
the calculated results show that on a Si surface under the conditions of the calculation in
Table 1.1, A changes by 0.3° per 0.1 nm of overlayer film.%) Considering that a well aligned
ellipsometer with high quality optics is capa,blé of yielding A and ¥ values with a precision
of about 0.01 - 0.02°, submonolayer sensitivity is achievable. Another point to note is
that, ellipsometric measurement requires only weak light sources, hence the incident light
usually does not alter the surface. Ellipsometry has been shown to operate in air, vacuum
and liquids, and the optical system can be positioned outside a processing environment.

Thus, it can be used to monitor actual processes, hence it is non-invasive.
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Table 1.1: Sensitivity of ellipsometry (conditions: film with index=1.5 on Si, A=632.8 nm,
$=T0°; sensitivity~0.3° A per 0.1 nm film thickness)

A U Thickness: (nm)
179.257 0.448 0.0
178.957 0.448 0.1
178.657 0.449 0.2
178.357 0.450 ' 0.3
178.056 0.451 0.4
177.756 0.453 0.5
176.257 0.462 0.6

The single wavelength ellipsometry (SWE) impacted semiconductors arena from the

beginning of 1960s as a film thickness measurement technique applied to dielectric films

on Si, and mostly for SiO; on Si.%) In principle, the two measurable parameters, A and ¥,
at one wavelength )\ and at an angle of incidence ¢ are sufficient to determine uniquely
the film thickness L and refractive index n (when the assumption k=0 is made in the
visible light range). The rapidly advancing technology requiring thinner films, multiple
film stacks, films with complex and variable stoichiometries, and better precision of L and
n, led most of us to the conclusion that SWE alone is inadequate for many important
applications. Furthermore, questions arose about the use of a discreet single film model
to analyze the measurable;”) there are physical issues such as interface between film and
substrate that is not as sharp and flat as one might think, and questions of stresses and
stress gradients; there are chemical issues of stoichiometry and chemical gradients.®) Each
of these considerations added complexity to the ellipsometry measurement, requiring more
measurable than afforded by SWE. The solution to this dilemma in terms of ellipsometry is

straightforward: use of multiple A and ¢, i.e., all the accessible variables in order to specify

" a system-hence spectroscopic is required.

Except for the above case of dielectric film on Si or other materials of known optical
constants, the only case for which the solution can be directly obtained from the two

ellipsometric measurable, A and ¥, at a special wavelength and an angle of incidence ¢,
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is a two-phase system where the material does not contain any overlayer. In this case, the

dielectric function have a form?

<e)=sin2¢o{1+tan2¢o(1;2)2} | (1.1)

where ¢q is the angle of incidence and p=tanWexpA. The cleaved surface maintained in
a Ny atmosphere, in general, is thought to be closest to this realistic surface. However,
it is difficult to produce the cleaved surface in a large size and ellipsometry is extremely
sensitive to overlayer on the surface of a material, such as natural.oxide layer and rough
layer, hence the surface chemical treatment and clearing procedures become extremely
important. The chemomechanical polishing adding the chemical etching is the most effec-
tive technology for the Si, Ge and III-V semiconductors, which can produce the sharpest
substrate-ambient discontinuities, that is, the minimum amount of interface material will
be left at their surface.!®!!) The spectroscopic ellipsometric measurements of the pseudo
(apparent) dielectric function (€) = (e1) + 7 (e5) of semiconductors at the wavelength of
the Ey peak of (e2) provide direct information about the state of the surface. But, in order
to prevent from re-oxidization and surface contamination effects, it is necessary to main-

12,13) Other method, which is simple in

tain sample in a Ny flow during the measurements.
technique and is widely used, is the mathematics stripping procedures, i.e. the overlayer is
removed according to the mathematics management. In this procedure, the precise optical
constants of the oxide must be known beforehand.!®

In many cases, the solution of parameters for the samples, such as dielectfic function
and thickness of film can not be directly calculated from the ellipsometric measurements.
Therefore, many efforts in spectroscopic ellipsometry are focused on analyzing the data
using the Fresnel equations, that is, the unknown parameters of samples are determined
by least squares minimization of the difference between the calculated and experimental

values of A and ¥ -using a suitable model. As a figure of merit for comparison, an unbiased

estimator & is calculated from the relationship:'®)

52 = 1 f: po® — peal 2 (1.2)
N-P-1i3
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where N is the number of wavelengths sampled and P is the number of unknown parameters.
The unknown optical constants of materials is often described as a simple dispersion, such

as Cauchy formulae'®

n(A) =ng +bn2//\2+n4/)\4 / (1.3)

k()\) = k0+k1/)\+k3/)\3,

where ng, ns, N4, Ko, ky and ks are fitting parameters and ) is wavelength, and a single
oscillator model is used as follows;'”
2

!
’ 4+ (Es _ 600) Wy
© Wi —wr 4 ilw’

(1.4)

where &/ represents the high-frequency dielectric constant, &, the oscillator strength, w; the
frequency and I'y the damping factor of the oscillator. The Bruggeman effective medium
approximation (BEMA) has been shown to be quite useful for calculating the dielectric
response of mixed composition inhomogeneous films. BEMA assumes mixtures on a scale
smaller than the wavelength of light, but that each constituent retains its original dielectric
response. One can imagine that this model may be appropriate for mixed phase films and

for substrate with large amounts of impurities and damage. The generalized form for the

BEMA is'®

g, — &
i =0, 1.
Zfei—I—QE »0 (1.5)

where ¢ is the composite dielectric function and ¢; and f; are the dielectric function and
volume fraction respectively of the ith constituent.

Spectroscopic ellipsometry is also a powerful tool to characterize the electronic structure
and its temperature dependence of semiconductors. Many analytical model have been
developed for this purpose, such as the harmonic oscillator model of Erman et. al., the

dielectric function £(w) is given by'®)

L 1 1
=1- A — — - > 1.6
€(w) ! k2=:1 k (hw—Ek+zI‘k hw + Ey + Ty ( )

where Ej, is the energy of a harmonic oscillator and Ty, is its linewidth. And the standard

__4_
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analytic line shapes:?®

ew)=1- an Ape* (hw — By, + i), (1.7)
k=1

where the critical points (CP’s) are described by the amplitude Ay, threshold energy Ej,
broadening T, and the excitonic phase angle ¢;. The exponent n has the value -1/2 for
one-dimensional (1D), 0 [logarithmic, i.e., In(w — E + iT')] for 2D, and 1/2 for 3D CP’s.
Discrete excitons are represented by n=-1. For the practical purpose, the standard analytic
line shapes often use its second-derivative form to fit numerically the second derivative of

the dielectric function with respect to photon energy dse/dws,.
In summary, spectroscopic ellipsometry is at once a nondestructive, non-contact and
powerful optical technique to investigate surface and physical characteristics of materials
and is an indirect measuring tool. The data analysis is a hard task and requires powerful

mathematical tool.

1.2 Organization of dissertation

The dissertation is composed of seven chapters, and each of them is summarized as
follows.

Chapter 1, which is an introduction of this dissertation, reviews the historical develop-
ment and describes the characteristic :;md main research areas of spectroscopic ellipsometry.
The models., which are widely used in data analysis of SE, are also summarized.

In chapter 2, the measurement principles of rotating-analyzer system are described in
detail. The general mathematical representation of ellipsometry for the multilayer structure
that includes Fresnel equations are also given. Levenberg-Marquardt algorithm, which is
widely used in spectroscopic ellipsometry, is also described in detail. Qur proposed model
“Modified Harmonic Oscillator Approximation Scheme” as well as several other theoretical
models to describe optical respond of semiconductor are introduced.

In chapter 3, the characterization of III-V semiconductors, such as, GaP and GaAs,
grown on Si substrate by metal-organic chemical-vapor deposition (MOCVD) are studied.

The difference between the band E; energy of the epitaxial GaP on Si substrate and bulk

_.5_



CHAPTER 1. Introduction

GaP decreases with increasing thickness of epitaxial GaP resulting from the stress varying
With the thickness. For the thick GaAs film on Si, the stress in GaAs film and the rough
layer on surface have been investigated according to the direct analysis for the SE data
and surface mechanochemical poiishing of GaAs layers. The results of surface roughness
are compared between SE and that obtained by AFM.

In chapter 4, characterization results of excimer laser annealed polycrystalline Si and
Si;_Ge, alloy thin films are described. Two kind of samples have been used in the ex-
periment. One, a structure of a-Si/Si0;/Si-substrate deposited by LPCVD, and the other
is a-Si;_,Ge, on Si and glass substrate deposited by ion-beam sputtering. The thresh-
old energy for the crystallization to occur, the volume fraction of crystalline and density
varying with increasing the laser irradiation energy are discussed. A method to estimate
the compositions of Si;.,Ge, alloy films is also proposed. The results of the compositions
and grain size of poly-Si;_,Ge;, which are determined by SE as well as X-ray, have been
compared.
~ In chapter 5, the optical and mechanical properties of GaN grown on sapphire substrate
are investigated by spectroscopic ellipsometry, transmission method and depth-sensing in-
denta‘pion experiments. The optical constants and “true hardness” of GaN film are first
accurately determined. The optical properties of Al,Ga;_.N embedded in the structure,
Al,Ga;_,N/GaN/Sapphire, is then determined by simultaneous fitting of SE data at three
angles of incidence, 40°, 50° and 60°.

In chapter 6, the evaluation method of SE together with transmission method is suc-
cessfully applied to inhomogeneous films such as sol-gel derived TiO; films on quartz and
silicon substrates. Unlike the usual practice data analysis where the réfractive index is
assumed to vary, it assumed for the first time that the volume fraction of void linearly
varies from the outer surface to inner surface of the inhomogeneous film. The accurate
refractive index and absorbent coefficient over the wavelength range of 300 - 1600 nm have
been obtained by using both SE and transmission method.

Chapter 7 is the summary of this dissertation where a scope for future work is also given.
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Chapter 2

Theory and Experiment

2.1 Introduction

Given a set of measured data of SE, which are often reduced to the complex Fresnel
reflection coefficient ratio (Eq. 2.1), one often want to condense and summarize the data by
fitfing it to a “model” that depends on adjustable parameters. Sometime, the parameters
are simply a set of films thicknesses. Other times, the parameters include not only the ﬁlfn

thickness, but also some underlying theory as described in next section.
p (A ) = rpfr, = tan U (X, ¢) expiA (A, ) (@21)

where 1,(r5) represents the complex Fresnel reflection ratio for light polarized parallel (per-
pendicular) to the plane of incidence. The angle ¥ and A are the conventional ellispometry
parameters normally associated with nulling ellipsometry techniques.'®) The ratio p, as well
as ¥ and A, depeﬁds explicitly on the wavelenth A and angle of incidence ¢.

The data in the form of Eq. 2.1 (br possibly some other, equivalent form) are then
compared with a calculated spectrum, where the figure of merit is generally chosen to be

the unbiased estimator,'') given by

1 n

2 = re— ; [(tan Uerp (A:) — tan Teure (A, 7))
+ (008 Aaxp (M) — €08 Agare (Xi, 2))?] (2.2)

The vector z (with m components) represents the parameters in the calculation model.

The fitting procedure usually used to minimize x? with a numerical analysis method is
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Levenberg-Marquardt Method.'?) In Eq. 2.2 there is no attempt to weight the data spec-
traliy in determined the figure of merit of the fit by using the error in the experiment
quantity p.

Spectroscopic ellipsometry (SE) has been used for nondestructive determination of thick-
nesses and alloy compositions,'® and evaluation of strained epilayers of semiconductor.'®1%)
However, in order to determine the parameters of the electronic band structure of a mate-
rial in a given structure, the complex dielectric function of that material must be known as
a function of the parameters of the electronic band structure.'® The standard critical-point
model has been widely used to fit second numerical the derivatives of the dielectric func-
tion with respect to photon energy for indirect transition semiconductor, such as Sj1:16)
and GaP'®1") and to determine electronic critical-point energies E; and line shapes of Si
and GaP. However, it is not valid for the dielectric function.‘ The harmonic oscillator ap-
proximation (HOA) can approximate the dielectric response of single-crystal Al;Ga;_;As
using the minimum number of parameters for photon energies above the fundamental band
edge. It has been used to stﬁdy GaAs/GaAlAs quantum well structure'® and ion-damaged
GaAs.'® However, the HOA model is not related to band structure and fails to fit the num-
ber derivatives of the dielectric function with respect to photon energy. Recently, Terry has
substantially improved the HOA model by allowing the contribution of each oscillator to
have an arbitrary phase angle.?) However, even this improved version of the HOA model
still suffers from the weaknesses stated above. Recently, Kim et al. developed a new model
for the dielectric function of zincblende semiconductors in which the joint density of states
between a pair of bands (J,(E)) is written as the the product of a function of E which
gives the correct critical-point (CP) analytic properties and a low -order polynomial in E.
Kim et al. have obtained excellent simultaneous fits to € (w) of GaAs and its first three
numerical derivatives with respect to energy, and accurate values of the critical-point en-
ergies and line widths.??) However, this model involves complicated mathematical formula
and requires much computational effort.

In this chapter, the complex Fresnel reflection coefficient ratio dependence on the struc-

ture parameters of samples, such as complex refractive index and thickness, are given,
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anid Levenberg-Marquardt Method using the SE data analysis and error estimates on the
parameters are described. Our modified HOA model have been particularly mentioned,
which give the excellent simultaneous fits to € (w) of GaAs, InP and GaP and their first
three numerical derivatives with respect to energy without much computational effort. The

other important analytic model have also been described.

2.2 The concept and measurement of elliptical po-

larization
2.2.1 The concept of elliptical polarization

For a uniform monochromatic TE (transverse-electric) plane wave along the direction
z, at a fixed point in space the vibration of the electric vector E can be resolved into two
independent, linear, simply-harmonic vibrations, £, and E,, along two mutually orthogonal

directions, x and y, respectively.

E=E&X+E,;3 (2.3)

E; = A;cos (wt + 6;), 1=,y (2.4)

X, ¥ are unit vectors along the coordinate axes; A; and §; represent the amplitude and
phase, respectively, of the linear vibration along the ith coordinate axis and w represents
the angular frequency.

The special case of 6, = ¢ and §, = 0 is first discussed and it is proved that if § # 0,
the end-point of the electric vector will trace an ellipse in xy plane.!) Such an ellipsé is
periodically described at a repetition rate equal to the optical frequency f = w/27. Further,
it will be proved that the general form as eq. 2.4 can be changed into special form by a
coordinate rotation.

In the case of 6, = § and 6, =0, eq. 2.4 takes the form

E, = A;cosdcoswt+ Aysinésinwt,

E, = A,coswt. (2.5)
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By elimination of t from eq. 2.5, it is found that the coordination (E, and E,) of the

end-point of electric vector satisfy the following equation

E? E? 2cosbé
P v 2980 ppo_g 2.6
Alsin?§  A? A Aysin’$ Y (26)

which is the equatioﬁ of an ellipse in the xy plane. By a coordinate rotation, the azimuth
(orientation) of the major axis of the ellipse and the lengths of the semi-major and the
semi-minor axes can all be determined in terms of A,, A, and 6.2

In the general case, that is 6, # &, # 0 in eq. 2.4, we resolve that each of the two linear
vibrations in eq. 2.4 into two colinear vibrations, in time-quadrature with one another,

along the same axis
E; = (A; cos §;) coswt — (A;sin §;) sinwt, 1= z,y. (2.7)
The electric vector E in eq. 2.3 can be written as

E = (Aycosé,x+ Aycosb,§)coswt — (A sin6,% + Ay sin 6,¥) sinwt
= (a; coswt) Wy — (azsinwt) iy (2.8)

In this equation iy and 1i; represent unit vectors along the directions of coswt and sinwt

vibration and a; and a, represent their respective amplitudes. a,, as, G; and G, are given

by

a = y/A%cos?§, + A2 cos? 6,

a = y/Alsin’6, + AZsin’ 5,
) (Ax cosd, , Aycosd, A)
ay X + y

u; =
aq aq

= a1 (COS 01)2 + sin 019’)

and

L Agsiné, , Aysind, .
U, = as p” X + . y

= ay b(cos 2% + sin 6,3) | (2.9)

Taking a coordinate rotation with an angle of rotation §; with the help of Fig. 2.1, and
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<

Figure 2.1: The coordinate rotation transform with the angle of rotation 6,

the projections of electric vector E parallel (||) and perpendicular (L) to @i, we get

E| = (aycos(f —03))coswt — azsinwt = \/a% cos? (61 — ;) + a3cos (wt + &)

E, = (aysin(6; —0;)) coswt. (2.10)

In this equation & is given by

ay cos (61 — 03)
\/c@ cos? (61 — 62) + a%.

cos ' =

(2.11)

The eq. 2.10 have the same form as the eq. 2.5. So far we have proved that the elliptical
(or elliptic) polarization is the most general state of polarization of any optical filed that is

strictly monochromatic. For complete specification of the elliptical state we need to know
(1) The amplitude (size) of the ellipse;

(2) The absolute temporal phase.
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Figure 2.2: The ellipses of polarization with some especially difference of phase

In Fig. 2.2 we plot the end-point trace of the electric vector for the case of 6, = ¢, and
for some other differences of phase. It is obvious that the states of linear (6 = km) and
circular polarization (6§ = (2k + 1)7/2) are only limiting cases of the more general state of

elliptical polarization.

2.2.2 The measurement of elliptical polarization

Ellipsometers differ in the way in which the polarization of reflected light is measured.
Most instruments now use photometric SE, where the intensity of the reflected light is
measured while modulating the polarization of the incident or reflected light. Photometric
ellipsometer system possess a number of advantages over those of classical null design.3®)
The high optical efficiency of photometric systems allows operation with much weaker
(e.g., céntinuum) light sources without sacrificing shot noise or source instability detection
capability which in turn pefmits wavelength scanning to high precision. Furthermore,
operation can be made automatic in the sense usually applied to ellipsometer system:
complex reflectance data can be obtained by direct analog or digital analysis of the time
dependence of the transmitted flux, and the operator is thereby removed as an essential
feedback element in the measurement process.

Figure 2.3 shows the main components of an ellipsometer. A monochromator is inserted
in the input or output line for SE. The compensator is a phase-shifting element which is
essential for null-ellipsometers. Two types of modulation are used: the polarizer, analyzer
or compensator can be rotated, or the phase shift of the compensator can be varied with
a photoelastic modulator (PEM), where a strain-induced birefringence in quartz glass is

used to modulate the polarization. Both types of systems are capable of substantially
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sample

Lamp ’ analyser

Figure 2.3: Schematic of the main components of an ellipsometer

greater precision than null systems, partly because shot-noise detection conditions are
much easier to achieve with currently available source, but primarily because no precision-
limiting quantized mechanical motions are involved in the measurement process. Rotating-
analyzer systems have the advantages of simplicity and relative insensitivity to wavelength
in scanning applications, while piezobirefringent element system have the advantage of high
speed.> ")

The spectra studied here were taken with rotating-analyzer system. The light sources
used are 75 W Xe high pressure arc-lamps, which has a continuous spectrum between
1.5 eV (830 nm) and 6.2 €V (200 nm). An angle of incidence, ¢, between 40° and 90°
provides highest sensitivity to film properties for semiconductor substrates. Photomultiplier
detectors are used, with their advantages of high quantum efficiency in the visible and near
UV spectral region, high gain, and an extremely linear relationship between light intensity
and signal.

The analyzer rotates at a constant frequency to limit mechanical vibration. The angle of
the transmission axis of the analyzer is measured by an angle encoder or resolver mounted
on the holder of the analyzer. For absorbing materials, the reflected light is elliptically
polarized, which produces a sinusoidal varying intensity when the analyzer is rotated.?)

As above-mentioned the general elliptical polarization can be described as:

E, = Agsin(wt+6,)

E, = A,sin(wt+4,). (2.12)
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The intensity I(A) at the detector is

1 T
1(A)= -T-/O E*dt

T
= %/ (A:L- sin (wt + 61:) COS 9A -+ Ay sin ((-Ut + 5y) sin GA)2 dt
0 | |

A? A? :
L= Tx cos? 8, + 7” sin® @4 + Ay A, cos (6, — 6,)sin 04 cos 04

2 2

A A |
= 7 (cos204 +1) + % (1 — cos 20,) + A—’;A—y cos (&5 — dy) sin 20,

AL+ AL AL A
— ”Z v 4 cos29A+A =4y ¥ cos (6, — &,)sin 264
=Io(1 4+ azcos284 + b2sin28,). (2.13)

This is a function of the time-varying angular position of the transmission axis of the
analyzer, 84 (Fig. 2.3). The coefficients a; and b, are obtained by a Fourier transform
of the intensity and in the case of Figure 2.3 without the compensator, are calculated

according to the expression

v = Az — A2 tan? U cos?fp —sin® fp
. = =

A? + AZ tan® U cos? fp + sin? 0p

cos A tan ¥ sin 20p
by = . . 2.14
2 tan? U cos? fp + sin? fp (2.14)

The relation of A;/A, = tan ¥ cosfp/sin p and &, — 6, = A has been used in the calcu-
lation. An important advantage of photo’metric SE is that it is not sensitive to vaﬁations
in the absolute intensity of the light source because the Fourier coefficients are calculafed
from rela,tivé intensities. A second point to note is that, because maxima occur twice per
revolution, the first and third harmonics of the Fourier expansion should be zero, and this
can be used as a check on alignment. These components can be feduced to lesé than 0.002.%

The measurement processmg step involves the calculation of the normahzed Fourler
transform coefficients (as, b2) of the signal voltage from the accumulated data that have
been stored as N data words. These normalized Fourier coefficients are calculated according

to the expression”)

ag + by =2 [ZD exp (21 4; )]/(%D) | (2.15)

i=1
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where D;, i=1,2, ... , N are the data words representing the sum over the total number of

cycles of the signal values measured at the N reading points of a single cycle, and

A,=7T(Z—1)/36

2.3 The general formula for ellipsometry

2.3.1 The polarized state of reflection at an interface between
medium 1 and medium 2

Figure 2.4: Interface geometry

The geometry of interface is shown in Fig. 2.4, where both the mediums have complex

index (fn = n+1tk). The p-polarization describes an electric vector in the plane of incidence
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(the xy-plane), and a s-polarization describes an electric vector in the y-direction. The
angle of incidence is ¢;.
Applying the boundary conditions at the interface yields the well-known Fresnel equation

for the (complex) amplitude of the reflected wave as follow,

P N1 €08 g — Mg CcoS by i | ot
? 'FLl Cos QSO + 'fl,o COs ¢1 P ’
a g COS g — My cOS Py 17, ¢
° 'fLO CcOos ¢0 -+ ’le COs ¢1 ° ’
A 1 N .
cos ¢y = ﬁ——\/n% — ng sin? ¢,. (2.16)
1 . , ‘

As it has been discussed in the section 2.2, the light of reflection has an elliptically
polarized state. The general ellipsometric parameters are represented by the ratio of am-
plitudes (tan ¥) and difference of phase (A) between the p-polarization and s-polarization.

Its mathematical form is represented as:

p= "o _ Mei(‘s”_m = tan We'® (2.17)

A

Fe s
An important, special case is that of a light reflection between the vacuum and the
surface of a medium. In this case the index of vacuum is one and the dielectric function of

medium is € = (n + ik)?, and eq. 2.16 become:

. /€ cos ¢g — cos ¢

T, =

VE cos do + cos ¢’
. cos o — +/€ cos é
T <
cos Po + +/€ cos ¢
- 1 :
cos¢p = —=1/e —sin? g. (2.18)

VE

The ellipsometric parameters ¥ and A are given by

\/Ecosqﬁo—-cosé cos po — 1/ cos ¢ (2.19)
\/Ecos¢0+cos¢§ cos¢0+\/—écosq§' .

From the eq. 2.19 the dielectric function of medium € can be represented as the function

p = tan \IfeiA =

of ellipsometric parameters ¥ and A.

e =sin? ¢ (l+tan2d> (i:—l—)—z—> | (2.20)
I 1) o
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Figure 2.5: The relation between the oxide layer on surface and pseudo-dielectric function.
The solid lines are the pseudo-dielectric function of the free oxide surface of GaAs, and the
dashed line are that for 5.0 nm oxide layer covering on the surface of GaAs.

Thus, if ¥ and A are known by measurement, the dielectric function ¢ of a medium can be
only determined by using eq. 2.20. This dielectric function is the (complex) bulk dielectric
function of a homogeneous material without the surface overlayer (two-phase model). Such
an ideal condition is not usually satisfied in real environment but, even for the isotropic
materials, surface reconstruction, roughness and contamination may render the two-phase
model invalid. The dielectric function determined by eq. 2.20 is then an average over the
region penetrated by the incident light and, in equation 2.20, &€ becomes (), the pseudo-or
effective dielectric function. This pseudo-dielectric function can be used to evaluate the

quality of the surface of a material. In the Fig. 2.5 we show the oxide layer on surface
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Figure 2.6: The penetrated depth of light from the GaAs surface

of GaAs effecting on the pseudo-dielectric function obtained by spectroscopic ellipsometry.
In the figure foui‘ peaks are obviously observed in the spectra of imagihary part of the
pseudo-dielectric function (¢), which are attributed to E; (L3 — L§) and E; (X; — X7)
interband transitions (mentioned in the following chapter).

Fig. 2.6 shows that the depth penetrated by the incident hght calculated using the
absorption coefficient of GaAs over the photon energy range of 1.5 - 6 eV. In the figure the
smallest penetrated depth is about 5.0 nm, which occur near the E; energy ( 4.8 eV). Hence,
it is concluded that the peak value of imaginary part e, of pseudo dielectric function at
the energy of the E; band provide a sensitive and unambiguous indication of the sharpness
of the dielectric discontinuity betWeen the sﬁbstrate and ambient, responding not only
to residual oxides and other oveﬂayers but also to the selvedge region, bulk degradation,

andmicrostruct‘ura,l effects as well. D. E. Aspnes et. al. proposed a method to produce
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Table 2.1: Chemical treatments yielding the sharpest dielectric discontinuity between bulk
and ambient.

. . : €2 peak
Material Pretreatment Etch/polish - Strip (Energy eV)
Si (111) Syton BRM pad  BRM, HF5, AMH, HF5  48.05 (4.25)

(110) Syton BRM pad BRM, BHF/MeOH 44.75 (4.25)
(100) Syton BRM pad BRM, HF5 - 44.62 (4.25)

Ge (111) Syton BRM pad BRM, BHF 30.74 (4.25)
(110) Syton BRM pad BRM, BHF 29.93 (4.25)
(100) Syton -~ BRM pad BRM, BHF 30.53 (4.25)

GaP (110) Br-meth BRM pad BRM, H,O0, AMH 27.09 (5.05)
GaAs(100) Br-meth BRM pad AMH, BRM, H,O0  25.59 (4.78)
GaSb(111) Br-meth BRM pad BRM, H,0 25.28 (4.03)
InP (100) Br-meth BRM pad BRM, H,O0, AMH 23.00 (4.71)
InAs(110) Tizox BRM pad AMH, BRM, H,0, AMH 22.81 (4.44)
InSh(110) Tizox BRM pad BRM 20.89 (3.85)
InSb(100) Tizox BRM pad BRM 20.12 (3.85)

BRM pad: 0.05-vol % bromine in methanol; chemomechanical polish on lens paper for 20 s
full strength followed by 10 s dilution to methanol.

BRM: 0.05-vol % bromine in methanol, followed by methanol rinse.

AMH: 1:1-vol NH,OH in H,O, followed by H,O rinse.

BHEF: buffered HF, followed by H,O rinse (exception: final rinse, Si (110)).
HF5: 5-vol % HF in methanol, followed by methanol rinse. '
MeOH: methanol.

most abrupt dielectric discontinuities between bulk and ambient for main semiconductor
materials, which include two key steps of chemical etch-polishing and stripping procedures.

Their results are summarized in Table. 2.1 for reference.

2.3.2 The ellipsometric formula of multilayer

So far we have considered the surface of sample to be free from any ovetlayer. As
mentioned in the above section, in the actual sample there usually exists an interface layer
between the intrinsic material and ambient, such as oxide layer and rough layer etc. There-

fore, it is necessary that the general formula of ellipsometry with multilayers be developed.

..__21_
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The formula of one-layer can be simply derived and the more general formula of multilayer

can be obtained by repetitiously using the formula of one-layer. The physical model of the

Ambient ng

Film n;+k,

Substrate ny+k,

Ay=rijhg

— + X
Azj-—tljrzjt Ue AO}

— 20 o1 02X
A3j—t1jr2j T ljt lje AO]

N 0-2_i(n-1x
Ag=tigiat (et DAy,

Figure 2.7: The three-phase model of ellipsometry
materials under ellipsometric investigation is based on the following assumptions.
1. The materials forming the system are optically isotropic and homogeneous.
2. All boundaries of system are ideally flat, smooth and infinitely thin.
3. The ambient is a non-absorbing media characterized by a real refractive index ny.

Complete optical analysis of the one-layer system shown in Fig. 2.7 is performed when the
values of three optical parameters, i.e. the complex refractive indices of substrate and the
film, and the thickness d; of the film are determined (the value of no is assumed to be

known). The total reflective amplitude (A;) from the two surfaces is,
2

e A ) A~ A 'A, izt ) A A2 Al ~ 221 '
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oo A N\ in-1)z
ot byl (Fagfyy) " ETIE Ay, (2.21)

where 7, (71), (tA’l) are the reflection and transmission on the outer boundary of the film
surface, respectively, and 73 (), #, (t}) are the reflection and transmission on the inner
boundary of the film surface, respectively, x; is the difference of phase. The relations of
f1; = —fy; and 1 = ﬁ%j + fljf’lj come into existence. The reflection (#; = flj/Aoj) is given

by

. ;R oA i A Al . A ANN=2 i(n-2)zy
Fi = fuj +tt) 70 e (1 + Foifyy + oo 4 (Poy)" 7 €l 2

1= (7l eon)" ™
o 7? tA, A im 25715
= T+ ligty e

— o .p! el
1 — 7g;7y ;€1
P A iy
tljtljrzje
1+ 7o 7€
- A2 £ 40 Y po gt
ri; + (rlj + tljtlj) To;€

1 + g7 et

le + 7“2]‘ e'*1

= le

= T T o J=pns (2-22)
1 + ngrljele
The reflection of each surface are given by
. 11 COS Pg — Ng COS Py . T COS g — Ty COS Py
Tip = T1s =

f3 €O8 Py + ng cos ¢A>1 ’ Mg COS ¢g + g COS th ’
. Ny COS g%l — 1 COS qgg . fly COS qgl — Ny COS <]32
Top = = x N ~ Tos = 7 x N )
Ty COS @1 + iy COS by 71 COS Py + 1o COS Dy

21 = (4n/X) fiydy cos ¢y, cos g = (1/7) \/ﬁf — nd sin? ¢y,

cos ¢y = (1/75) \/ﬁ% — ndsin? ¢y. (2.23)

The ellipsometric parameters A and ¥ are given by
tan Ue'd = R,/ R,, (2.24)

They are dependent on the following quantities: 7y, d;, Ay, ng, ¢o and A, where ¢, and
are the angle of incidence of the light on the upper boundary of the surface film and the
wavelength of the incident light, respectively. Thus, it is impossible that three unknown
parameters of a film n;, k; and d; for one-layer system and more number of unknown

parameters for a multilayer system be directly determined by using two measurable values
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of ellipsometric parameters at a certain wavelength. However, the experimental values
of the ellipsometric parameters can be interpreted by means of a least-squares method
(LSM). According to this method it is necessary to carry out a minimalization of the

unbiased estimator (6):

expt calc

Pi T P

2) | (2.25)

T N—-p-1

i=1
where N denotes the number of the experimental points and p the number of the individual
and wavelength-independent parameters.

The values of the unbiased estimator ¢ is an indication of how close the fitting procedure
matches the experimental data. Various sources may contribute to ensure that the estima-
tor § does not approach zero as the model is finely tuned toward the best fit, such as the
experimental error, the modeling procedure, the use of inappropriate reference dielectric
functions, or the possible complications in the sample microstructure that cannot be easily

modeled.

2.4 Modeling of spectroscopic ellipsometric (SE) data
(Levenberg-Marquardt Method)

To minimize x2 in Eq. 2.2 to get the parameters z, one must make the gradient of X2
with respect to the parameters z reaching zero at the x2 minimum. We expect tan¥(z)

and cosA(z) functions to be well approximated by a line form, which can be written as

tan Woge (A, 2) = tan Uege (A, Zeur)

621
+ ( atan\Ilcgzcl()\i,ZCur) 8 tan‘I’ch;()\i,Zcur) L ) 522
= tan Uy (/\7 Zcu'r) + ﬂl - 0z
c0s Agare (A, 2) = cos Aggr (A, Zeur)
' 6z
+ ( 8 cos Aag:l()\i,Zcur) 8 cos Accélgz(Ai,Zcur) L ) 622
= 08 Acar (A, Zeuwr) + B2 - 02 | (2.26)
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where z.,, are the current trial parameters and 6z are their increments. In this way, the

gradient of x2 with respect to the increments (§ z) has components

O = _ 2 Ntan T (0) - tan U (A, §
662k == n—p— 1 pr an exp( z) — tan ca.lc( nzcur) - /61 : Z) ﬂlk
+ (COS Aexp ()‘z) — COSs A(,alc ( cu'r) /62 6Z) ﬂ2k] (227)

The gradient of x2 is zero with the increments of § z at the minimum. From this condition
it can been obtained that

M n

> (Bubik + Bubar)| bz

=1 Li=

Z tan \Ilexp ) — tan lI;vcalc ()‘i7 Zcur)) ,Blk + (COS Aexp (Az) — COo8 Aca.lc (An Zcu'r)) /B2k]~
=1 .

Let
are = > (Bubuk + Baubar) (2.28)
=1
_ Z": Otan W (A, Zeyr) Otan U (X, 2o, N 0cos A (X, Zoyr) Ocos A (X, Zeyr )
B i=1 0z 0z 0z 0z,
and

8 tan \I;calc ()\u zcu'r)
8zk

/Bk ) Z [ tan lIJexp ()‘ ) — tan lI;ca,lc ()‘zazcur))

+ (COS Aexp ()\1) — COS Acalc (/\“ Zcu’r)) a cos ACGZC (A’“ ZC’LL'I'):I | (229)
) 8Zk
The set of linear equations can be written as
M
> oubzy = By (2.30)

‘This set is solved for the increments 6z that, added to the current approximation, give
the next approximation. Minor (or even major) fiddling with [a] has no effect at all on
what final set of parameters z is reached, but only affects the iterative route that is taken
in getting there. The condition at the x2 minimum, that 8,=0 for all k, is independent of
how [c] is defined.

In Eq. 2.30, 6z and B are an M-vector and o is an MxM matrix. Scan the componénts

of [a] and find that there is only one obvious quantity with these dimensions, and that is
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1/ ok, the reciprocal of the diagonal element. So that must set the scale of the constant.
But that scale might itself be too big. So let’s divide the constant by some (nondimensional)
fudge factor A, with the possibility of setting A < 1 to cut down the step. In other words,

replace equation 2.30 by
/\a”(Szl = ﬂl (231)

It is necessary that oy be positive, but this is guaranteed by definition 2.28 - another reason
for adoption of that equation.
Eq. 2.31 and 2.30 can be combined if we define a new matrix o' by the following pre-

scription

O!;-j = 977 (1 -+ )\)

a;k = Qg (232)
and then replace both 2.31 and 2.30 by
M
Y abz = By (2.33)
=1

When ) is very large, the matrix o is forced into being diagonallydominant, so equa-
tion 2.33 goes over to be identical to 2.31. On the other hand, as A approaches to zero,
equation 2.33 goes to 2.30. 7

Given an initial guess for the set of fitted parameters z, the recommended Levenberg-

Marquardt recipe is as follows:
o Compute x2(v).

Pick a modest value for A, say A=0.001.

(1) Solve the linear equations (2.33) for 6v and evalute x2(v+é6v).

If x2(v+6v) > x2(V), increase) by a factor of 10 (or any other substantial factor)
and go back to (). |

if If x2(v4+6v) < x%(v), decrease) by a factor of 10, updata the trial solution v «

v + év, and go to back to (1).
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Also necessary is a condition for stopping. Iterating to convergence (to machine accuracy
or to the roundoff limit) is generally wasteful and unnecessary since the minimum is at best

only a statistical estimate of the parameters v.

Confidence limits on estimated model parameters

Table 2.2: Ax2 as a function of confidence level and degrees of freedom.

14
p 1 2 3 4 5 6
68.3% 1.00 230 353 472 589  7.04
90% 271 461 625 778 924 106
95.4% 400 617 802 970 113  12.8
99% 6.63 921 113 133 151 168
99.73% | 9.00 118 142 163 182  20.1
99.99% | 151 184 211 235 257  27.8

The standard errors of parameters can be estimated by following procedure:

o Let v be the number of fitted parameters whose joint confidence region you wish to

display, v < M. Call these parameters the “parameters of interest”.
o Let p be the confidence limit desired, e.g. p=0.68 or p=0.95.

e Find A (i.e. Ax2) such that the probability of a chi-square variable with v degrees
of freedom being less than A is p. For some useful values of p and v, A is given in
the table 2.2. For other values, the routine gammgq and simple root-finding routine

(e.g. bisection) can be used to find A such that gammq(v/2, A/2)=1-p.
o Taken the MxM covariance matrix [C]=[a]™! of the chi-square fit.

o The standard errors of parameters (6z;) is given by

5Zk =4 AX%\/Ckk
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2.5 The main analysis models for semiconductor

2.5.1 A modified harmonic oscillator approximation scheme for

the dielectric constants of semiconductor
Theoretical models

The optical dielectric function of a semiconductor with Lorentzian line broadening is

given by the equation?V)

87('62h2 ch (E) 1 1
. p _ 2.
ew)=1-—"3 Z/ E= [hw—E+iI‘(E) hw+ E+1T (E)] (239

where W, (E)=|Po(E)|*J(E).

¢ and v stand for the conduction and the valence band, respectively, E=E, (k) is the
energy difference between a pair Qf bands in k space, J,(E) is the joiht density of states
between a paif of bands, and P;v(E) is the weighted-average matrix element of the momen-
tum operator. Since P.,(E) is a slowly varying function of E, the analytical structure of
J.o(E) is only considered. In general, in three dimensions, J.,(E) has four possible types
of critical points Mo, ..., Ms. Each type has a square-root singularity. The shapes of Mg,
..., M3 are shown schematically in Fig. 2.8. The W (E) in the vicinity of critical points of

type Mo,..., M3 is written as,

Ml
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—
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8
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Figure 2.8: Schematic drawings of Je,(E) in the vicinity of critical points.
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0 E<E
MO Wc’u (E) - { _2£.']_ E 1/2 E~E:; E > E (235)
2 (5) exp (E58)
24) (E,—E\!/2 E,—E 4
Ms: W (E) =1 a7 (257 o )" e (- o ) E<E; (2.36)
0 E>FE
%exp (— Eo;i E < E;
My: W, (E)= ‘% E; < E < E; + 2q; (2.37)
{ 0 E > E]’ + 2aj
0 E < E; — 20;
A’ )
My : W, (E) = Ej—20; < E < E; (2.38)
4% exp ( ;J_ E) E> E;

As an example, eq. 2.37 at the critical point E; is expanded, and obtain:

1— /B2 E < E;
4oz] oy

4% E; <E<E;j+2q;
0 E > E; + 20,

We, (E) =

This corresponds to the “VanHove” singularity.?? Therefore, above W,(E)’s have the
physical character of a Van Hove singularity in the vicinity of a critical point, and W,
approaches A x § (E — E;) in the limit a; — 0. Clearly, the substitution of a § function
into eq. 2.34 leads to the harmonic oscillator approximation. Therefore, the modified factor
a; is an important parameter which is related to the band structure.

With the substitution of W,,(E) into eq. 2.34, the integral in eq. 2.34 can be performed

under the condition of o < 1. (see Appendix A) Therefore, the contribution to ¢ (w) from

each critical point becomes:

_A ( 1 B 1 )
"\hw — E; +1T; hw + E; +:T;
B; (2hw —3E; +2iT; 2w + 3E; + T
E; ( (hw — B 43157 (hw + Ej +4T;) )
where Aj=(87re2h2A;)/(m2EJ2); B,;=F(3c;/2)A; correspond to My and Ms, respectively,

(2.39)

and A;=(8me’h’A})/(m?E?), Bj==%(5a;/2)A; correspond to M; and My, respectively.
Therefore, considering the contribution to ¢ (w) from only critical points, the optical

dielectric function € (w) of a semiconductor with Lorentzian line broadening is given by

| o 1
“):H;(“Aj (hw—EjJrirj _hw+Ej+irj)
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(2.40)

Bj (2hw —3E; +2iT;  2hw + 3E; + 2iT); )

E; \ (hw — E; +i1;)"  (hw + E; +1T;)?
Thus far, a new model which is mathematically simple and related to the electronic

energy-band structures of the medium have been developed. It does not require us to

assume the shape of the critical points beforehand. The shape of the critical points is

determined by the sign of the parameter B;.

Application to GaAs

Table 2.3: The values of CP energies and line widths of GaAs obtained by fitting spectral
data with this model.

L Order of the derivative, n
Critical point (eV)

0 and 1 2 3 Simultaneous fit

Eo(T) 1.4241 1.4185 1.4175 1.4204
Eo(T) + Ao(T) 17601  1.7601 1.7601 1.7601
Ei(A) | 2.9281 2.9043 2.9183 2.9232
Ei(A)+ A (A)  3.1676 3.1671 3.1622 3.1717
E’0(A) 44871 4.4914 4.4912 4.4912
E,X 4.46761 4.6695 4.6710 4.6761
Fy(X) 49794 4.9790 4.9789 4.9808
' [Eo (1)) 0.0787 0.0705 0.0726 0.0703
T [Eo(T) + Ao (T)]  0.0576  0.0577  0.0576 0.0576

T[E, ()] 0.0867 0.0836 0.0865 0.0891
T[Ey(A) 4+ Ar(A)]  0.1862  0.1366  0.1353 0.1584
T[E, (A)] 0.1587 0.1527 0.1414 0.1543
T [E; (X)] 0.4752 04208  0.4243 0.4716
T [E; ()] 0.2741 0.2758  0.2758 0.2756
rms fractional error 3.98% 14.61% 14.85% 11.14%

Because there is no critical points between E;+A4; and E’5(A), W,,(E)=A’; is assumed
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Figure 2.9: Numerically calculated second derivatives of €; and &, for GaAs, together with
the fitting according to eq.(2.26).

-1in this region. Therefore, the contribution to € (w) from this region lead to:

/Eé(A) df 1 1 @ 41)
®Jorsa; E? \lw —E+i(To+BE) hw+E +1(Lo+BE))’ '
where Ag=(87e?h?A})/(m?) and Ty and B are constant. Therefore, the whole optical
dielectric function ¢ (w) is given by
ew) =143 (-4 ! _ 1
- ; 1 hw——Ej-I—sz hw—{-E_,—l—ZP]
B; (27’Lw —3E; +2iT;  2hw +3E; + 2z'1“j))
(hw — E; +4T,)°  (hw + E; +iT;)?

E;
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Figure 2.10: Numerically calculated third derivatives of ¢; and e, for GaAs, together with
the fitting according to eq.(2.26). ‘

/Eam) dE 1 1
Rl N hw_E+i(F0+ﬂE)‘_hc_u+E—I—i(I‘o+ﬂ‘E)

v +21:Cn (hw)”? | | | | (2.42)

1

where 3 Cy, (hw)™ gives the contribution to € (w) from the critical points above 6 eV.
Values for both the refractive index n and extinction coeﬂici'ent' k between 1.2 eV and

6.0 eV are taken from the literature.?®) The values of ¢ (w) are then calculated from the

formula ¢ (w) = [n (W) + ik (w)]* All the spéctral‘ data 'forvsrl and ég are reorganized in
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Figure 2.11: Simultaneous fits of model to ¢; (w) for GaAs and its first three numerical
deivatives.

steps of 20 meV, with use of the polynomial method where interpolation is need. The
derivative spectra are obtained by numerical differentiation with cubic spline fitting rou-
tines. The simultaneous fits with model to the real and imaginary i)arts of the experimental
(d%¢)/(dE?), (d%)/(dE?) for GaAs are shown in Figs. 2.9 and Figs. 2.10 tespectively. The
solid line is obtained from eq. 2.40. The parameters of the fits are listed in Table 2.3. ¢
is the root-mean-square (rms) fractional error, defined by Kim et al. Only seven critical

points and use 28 parameters are included in this fitting.. The values of critical points E;
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Figure 2.12: Simultaneous fits of model to e, (w) for GaAs and its first three numerical
deivatives.

. obtained by the fitting are in good agreement with those determined by Kim et al.. Like
the harmonic oscillator approximation, the values of line widths I'; in present model are
more than twice the values of I'; which were found in the model of Kim et al..

Using the method described in ref. 21, the simultaneous fitting with eq. 2.42 to &, (w) and
its first three numerical derivatives with respect to photon energy is performed. In Fig. 2.11
and 2.12 the simultaneous fits to €, (w) and €3 (w) and their first three numerical derivatives

with respect to photon energy are shown. The solid line is obtained from eq. 2.42. Only
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Figure 2.13: Simultaneous fits of model to &; (w) for InP and its first three numerical
deivatives.

- 32 free parameters are used in this fitting, which yielded the excellent simultaneous fits to
real and imaginary parts of the optical dielectric function. The parameters of the fits are
also listed in Table 2.3. The rms fractional error ¢ is 11.2%, which value of o is smaller

than that obtained using Kim et al’s model (13.7%).
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Figure 2.14: Simultaneous fits of model to ¢ (w) for InP and its first three numerical
deivatives.

- Application to InP

Like GaAs, InP is a direct-gap semiconductor. As seen in Figs. 2.13 and 2.14, it is
cléar that there are two peaks‘ of E; (3.16 eV) and E;+A; (3.31 eV) from the numerical -
derivatives of the dielectric function with respect‘to photorilr energy. Thefefore, seven critical
points were used to fit the second and the third numerical derivatives of the dielectric
function with respect to photon energy, and eq. 2.42 with 32 free parameters is used for

simultaneous fitting of €5 (w) and its first three numerical derivatives with respect to photon
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Table 2.4: The values of CP energies and line widths of InP and GaP obtained by fitting
spectral data its first three numerical derivatives with this model.

) Simultaneous fit
Critical point (eV)

InP Ga»P
Eo(T) . 1.3552 2.744
Eo(T) + Ao(T) 1.4387 2.8186
Ei(A) 3.1633 3.6759
Ei(A) 4+ Ai(A) 3.3070
Eo(A) 4.6482 4.7899
E,X 4.7425 5.2024
E,(X) 5.0100 5.2231
T [Eo (D)] 0.0956 0.1144
T[Bo (M) +A(D)] ~  0.1000 0.0872
T [E; (A)] 0.1413 ©0.1291
T [Ey (A) + Ay (A)] 0.1456
T [E} (A)] 0.2225 0.2244
I'[E; (X)] 0.1361 0.3306
T (B, (2)] 0.2424 0.1424
rms fractional error | 14.7% - 5.86%

energy. A comparison of model with the experimental data for InP?324 and the first three
numerical derivatives of those with respect to photon energy is shown in Figs. 2.13 and 2.14.
The parameters of the fits are listed in Table 2.4. The model (solid line) shows an excellent
agreement with the experimental data for InP and the first three numerical derivatives of
those with respect to photon energy over_the entire range of photon energies. The values
of critical points E; obtained by the fitting are in good agreement with those determined
using the standard critical-point barabolic—band (CPPB) model. As in the case of GaAs,
the values of line widths I'; in this model are more ‘thaJn twice those found using the

CPPB.2%
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Figure 2.15: Simultaneous fits of model to &; (w) for GaP and its first three numerical

deivatives.

. Application to GaP

The GaP crystal is known to be a typical indirect-gap material. The spin-orbit splitting
energy A; in this material is rather small (<0.1 eV) and can be neglected here. Therefore,
six critical points are used to fit the second and third numerical derivatives of the dielectric
function with respect to photon energy, and eq. 2.42 with 30 free parameters is used to
obtain simultaneous fits to &5 (w)?>?% and its first three numerical derivatives with respect

to photon energy. Figs. 2.15 and 2.16 show the simultaneous fits with this model (solid

5.0

55 6.0
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Figure 2.16: Simultaneous fits of model to ¢, (w) for GaP and its first three numerical

deivatives.

. line) to the experimental ¢ spectrum of GaP and the first three numerical derivatives of
those with respect to photon energy. The parameters of the fits are listed in Table 2.4.
Unlike those of GaAs and InP, the E; critical-point structure is M,-style. The value of E; is
somewhat larger than the value obtained using the standard critical-point model, because
it is assumed that the E; critical-point structure is My-style in the standard critical-point
model.® As in the case of GaAs and InP, the theoretical model gives good agreement with

the experimental data.
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2.5.2 Other models for the dielectric function of semiconductor
Harmonic oscillator approximate (HOA)

In the harmoﬁic oscillator model of Erman et al.,*® ¢ (w) is given by

n 1 | 1
=1- A( - : ) 2.43
»ev(“’) v kz::l “\hw — By + % hw + Ex + 1L (2.43)

where Ej is the energy of a harmonic oscillator and T'y is its linewidth. Equation 2.43 is

much simple than Eq. 2.34 by a sum of Lorentzians. In principle, each single transition from
a lower band to higher band could be represented by a h@rmbnic oscillator, but in practice
the minimum possible number of oscillators is used to represent the dielectric function.
This model fails to describe € (w) below or around the band edge at Eq because €; (w) has
a broadened square-root singularity af the band edge With litktle background, whereas the
HOA model yiélds only a sum of Lorentzian peaks for €, (w). The HOA energies E; are
not simply related to the CP energies E;, this model is not simply related to the band

structure.

The standard“V‘V(:“iji:tiggl;pg,i;nt parabolic-bandi (CP:PB) model

The CPPB rfnodel”’ %8) gives an accurate representation of the derivatives of ¢ (w) of
order higher than ﬁrs’g order, because the ci"i‘tical pbint structure is greatly enhanced in
those derivatives. Thus its use enables one to determine the CP energies and line widths
quite accurately. However, this model gives only a very poor representation of dielectric
function itself and is not suitable for the description of the dielectric function or its first
derivative with respect to photon energy, temperature or pressure.

Within a CP model, ¢ (w) in Eq. 2.34 usually is given by the approximate formula

s(w)%l Sre” ZP?/dE%Jf—;JEJZTF ; | (2.44)

m2w?
Here, the sum over ¢ and v in Eq. 2.34 is replaced by a sum the critical points j, which
implicitly contains a sum over c¢ and v. In this model P.,(E) in Eq. 2.34 is considered
to be constant P;. The second term in the second set of large parentheses in Eq. 2.34,

being much smaller in magnitude than the first term near any critical point, is usually
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neglected. Finally, the factor E=2? in Eq. 2.34 is replaced by (hw)~2. This is justified only if
the spectral range of the contribution of each CP is limited to the region |hw — E;| < E;
near the CP. This approximation leads to a serious analytic error, a divergence in ¢ (w)
as w — 0, as well as quantitative errors. Also, note that the usual neglect of the second
term in the second set of large parentheses in Eq. 2.34, although it is not so serious as the
previous approximation, does prevent ¢, (w) from going to zero as w — 0, as it should.

In the immediate vicinity of any three-dimensional (3D) CP of type M;, E. (k) is a
parabolic function of k. Thus, each 3D CP is characterized by a square-root singularity,
the My and M, two-dimensional (2D) critical points are characterized by a discontinuity in
Jev(E), and each one-dimensional CP is characterized by an inverse square-root singularity.
Excluding the only remaining type of CP, the 2D M; CP, which does not occur, the
derivatives of € (w) can be represented within the CPPB approximation by the equation

dr i6;

2e =Y C; © ,
do [w (w)] zj: J(hw _ E] + Z-Pj)1+n-0.5dj

(2.45)

where C; is a constant, and d; is the dimensionality of the CP. In the neglect of many-body

effects, the phase angle 6; is given by the equation®®)
T, .
0 =2G—d) (2.46)

However, usually 8, is treated as an adjustable parameter. The parametrization of value
of 8; is justified in the literature as representing the effect of excitons ﬁeaf bthe Cp energy.
However, this justification is at best questionable, because 6; is found to be very near its
theoretical value for the Eq and Eq+A, critical points, at which one might except excitons,
but is found to be very different from the value expected theoretically for d=2 and d=3 at

the E; and E;+A; critical points, near which one does not expect excitons.
Appendix

Substituting eq. 2.35 into eq. 2.34 lead to

232 oo 24 — F. 1/2 —E.
E(W):l_&reh/ : <E EJ) exp(.—-—E J)

m?  Jg; a;\/rE? o; o;

1 1 |
- dE 2.47
*(hw~E+iI‘j hw-l—E-l—iI‘j) (247)
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Let tZ(E—Ej)/O!j,'

e(w) = 87re / 24 12t 1 B 1 it
VT (ajt + E;)? hw—ajt — E; +i0;  hw +ajt + Ej +1iL;

16 A"
B Ly Y

In order to obtain a simple formula for € (w), the function f(e;,t) is expanded into a

power series of a;, and truncate the series after the first two terms:

fa,0) = o T T e
PV T B2 \hw—E; +1; hw+ E; 41l

_ajt (2hw—3EJ~+2iI‘j B 27iw—|—3Ej-|-2iFj) (2.49)

E3 \ (hw— E; i) (hw + E; +1T;)? '
Substituting eq. 2.49 into eq. 2.48, the integral eq. 2.48 can be evaluated as
1 1
=1—A; —
e w) i (hw—Ej-l—iFj hw+Ej+irj)

Ez (27%0 - 3EJ + 2ZF] _ 2hw + 3E"7 -+ ZZF] (2 50)
E; \ (hw — E; +11;)  (hw + E; +1T;)° '

where A;=(8re?h’A})/(m?E?), B;=(3;/2)A,
Similarly, the expression of € (w) in the vicinity of critical points of types My, ..., M3 by
substitution of eqs. 2.36- 2.38 into eq. 2.34 can be obtained.

2.6 Conclusion

We had dealt with the mathematical representations that are employed to describe po-
larized light, and we used these representations to discuss the interaction of polarized light
with the optical components that may compose an ellipsometer. The mathematical tool
are applied to analyze the theory of measurement in ellipsometer, inclﬁding to give a re-
lation between the SE parameters (A and ¥) and the normalized Fourier coefficients (ap
and b,) of the rotating-analyzer system. On the reflection of polarized light by stratified
planner structures is intended to provide results and techniques that are essential for the
interpretation of ellipsometric data in terms of the macroscopiq properties of particular
sample under measurement. We have also described the Levenberg-Marquardt Method,

which was widely applied to analyze SE data.

| — 42~
% .

(2.48)
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We place emphasis on our proposed analysis model (Modified Harmonic Oscillator Ap-
proximation Scheme for the Dielectric Constants of Semiconductor). The model presented
here is mathematically simple, and related to the electronic energy-band structures of the
medium. This model is applicable over the entire range of photon energies, below and
above the lowest band gaps, and it exactly satisfies the Kramers-Kronig relations. It also
requires the minimum number of parameters to yield excellent simultaneous fits to &; (w)

and €; (w) and their first three numerical derivatives with respect to photon energy.
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「分光エリプソメトリによる半導体物性の研究」1iChapter　1Introduction1．1Background　　Ellipsometry　is　an　optical　techllique　for　the　characterization　of　and　observation　of　eventsat　an　iIlterface　or丑lm　between　two　media　and　is　based　on　exploitillg　the　polarizationtransformation　that　occurs　as　a　beam　of　polarized　light　is　reflected　from　or　transmittedthrough　the　interface　or丘1m．　Its　history　dates　back　to　the　19th　century1），but　in　the　last　tenyears　spectroscopic　ellipsometry（SE），　combined　with　the　availability　of　microcomputersfor　both　instrumental　control　and　real−time　analysis　of　results，　has　produced　a　renaissancein　the　technique．　　Ellipsometry　is卑ade　particularly　attractive　because　of　two　factors：1）it　is　not　sensi七iveto　variations　in　the　absolute　intensity　of　the　light　source，恥ence　its　non−perturbing　charactersuitable　for　in−situ　measurements，　and　2）its　remarkable　sensitivity　to　surface，2，3）such　as　theformation　of　a　sparsely　distributed　sub−monolayer　of　atoms　or　molecules．　As　an　example，the　calculated　results　show　that　on　a　Si　surface　under　the　c6nditions　of　the　calculation　inTable　l．1，△changes　by　q．3。　per　O．1　nm　of　overlayer且lm．5）Considering　that　a　well　alignedellipsometer　with　high　quality　optics　is　capable　of　yielding△andΨvalues　with　a　precisiollof　about　6．01−0。02。，4）submonolayer　sellsitivity　is　achievable．　Another　poin七to　note　isthat，　ellipsometric　measurement　requires　only　weak　light　sources，　hence　the　incident　lightusually　does　not　alter　the　surface．　Ellipsometry　has　been　shown．to　operate　in　air，　vacuumand　liquidsりan4　the　optical　system　can　be　positioned　outside　a　processing　environment．Thus，　it　can　be　use4　to　monitor　actual　processes，　hence　it　is　non．invasive．一1一σHAPTERエ．血毎odUC垣onTable　1．1：Se孕sitivity　of　ellipsometry（conditions：film　with　index＝1．5．　on　Si，λ・＝632．8　nm，φ＝700；sensitivity斜0．3。△per　O．1　nm　film　thidm骨ss）△ΨThickness・（nm）179．257！78．957178．657178．357178．056177．756176．2570．4480．4480．4490．4500．4510．4530．4620．00．10．20．3．0．40。50．6　　The　single　wavelength　ellipsoln6try（SWE）impac七ed　semiconductors　arena　from．　thebeginning　of　1960s　as　a　film　thickness　measurement　technique　applied　to　dielectric　filmson　Si，　and　mostly　for　SiO20n　Si．6）III　principle，　the　two　measurable　parameters，△andΨ，at　one　waveleng七hλand　at　an　angle　of　incidenceφare　su伍cient　to　determine　uniquelythe　film　thickness　L　and　refractive　index　n（when　the　assumption　k＝O　is　made　in　thevisible　light　range）．　The　rapidly　advancing　technology　requirin∫g　thinner　films，　multiplefilm　stacks，　films　with　complex　and　variab16　stoichiometries，　and　better　precision　of　I、　andn，led　most　of　us　to　the　conclusion　that　SWE　alone　is　ihadequate　for　many　importantapplications．　Furthermore，　questions　arose　about　the　use　of　a　discreet　single．　film　modelto　analyze　the　measurable；7）there　are　physical　issues　such　as　interface　bqtweell　film　andsubstrate　that　is　Ilot　as　sharp　and　fla七as　one　might　think，　and　questions　of　s七resses　andst士ess　gradiellts；there　are　chemical　issues　of　stoichiometry　and　chemical　gradients．8）．Eachof　these　considerations　added　complexity　to　the　ellipsometry　measurement，　requiring　moremeasurable　than　afforded　by　SWE．　The　solution　to　this　dilemma　in　terms　of　ellipsometry　is6traightforward：use　of　multipleλandφ，　i．e．，　all　the　accessible　variables　in　order　to　specifyasystem−hence　spectroscopic　is　required．　　Except　for　the　above　case　of　dielectric丘lm　on　Si　or　other　materials　of　known　optiρalconstants，．　the　only　cas6　for　which　the　solution　can　be　directly　obtained　from　the七woellipsometric　measurable，△andΨ，　at　a　6pecial　wavelength　and　an　angle　of　incidenceφ，一2一σHAPTERユ．1血勧odUdfonis　a　two−phase　system　where　the　material　does　not　contain　any　overlayer．　In　this　case，　tねedielectric　function　have　a　form9）　　　　　　　　　　　　　　　　　　　　　〈・〉一・i・・φ・｛1＋t・n・φ・（｝訓』　（エ1）whereφo　is　the　angle　of　incidence　andρ；tanΨexp△．　The　cleaved　surface　maintained　inaN2　atmosphere，　in　general，　is　thought　to　be　closest　to　this　realistic　surface．　However，it　is　dif巨cult　to　produce　the　cleaved　surface　in　a　large　size　and　ellipsometry　is　extremelysensitive　to　overlayer　on　the　surface　of　a　material，　such　as　natural　oxide　layer　and　roughlayer，　hence　the　surface　chemical　treatment　and　clea血g　procedures　become’?ｘｔｒｅｍｅｌ?important．　The　chemomechanical　polishing　adding　the　chemical　etching　is　the　most　e任ec−tive　technology　for　the　Si，　Ge　and　III−V　semiconductors，　which　caII　produce　the　sharpestsubstrate−ambient　discontinuities，　that　is，　the　minimum　amount　of　interface　material　willbe　left　at　their　surface．10，11）The　spectroscopic　ellipsometric　measurements　of　the　pseudo（apparent）dielectric　fun¢tion〈ε〉＝〈ε1＞十乞〈ε2＞of　semiconductors　at　the　wavele耳gth　ofthe　E2　peak　of（ε2＞provide　direct　information　about　the　state　of　the　surface．　But，　in　orderto　prevent　from　re−oxidization　and　surface　contamination　e任ects，　it　is皿ecessary　to　main．tain　sample　in　a　N2　flow　duri耳g　the　measurements．12・13）Other　method，　which　is　simple　intechllique　and　is　widely　used，　is　the　mathematics　stripping　procedures，　i．e．　the　overlayer　isremoved　according　to　the　mathematics　management．　In　this　procedure，　the　precise　opticalconstants　of　the　oxide　must　be　known　beforehand．14）　　In　many　cases，　the　solution　of　parameters　for　the　samples，　such　as　dielectric　functionand　thickness　of　film　can　not　be　directly　calculated　from　the　ellipsometric　measureme耳ts．Therefore，　many　efforts　in　spectroscopic　ellipsometry　are　focused　on　analyzing　the　datausing　the　Fresllel　equations，　that　is，　the　unknown　parameters　of　samples　are　determinedby　least　squares　minimization　of　the　diH〕erence　between　the　calculated　and　experimentalvalues　of△andΨusing　a　suitable　model．　As　a丘gure　of　merit　fbr　comparison，　an　unblasedestimatorδis　calcula七ed　from　the　relationship：15）　　　　　　　　　　　　　　　　　　　　　　　δ・一詩一1シ・一ρ野・2，　．　（1・2）一3一σHAPTER　1．1nむro（1UC孟10nwhere　N　is　the　number　of　wa∀elengths　sampled　and　P　is　the　number　of　unknown　parameters．The　unknown　optical　constants　of　materials　is　often　described　as　a　simple　dispersion，　suchas　Cauchy　formulae16）　　　　　　　　　　　　　　　　　　　　　　　　　η（λ）＝η。＋η、／λ2＋π、／λ4　　　　　’　（1．3）　　　　　　　　　　　　　　　　　　　　　　　　　　た（λ）＝た。＋耐λ締，／λ3，where　no，　n2，　n4，　ko，　kl　and　k3　are　fitti勲g　parameters　andλis　wavelength，　and　a　singleoscillator　model　is　used　as　follows；17）　　　　　　　　　　　　　　　　　　　　　　　　　　・一・』＋ω1二二1ω，．　　（1・4）whereε』represenもs　the　high−frequency　dielectric　constant，ε8　the　oscillator　s七rength，ωオthefrequency乱nd　rd．　the　damping　fact6r　of七he　oscillator．　The　Bruggeman　effective　mediumapproximation（BEMA）has　been　showll　to　be　quite　useful　for　calculating　the　dielectricresponse　of　mixed　composition　inhomogeneous丘lms．　BEMAうssumes　mixtures　on　a　scalesmaller　thall　the　wavelength　of　light，　but　that　each　constituent　retains　its　original　dielectricresponse．　One　can　imagille七hat　this　model　may　be　appropriate　fdr　mixed　phase　films　andf6r　substra七e　with　large　a士nounts　of　impuri七ies　and　damage．　The　generaliz6d　form　for　theBEMA　is18）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　琴斎髪〒0，　．．．（1・5）wh・・eεi・the　c・mp・・it・中・lect士i・fun・ti・耳・nd・…dゐ．…th・di・1ect・i・f…ti・n・ndvolume　fraction　fespectively　of　the　ith　constituent．　　Spec七r6scopic　ellipson：ietry　is　also　a　powerful　tool　to　charaderize　the　electronic　structureand　its　temやerature　dependence　of　semiconduc七〇rs．　Many　analytical　model　have　beend。v。1。P。d　f。，　thi，　p。，b。，e，，u。h・・th・h・・…i…cill・1・・m・d・1・f　E・m・n・七。　al．，　th・dielectric　functionε（ω）is　given　by19）　　　　　　　　　　　　　　・��一1か（充ω÷応孟＋轟）・　（1句where　E鳶is　the　energy　of　a　harmonic　oscillator　and　rんis　its　linewidth．　And七he　standard　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−4一σ王fAPTER　1．　1血孟roduc孟fonanalytic　line　shapes：20）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　れ　　　　　　　　　　　　　　　　　　　　　・（ω）一1一Σ蘭φk（んω一E、＋¢r、）π，　　　　（1．7）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　鳶＝1where　the　critical　poin七s（CP，s）are　described　by　the　amplitude　A鳶，　threshold　energy　E鳶，broadening　r鳶，　and　the　excitonic　phase　angleφ鳶．　The　exponent　n　has　the　value−1／2　forone−dimensional（1D），0［logarithmic，　i．e．，1η（ω一E十の］for　2D，　and　1／2　for　3D　CP，s．Discrete　excitons　are　represented　by　n＝一1．　For　the　practical　purpose，　the　standard　analyticline　shapes　often　use　its　second−derivative　form　to且t　numerically　the　second　derivative　ofthe　dielectric　function　with　respect　to　photon　energy　42ε／4ω2．　　In　summary，　spectroscopic　ellipsometry　is　at　once　a　nondestructive，　non−contact　andpowerful　optical　technique　to　investigate　surface　and　physical　characteristics　of　materialsand　is　an　indirect　measuring　too1．　Th6　data　analysis　is　a　hard　task　and　requires　powerfulmathelnatical　tool．1．2Organization　of　dissertation　　The　disser七ation　is　com⇒osed　of　seven　chapters，　and　each　of　them　is　summarized　asfollowsl　　Chapter　1，　which玉s　an　introduction　of　this　dissertation，　reviews　the　historical　develop−ment　and　describes　the　characteristic　and　main　research　areas　of　spectroscopic　ellipsometry↓The　models，　which　are　widely　used　in　data　analysis　of　SE，　are　also　summarized．　　In　chapter　2，　the　measurement　princiかles　of　rotating−analyzer　syster血are　described　ind6tail．　The　general　mathematical　representation　of　ellipsometry　for　the　multilayer　str廿cturethat　includes　Fresnel　equations　are　also　given．：Levenberg−Marquardt　algorithrh，　which　iswidely　used　in　spectroscopic　ellipsometry，　is　also　described　in　detail．　Ohr　proposed　model“Modi丘ed　Harmonic　Oscillator　Approxima七ion　Scheme”as　well　as　several　other　theoreticalmodels七〇d6sc必ibe　optical　respohd　of　semiconductor　are　introduced．　　In　chap七er　3，　the　characterization　of　III−V　semiconductors，　such　as，　GaP　and　GaAs，grown　on　Si　substra七e　by　metaLorganic　che�ucal一サapor　deposition（MOCVD）are　s七udied。The　difference　between　the　band　EI　energy　of　the　epi七axial　GaP　og　Si　substrate　and　bulk一5一σHAPTERエ．1：n怠odUC垣gnGaP　decreases　with　increasing　thickness　of　epitaxial　GaP　resulting　from　the　stress　varyingwith　the　thickness．　For　the　thick　GaAs丘lm　on　Si，　the　stress　in　GaAs丑1m　and　the　roughlayer　on　surface　have　been　investigated　according　to　the　direct　analysis　for　the　SE　dataand　surface　mechanochemical　polishing　of　GaAs　layers．　The　results　of　surface　roughnessare　compared　between　SE　and　that　obtained　by　AFM．　　In　chapter　4，　characterization　results　of　excimer　laser　annealed　polycrys七alline　Si　andSi1＿¢Geあalloy　thiI1丘lms　are　described．　Two　kind　of　samples　have　been　used　in　the　ex−periment．　One，　a　structure　ofα一Si／SiO2／Si−substrate　deposited　by　LPCVD，　and　the　otherisα一Si1＿¢G％on　Si　and　glass　substrate　deposited　by　ion−beam　sputtering．　The　thresh−old　energy　for　the　crystalliza七ion　to　occur，　the　volume　fraction　of　crystallino　alld　densityvarying　with　increasing　the　laser　irradiation　energy　are　discussed．　A　method　to　estimatethe　compositions　of　Si1＿¢Ge¢alloy　films　is　also　proposed．　The　results　of　the　compositionsand　grain　size　of　poly−Si1＿τGe¢，　which　are　determined　by　SE　as　well　as　X−ray，　have　beencompared．　　In　chapter　5，　the　optical　and　mechanical　properties　of　G昂N　grown　on　sapphire　substrateare　investigatedレy　spectroscopic　ellipsometry，　transmissiop　method　and　depth−sensing　in−dentation　experiments．　The　optical　constants　and‘‘true　hardness”of　GaN且lm　are　firstaccurately　determined．　The　optical　properties　of　A1鐙Ga1＿のN俘mbedded　in　the　structure，AしGa1＿のN／GaN／Sapphire，　is．then　determined　by　simultaneous且tting　of　SE　data　at　threeangles　of　incidence，40。，50。　and　60。．　　In　chapter　6，　the　evaluation　method　of　SE　together　with　transmissign　method　ls　suc−ce・窒?・lly・pPli・d　t・i・h・m・9・n・・u・且lms　su・h・s　sρ1−9・珂・・i・・d　TiO・且lm・・n　qua・t・andsilicon　substrates．　Unlike　the　usμal　practice　da七a　analysis　where　the　refractive　index　is・ssu現・d　t・v・・y，　it・ssμm・d　f・・th・且・・t　tim・th・もth・v・1・m・f…ti・n・f・・id　li・…1γvaries　from　the　outer　surface　to　inner　surface　of　the　inhomogeneous丑lm．　The　accuraterefractive　index　and　absorbent　coe伍cient　ov6r　the　wavelength　range　of　300−1600　nm　havebeen・bt・i・・4　by・ri・g　b・th　SEδ・d　t・・早・missi・n　m・1葺・d・　　Chapter　7　is　the　summary　of　this　dissertation　where　a　scop酵for　future　work　is　also　given．一6一Re£erences［1］J・J・mi・，　Ann・chim．ゆhy・．，29，263（1850）．［2］P．Drude，　Ann．　Phys．　Chem．；36，532，865（1889）．　［3］D．E．　Aspnes　and　A．　A．　Studna，　Appl．　Phys．　Lett．，39，316（1981）．［4］D・E・A・p…and　A・A・St・dna，　ApPl・Opt・，・4，．220（1975）・［5］J．De　Laet，　J．　Vanhellemont，　H．　Terryn　and　J．　V6reecken，　Thin　Solid　Films，233，58　　　（IO93）．［6］R．J．　Archer，　J．　Opt．　Soc．　Am．，52，970（1962）．［7］J．B．　Theeten　and　D．　E．　Aspnes，　Thin　Solid　Films，60，193（1979）．［8］E．A．　Irene，　in　J．　E．　Greene（ed．），　CRC　Critical　Reviews　in　Solid　State　and　Materials　　　Science，　Vb114（2），175−223（1988）．［9］R・M・A・Azzam　and　N・M・B・・h・・a，　Ellip・・m・t・y・nd　P・1・・ized　Light（N・・th−H・11・・d，　　　Amsterdam，1977）．［10］D．E．　Aspnes　and　A．　A．　Studlla，　Appl．　Phys、　Lett．，39，316（1981）．［11］D．E．　Aspnes　and　A．　A．　Studna，　Phys．　Rev．　B　27，985（1983）．［12］K．Utani　and　S．　Adachi，．Jp11．　J．　Appl．　Phys．，323572（1993）．［13］G．Yu，　T．　Soga，　J．　Watanabe，　T．　Jimbo　and　M．　Umeno，　Jpn．　J．　App1．　Phys．36，2829　　　（1997）．一7一σHAPTER　1．　Inむroducむfon［14］P．：Lautenschlager，　M．　Garriga，　S．　　　　（1987）．［15］［16］［17］［18］［19］［20］Logothetidis　and　M．　Cardona，　Phys．　Rev．　B　359174D．E．　Aspnes，　J．　B．　Theeten　and　F．　Ho七tier，　Phys．　Rev．　B，20，3992　e97g）．F．Ferrieu　and　J．　H．：Lecat，　J．　Electrochem．　Soc．，137，2203（1990）．T・G・・丘・・nd　Mi・h・・I　G・atzel，　J・ApPL　Phy…791722（ig96）・D．A．　GI　B，ug9。m。。n，　A・・．　Phy・．（L・ip・ig），24（1935）．M．Erman，　J．　B．　Theeten，　N．　Vbdj　dani　and　Y．　Demay，　J．　Vac．　Sci．　Technol．β，1，328（1983）．M．Cardona，　Modulation　Sかectroscopyβuppl．110f　Solid　State　Physics，　edited　byF．S。i七，，　D．　T。mb。11・nd　H．　Eh・en・ei・h（A・・d・血i・，　N・w　Y・・k，1969）．一8一Chapter　2＼Theory　and　Experiment2．，1IntroductionGiven　a　set　of　measured　data　of　SE，　which　are　often　reduced七〇七コ口　complex　Fresnel・e且ecti・・…租・i・nt・ati・（Eq・2．1），・…ft・曲・nt　t・…d・n・e　and・umm・・i・e　th・d。t。　by舳ing　it　to　a“model”that　depends　on　adjustable　parameters．　Sometime，　the　parametersare　simply　a　set　of　films　thicknesses．　Other　times，　the　parameters　include　not　only　the　filmthickness，　but　also　some　underlying　theory　as　described　in　next　section．　　　　　　　　　　　　　　　　　　　ρ（λ，φ）一・，／・・一tanΨ（λ，φ）・xp¢△（λ，φ）　　　　（2．1）wh・・e・，（・・）・ep・e5・nt・the　c・mpl・x　F・e・n・1・e且ecti・n・・ti・f・・light　p・1・・i・6d　p・・all・1（per−P・ndi・u1・・）t・th・p1・n・・f　i・・id・nce・Th・a・g1・Ψ・nd△・・e　the　c・nvρ・ti・na1・ili・p・m・t・yparameters　normally　associated　with　nulling　ellipsometry　techniques．10）The　ra七ioρ，　as　wellasΨand△’C　depends　explicitly　on　the　wavelenthλand　angle　of　incidenceφ．Th・d・t・i・th・f・・m・f　Eq・2．1（6・p・ssibly・・m6・th・・，・q・iva1・nt　f・・m）・・e　th・ncompared　with　a　calculated　spectrum，　where　the　figure　of　merit　is　generally　chosen　to　bethe　ullbiased　estimator，11）given　by　　　　　　　　　　　　　　　X茗。÷・1書［（七anΨ。xp（λ信）二臨（λ・，・））2　　　　　　　　　　　　　　　　　　　＋（…△。xp（λ∂一…△。α・。（λ・，・））2］　　．　（2・2）Th・vect・・z（叫h　m・・mp…nt・）・ep・e・ent・th・p・・am・t…i・the　cal・ul・ti・n　m・d・1・Th・丘ゆg　P・・ced・・e　u・u・lly・・ed　t・mi・imize規with　a　num・・i・a1…ly・i・m・th・d　i・一9一σHAPTER　2，　Theoη！a：n（1　Expαfmen舌Levenberg−Marquardt　Method．12）In　Eq．2．2　there　is　no　attempt　to　weight　the　data　spec−traliy　in　determined　the　figure　of　merit　of　the且t　by　using　the　error　in　the　experimentquantlty．ρ．Spect，。，c。pic　ellip，・m・t・y（SE）h・・bee・u・ed　f・・n6・d・・t・u・ti・・d・ち・・mi・・ti・n・fthi・k二nesse、　and。ll。y。。mp・・iti・n・，・3）・nd・val・・ti…f・七・・i・・d・pil可・…f・emi・・nd・・t…14，15）H・w・v・・，i…d・・t・d・t・・mi・・th・p−r七…．・l　thp・lect・・ni�K・d・t・u・t・・e・f・・mate−rial　in　a　given　structure，　the　complex　dielectric　function　of　that　material　must　be　known　asafundion　of　the　parameters　of　the　electronic　band　structure．15）The　standard　critical−point血odel　has　been　widely　used　to　fit　second　numerical　the　derivatives　of　the　dielectric　fullc−ti・・with・e・pect　t・ph・t・n・…gy　f・・i・di・e・t七・・n・iti・n・emi・・nd・・t・・，　r・・h・・Si15・16）and　G創P15・17）and　to　determine　electronic　critical−point　energies　Eゴand　line　shapes　gf　Siand　GaP．　H：owever，　it　is　not　valid　for　the　dielectric　function．　The　harmonic　oscillator　ap−proximation（HOA）can　approximate　the　dielectric　response　of　single−crystal　A1、，　Ga1＿τAsusing　the　minimum　number　of　parameters　for　photon　energies　above　the　fundamental　bandedge．　It　has　been　used　to　study　G轟As／GaAIAs　quantum　well　structure18）and　ion−damagedGaAs．19）However，　the　HOA　model　is　not　related　to　band　struclure　and　failsも。丘t　the　num−ber　derivatives　of　the　dielectric　function　with　respect　to　photon　energy．　Recen七ly，　Terry　hassubstantially　improved　the　HOA　model　by　allowing　the　contribution　of　each　oscillator　tohave　an　arbitrary　phase　angle．20）However，　even　this　improved　version　of　the　HOA　modelstill　suffers　from　the　weaknesses　stated　above．　Recently，　Kim　et　al．　developed　a　new　modelfor　the　dielectric　function　of　zincblende　semiconductors　in　which　the　joint　density　of　statesbetween　a　pair　of　bands（J。η（E））is　written　as　the　the　product　of　a　function　of　E　whichgi…the　c・rrect・・iti・・1−P・i・t（CP）・nalyti・p・・P・・ti…nd・1・甲．一・・d・・p・1y…i・1　i・E・Kim　et　al．　have　obtained　excelle�usimultaneous　fits　toε（ω）of　GaAs　and　its丘rst　three・um・・i・al　d・・i・・ti…with・e・pect　t・・…gy，・nd・ccu・・t・・va1・…fthe　c・itir・1−P・i・t・n−ergies　and　line　widths．21）．However，　this　model　involves．complicated　mathematical　formulaalld　requires　much　computational　effort．　　　1。thi，　ch。pt。，，　the　c・mpl・x　F・e3・・1・e且ecti・・ごb・伍・i6血t．・ati・d・p・nd・n・e・n　th・・t・uc−t。，e　b。，。血・t・…f・amp1・・，・u・h・・c・mpl・x・ef・a・ti・・i・d・x　a・d　thi・k・ess，．・・6　gi・・n，一10一σHAPTER　2．　Theoη・a丑d　E：駁per加e11むahd　Levenberg−Marquardt　Meth6d　using　the　SE　data　analysis　and　error　estimates　on　theP…m・ters　a・e　d・・c・ib・d．0・・m・di且・d　HOA血・d・l　h・v・been　p・・ti・ul・・ly　m。nti。n。d，which　give　the　excelle批simultaneous丘ts　to・ε（ω）6f　GaAs，　InP　and　GaP　and　their丘rstthree　numerical　derivatives　with　respect　to　ellergy　without血uch　compu七ational　effort．　Theother　important　analytic　model　have　also　been　described。2．2．The　concept　and　measurement　of　elliptical　po−　　　　　　　larization2．21　The　concept　of　elliptical　polarization　　For　a　uniform　monochromatic　TE（transverse−electric）plane　wave　alollg　the　directionz，at　a　fixed　point　in　space　the　vibration　of　the　electric　vector　E　can　be　resolved　into　twoindependent，　linear，　simply−harmonic　vibrations，　Eτand瑞，along　two　mutually　orthogonaldirections，　x　and　y，　respectively．　　　　　　　　　　　　　　　　　　　　　　　　E＝E皿≦ヒートE忽y　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2．3）　　　　　　　　　　　　　　　　　　　　　　　　瓦＝んcos（ωオ十δ∂，　　　　乞＝ω，り　　　　　　　　　　　　（2．4）父，yare　unit　vectors　along　the　coordinate　axes；、4信and　6I　represent　the　amplitude　andphase，　resp6ctively，　of　the　linea，r　vibration　along　the　ith　coordinate　axis　andωrepresentsthe　angular　frequency．　　The　special　case　of　6¢＝6andδシ＝Ois　first　discussed　and　it　is　proved　that　ifδ≠0，the　end−point　of　the　electric　vector　will　trace　a，n　ellipse　in　xy　plane．1）Such　an　ellipse　isperiodically　described　at　a　repetiti6n　rate　equaユto　the　optical　frequency∫＝ω／2π．　Further，it　will　be　proved　that　the　general　form　as　eq．2．4　can　be　changed　into　special　form　by　acoordinate　rotation．　　In　the　case　ofδ¢＝δ創ndδ写＝0，　eq．2．4　takes　the　form　　　　　　　　　　　　　　　　　　　　　E砂　＝　ノ鮎COSδCOSωオ十ノ�`SinδSinωち　　　　　　　　　　　　　　　　　　　　　五7雪　＝　　ノ4。�hcosωオ．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（2．5）一11一σHAPTE−R　2．　Th　eoη！a：ロd　E：町）erfmenむBy　elimination　of　t　from　eq．2．5，　it　is　found　that　the　coordination（Eのand動）of　theend−point　of　electric　vector　satisfy　the　following　equatio11　　　　　・1轟＋髪一掴6略≒1　．（2・6）which　is　the　equation　of　an　ellipse　in　the　xy　plone．　By　a　coordiIIate　rotation，　the　azimuth（orientation）of　the　major　axis　of　the　ellipse　and　the　lengths　of　the　semi−major　and　the，emi．mih。，　ax。6。ab。ll　b・d・t・・mi・・d　i・t・・m・・f孟晶・nd　6．2）　　In　the　general　case，　that　is　6¢≠6g≠Oin　eq．2．4，　we　resolve　that　each　of　the　two　linear・ib・ati・n・i・・q・2・4　i・t・．　twg・・li耳・耳・vib・・ti…，．i孕time−quad・at・・e　with…a・g七h・・，along　the　same　axis　　　　　　　　　　　　Eゴ＝・（ノ転cosδ∂cosωオー（〆転siエ1δ∂sinωオり　　　　　¢＝ω，〃．　　　　　　　　（2．7）The　electri6　vector　E　in　e屯，2．3　can　be　writ七en　as　　　　　　　　E一（4・Cg・6・父＋馬C・・δ諭）の・ωオ7（ん・i嚇＋馬Si・δ・夕）・i・ωオ　　　　　　　　　　　＝　（α1cosωの血1一（α2　sinωオ）血2　　　　　　　　　　　　　　　　　　　　　　　　　（2・8）In　this　equation血1　ahd負2　represent　unit　vectors　along　the　directions　of　cosωオand　sinωオvibration　andα1　andα2　represent　their　respective　ar阜plitudes．．α1，α2，血1　and（12　are　givenby　　　　　　　　　　　　　　　　　　　　　　・・＝．囎…1δけ且多・・12δ・’．D　　　．，・・一A釜・in2δ計A多・i・2δg　　　　　　　　　　　　　　　　　　　　　　血・一’．・・（生COSδ駁＋馬COSδ輸　　α1　　　　　　　　　α1）　　　　　　　　　　　　　　　　　　　　　　　　　＝　　α1（COSθ1≦ヒートsinθ1夕）and　　　　　　　　　　　　　　　　　　　　　　嚥樗弩＋箏）．　　　　　　　　　　　　　　　　　　　　　　　　　　一．・、1…θ、又＋・i・6、y）　　　　　　（2．9）Taking　a　coordinate　rotation　with　an　angle　of　rotationθ2　with　the　help　of　Fig．2．1，　and　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−12一σHIAPTER　2．　Theαじγan　d　E：駁p　erlmαn右y、、、、、、u1、竃、、、、　、　　u2　　ノノワ〆xﾆ1　　！／、、θ2　’f、’　’f、’　’f、’　’f、’　’f、’　’f、’’、、、、、、、、、、、、、サX　　　　　　Figu・e　2．i・The　c…dina七…t・ti・n　t・an・f・・m　with　th・angl・・f・・t・ti・・θ1the　projections　of　electric　vector　E　parallel（ll）and　perpendicular（⊥）to｛12　we　get　　　　五lll　＝　（α1　COS（θ1一θ2））COSωオーα2　Sinω諺＝　　α呈COS2（θ1一θ2）十α霧CO5（ωオ十6’）　　　　E・一（・・si・（θ・一θ・））…ωオ・　　　　　．　　　　（2・10）In　this　equation．δ〜is　given　by　　　　　　　　　　　　　　　　　　　　　　　…δ’一。轟慧≒。萎・　　（2・11）The　eq．2．10　have　the　same　form　as　the　eq．2．5．　So　far　we　have　proved　that　the　ellip七ical（or　dliptic）polarization　is　the　most　general　state　of　p61arizatioll　of　any　optical　filed　that　isstricUy　monochrorna七ic．　For　complete　specification　of　the　elliptical　state　we　need七〇know（1）Th・amplit・d・（・ize）・f　the　ellip・e；（2）The　absolu七e　temporal　phase．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一13一σHAPTER　2．　Th　eoη！all　d　E）解）erjme11孟δ＝πδ＝3π14δ＝π！2δ＝π14　　　　　Figure　2．2：Th，　ellipses　of　polarizatioll　with　some　especially　difference　of　phaseI・Fig・2・2　w・pl・t　the　en己P・int　t・・ce・f　th・．・’ectTi・v・lt・・f・・the　c・・e・fδ・一δ・andfor　some　other　dif£erences　of　phase．　It　is　obvigus　tha七the　sta七es　of　linear（δ＝んπ）andcircular　polarizatio11（δ＝（2た十1）π／2）are　only　limiting　cases　of　the　more　general　state　ofelliptical　polarization．2．2．2　The　measurement　of　elliptical　polarization　　Ellipsometers　di任er　in　the　way　in　which　the　polarization　of　reflected　light　is　measured．Most　instruments　now　use　photometric　SE，　where　the　intensity　of　the　re且ected　light　is卑easured　while　modulating　the　polarization　of　the　incident　or　reHected　light．　Photometricellipsometer　system　possess　a　number　of　advantages　over　those　of　classical　null　design．3−5）The　high　optical　e伍ciency　of　photometric　systems　allows　operation　with　much　weaker（e．g．，　continuum）light　sources　without　sacri丘cing　shot　noise　or　source　instability　detection。。p。bili七y　whi・h　i・t・・n　p・士mit・wav・1・・gth・c・・ni・g　t・high　p・eci・i・n．　F・・th・・m・・e，。P。，ati。n・an　b・坦・d・・ut・m・ti・i・th・・en・e　u・u・lly・pPii・d　t・・llip・・m・t…y・t・m・complex　refiectance　data　can　be　obtained　by　direct　analog　or　digital　analysis　of　the　timedependence　of　the　transmitted且ux，　and　the　operator　is　thereby　removed　as　an　essentialfeedback　element　ill　the　measurement　process．　　Figure　2．3　shows　the　main　components　of　an　ellipsometer．　A　monochromator　is　insertedi・th・inp・t…u騨li・・罫9・SE・The　c・mp・n・・t・・i・・ph・・e−shifting・1・m・nt　whi・h　i・essenti翫1　for　null−ellipsometers．　Two　types　ofエnodulation　aτe　used：�nhe　polarizer，　analy名eror　compensator　can　be　rotated，　or　the　ph創se　shift　of　the　compensator　can　be　varied　with。ph。t。e1・・ti・m・d・1・t・・（PEM），　wh・・e・・t・ain−i・duced　bi・ef・i・g・nce　i・q…t・g1・ss　i・used　to　modulate　the　polarization．　Both　types　of　systems：are　capable　of　substantially一14一σHAP　TER　2．　Theoり！an　d　Exp　erfmenむsample　　　　　　　　　　　　　　　Lamp　　　　　　　　　　　　　　　　　　　　　』　　　　　　analyser　　　　　　　　　　　Figure　2．3：Schematic　of　the　main　compone耳ts　of　an　ellipsometergreater　precision　than　null　systems，　partly　because　shot−noise　detection　conditions　aremuch　easier　to　achieve　with　currently　available　source，　but　primarily　because　no　precision−！imiting　quantized　mechanical　motions　are　involved　in　the　measuremenもprocess．　Rotating一．analyzer　systems　have　the　advantages　of　simplicity　and　relative　insensitivity　to　wavelengthin　scanning　applications，　while　piezobirefringent　element　system　have　the　advan七age　of　highspeed．5−7）　　The　spectra　studied　here　were　taken　with　ro七ating−a，nalyzer　system．　The　Iight　sourcesused　are　75　W　Xe　high　pressure　arc−lamps，　which　has　a　continuous　spectrum　between1．5eV（830　nm）and　6．2．eV（200　nm）．　An　angle　of　incidence，φo，　between　40Q　and　90。provides　highest　sensitivity　to　film　properties　f6r　semiconductor　substrates．　Photomultiplierdetectors　are　used，　with　their　advantages　of　high　quantum　ef丑ciency　in　the　visible　and　nearUV　spectral　region，　high　gain，　and　an　extremely　linear　relationship　between　light　intensityand　signaL　　The　analyzer　rotates　at　a　constant　frequency　to　limit　mechanical　vibration．　The　angle　ofthe　transmission　axis　of　the　analyzer　is　measured　by　an　angle　encoder　or　resolver　mountedon　the　holder　of　the　analyzer．　R）r　absorbing　materials，　the　reflected　light　is　ellipticallypolarized，　which　produces　a　sinusoidal　varying　intensity　whell　the　analyzer　is　rota尤ed．6）　　As　above−rnentioned　the　general　elliptical　polarization　can　be　described　as：E忽　＝　〆1τsin（ω舌十δのEy　＝　／�`sin（ωオ十δの．（2．12）一15一σHAPTER　2．　Theoエy　an　d　ExperfエnenむThe　intensity　I（A）at七he　detector　is　　　　　　　　・（み）一÷∬E・4オ　　　　　　　　　　　　一÷∬（ん・in（鵬）…θ・砥si・幽随）24オ　　　　　　　　　　・山寺・・s2砿＋寺・i・・θ・＋ん孟，c・・（δ¢一δ9）・面・θ・　　　　　　　　　　　　一ギ（…2θ・＋1）＋苧（1一…2θ・）＋箏・・（4一δ，）・i・2θ・　　　　　　　　　　　　＝撃＋A≒Al…29計五ヂ・c・・偏）・i・2θ・　　　　　　　　　　　　〒る（1＋・・c・・2θ・＋ゐ2si・2θ・）・　　　．　　（243）This　is　a　functioll　of　the　time−varying　angulaf　position　of七he　transmission　axis　of　theanalyzer，θA（Fig．．2．3）．　The　coe伍cientsあand　b2　are　obtained　by　a　R）urier　transformof　the　intensity　and　in　the　case　of　Figure　2．3　without　the　co卑pensator，　alre　calculatedaccording　to　the　expression　　　　　　　　　　　　　　　　　　　　　　　　　　　／1il一ノ1多　　tan2Ψcos2θP一白in2θP　　　　　　　　　　　　　　　　　　　　α2〒A塁＋A多＝t・n・Ψ・・s2θ。＋・in2θ。　　　　　　　　　　　　　　　　　　　　b・一t。濃1鍔響θ。・一　　（2・14）Th・士・’・狽戟En・f幽＝t・nΨ…θ・／sigθp　and．δ一δ・〒△has　been　usedin　thrcalcレ1ation．　An　important　advan七age　of　photometric　SE　is　that　it　is　not　sensitive　to　variationsin　the．abso1}te　intensity〆thg’irht　sou「ce　because　the恥u「ie「cre租cients　a「e　calculatr母from　relative　intensities．　A　second　point　to　note　is　that，　because　maxima　6ccur　twice　perrevolution，七he丘rst　and　third　harmonics　of　the　Fourier　expansion　should　be　zero，　and七his・・nb・u・ed・…heck・n・lig・血・nt．　Th・・e　c・mp・…t・c・n　b・・educe母t・less　than・．・02・8）　　The　rpeasurement．　proce『『i早g　step　i亘volves　lhe　calcula七ion　of　t≒e　norrpalized　Fo只riert・・n・f・士m…伍・i・・t・（・、，b、）．・f　th・・ig・・1・・1七・g・f・・m　th・accum・1・t・d　d・t・th・t　hav・been　s七〇red　as　N　data　word』．　These　normalized　Fourie士cbef丑cients　are　calculated　accordingto　the　expression7）嘲　α・＋¢6・一2［書ムexp�S・）］／（書Dう　’（2・15）一16一σHAPTER　2・Theo尊an　d　E：町）erfmen孟　　　　　　　　　　　　　　　　　　　　　　　　　　　．　・where　Dゴ，　i＝1，21＿，．Nare　the　data　words　representing　the　sum　over　the　total　number　ofcycles　of　the　signal　values　measured　at　the　N　reading　points　of　a　single　cycle，　and　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ン1歪＝π（¢一1）／362．3　The　general　fbrmula　fbr　ellipsometry2．3．1　The　polarized　state　of　renection　at　an　interface　between　　　　　　　　medium　l　and　medium　2ZEpEsφo　　　　　　　　　！y　　　　　　　　！！　　　　　　！！　　　　！！　　！！　　　A／／@　　　　　no＝no＋iko　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1　　！！　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1ノ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　！！1　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1！　　1　　　　　　　　　　　A　　　　　　　　　　　　　　X　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　n1＝n1＋ik1　　　　　　　　　　　　　　　　　　　　　　　　　　　　　！　　　　　1　　　　　　　　　　　　　　　　　　　　　　　　　　　　！　　　　　　　　　　　　　　　　　　　　　　　　　　　！　　　　　　　　1　　　　　　　　　　　　　　　　　　　　　　　　　　！　　　　　　　　　1　　　　　　　　　　　　　　　　　　　　　　　　　！　　　　　　　　　　　　　　　　　　　　　　　　！　　　　　　　　　　　1　　　　　　　　　　　　　　　　　　　　　　　／　　　　　　　　　　　　1　　　　　　　　　　　　　　　　　　　　　！！　　　　　　　　　　　　1　　　　　　　　　　　　　　　　　　　　ノ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　／／　　　　　　．　　　　　　　　　1　　　　　　　　　　　　　　　　　　！　　　　　　　　　　　　　　　　　　　1　　　　　　　　　　　　　　　　　！　　　　　　　　　　　　　　　　　　　　　l　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　l　　　　　　　　　　　　　　　　　　　　　　　Figure　2．4：Interface　geometry　　The　geometry　of　interface　is　shown　in　Fig．2。4，　where　both　the　mediums　have　comかlexindex＠＝η十乞た）．　The　p−polarization　describes　an　electric　vector　in　the　plane　of　incidence　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−17一σHAPTER　2，　Theoly　an　d　Experfme刀亡（the　xy−plane），　and　a　s−polarization　describes　an　electric　vector　in．the　y−direction．　Theangle　of　inφdence　is．φo．　　Applying　the　bgundary　conditions　at　the．interface　yields　the　well−known　Fresnel　equa七ionfor七he（complex）amplitude　of　the　re且ected　wave　as　follow，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ム　　　　　　　　　　　　　　　　　　　　　　　　％一li　iii器篶i　li−i売・i・勉　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　バ　　　　　　　　　　　　　　　　　　　　　　　　．声。一．禽・COSφ・一免・COS望・一1売、1，・δ・，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　禽oCOSφ0＋允1　COSφ1　　　　　　　　　　　　　　　　　　　　　，。，φ、一真耀一允言，i。・φ。．　　　　　（2．16）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　η1　　As　it　has　beell　discussed　in　the　section　2．2，　the　light　of　reflection　has　an　ellipticallypolarized　state．　The　general　ellipsometric　parameters　are　represented　by　the　ratio　of　am−plitudes（tanΨ）a，nd　difference　of　phase（△）between　the　p−polarization　and　s−polarization．Its　mathematical　form　is　represented　as：　　　　　　　　　　　　　　　　　　　　　　　　ρ一綾ト幅）一tanΨ・‘△　　．（2・17）　　An　impor七ant，　special　case　ls．that　of　a　light　reflectioh　between　the　vacuum　and　thesurface　of　a　medium．　In　this　case　the　index　of　vacuum　is　one　and　the　dielectric　function　ofmedium　isε＝（η十殉2，　and　eq．2．16　become：　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ム　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　、　　　　　〜／εCOSφ6−bOS．φ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　「p＝、石。。，φ。＋。。、φ〜　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ム　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＾　C・Sφ。一〉εC・Sφ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　γ8＝。。，φ。＋．〉修。。，φ’　　　　　　　　　　　　　　　　　　　　　　　　　　　…φ一毒・一・in2φ・・　　　（2・18）The　ellipsometric　parametersΨand△are　given　by　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　バ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　バ　　　　　　　　　　　　　　　ρ一t・n並・・△一畿〒器il／iii舞ili多　（2・19）From　the　eq．2．19　the　dielectric　function　of　mediumεcan　be　represented　as　the　func七iollof　ellipsometric　parametersΨand△・　　　　　　　　　　　　　　　　　　　　　　　　・一・i・字φ・（1＋t・nlφ・i舞｝；：）　　．（2・2・）一18一σEAPTER　2．　Theo亙アand　E：樽）erimeη孟〈ωVo〈Ψ鎖3020100一103025201510　50−5　　　　　　　　一ρ一、　　　　　　一　　一，一一一一一@　　　　　　　　　　、　　　　　　　　　　　　　1　　　　　　　　　　　　　、　　　　　　　　　　　　　　、E1　　，’　1／、、、　　　　丘ee　oxide　layer一一一Zxide　layer（5．O　nm）一　　馳　　　一　　一　　一　　一　　駒　　、E＋△　l　　I鱒、　　、　　、　　　、、、、、、、一　　　　　　E2（Σ）E2（X）．　”’’’’’’’ノ’、　　　　　　　　　　　　　’　、　　　　　　　　　　’　　隔　　＿　　印，　一　、、、、、、．1．0152．02．5　　3．0　　3．5　　4．O　　　Energy（eV）4．55．055Figure　2．5：The　relation　between　the　oxide　layer　on　surface　and　pseudo−dielectric　function．The　solid　lines　are　the　pseudo−dielectric　function　of　the　free　oxide　surface　of　GaAs，　and　thedashed　line　are　that　fbr　5．O　nm　oxide　layer　covering　on　the　surface　of　GaAs．Thus，　ifΨand△are　known　by　measurement，　the　dielectric　functionεof　a　medium　can　beonly　determined　by　usillg　eq．2．20．　This　dielectric　function　is　the（complex）bulk　dielectricfunctioll　of　a　homogeheous　material　withou七the　surface　overlayer（two−phase　mode1）．　Suchan　ideal　condition　is　not　usually　satis丘ed　in　r6al　environment　but，　even　for　the　isotropicmaterials，　surface　recopstruction，　roughlless　and　contamination　may　render七he　two−phasemodel　invalid．　The　dielectric　function　determined　by　eq．2．20　is　then　an　average　over　theregion　penetrated　by　the　incident　light　and，　in　equation　2．20，εbecomes〈ε〉，the　pseudo−oreffective　dielectric　function．　This　pseudo−dielectriρfunction　ca，n　be　used　to　evaluate　thequality　of　the　surface　of　a　material．　In　the　Fig．2．5　we　show　the　okide　la夕er　on　surface一19一σHAPTER　2．　Theo理all　d　E）qρerfmenむ　　　　　　7　　　　　　6　　　　　　5　　　　　　4　　　　　　3　　　　　　2　目ε昌　100拭名　　7℃　　　　60　　　　　5重　・霊　　3£　　　　　　210ツ65E＋△　1　　1↓1E2（Σ）　　↓23　　　　　4　　Energy（eV）56　　　　　　　　　　　Figure　2．6：The．penetrated　depthlof　light　from　the　GaAs　surfaceof　GaAs　e賃ec七ing　on　the　pseudo−dielectric　function　ob七ained　by　spectroscopic　ellipsometrylI・th・丘9・・e　fg・士P・・k・a・e・b・i・u・1y・b・6・v・伽th・・pect・a・f　im・gi・a・y　p・・t・f七h・pseudo−dielectric　fuhction〈ε〉，　which　are　attributed　to．．E1（五彗→五§）and−E2（Xぎ→Xf）．i・t・・b・n4　t・anr｝ti・n・（m・ゆnψth・f・11・wi・g・h・pt・・）・Fig・．2・6・h・甲・．t与・七山・d・pth　p・蜘t・dわy　th・i・蜘t　ligh七・・lr・1・�nrd　usi喚g　the・》…ptig耳・・g伍・i・nl・f　G・奏・・v・・th・ph・t・n・…gy・ang・gf　1・5．一6・V・1・th・勢・e　the・m・ll・・t　p＄・・t・at・d　d・pt与i・φ・ut　5・O　nm・whi・h・ccu・．耳・a・．th・E・en・・gy（4・8・V）・H・・ce，it　i・c…ludφth・t　th・p・ak．・・1…fim・gi…yP・・t．…fp・eudq　di・lect・lrf只nction　al．the　e…gy・fth・E・b・nd　p・・vid・�F・en・ili・剛unambiguour　i阜dication　gflhe　sha「pnesl・f中・di・lect・i・di・c・ntinuiちy　b・tween　th・・ub・tギ・脚d・mbi・nt・・erP・ndi・g．早rゆ1γち・・e・i中・1・xi母…喚d・th…v・Fl・y…り・t・lrr　t・th・．・elγ・dg・．・rgi・孕，　b・lk　d・g�Stion，・ndmicr・・蜘・1…1・任ec�n・a・w・IL　D，　E．　A・p…e七・・1，　P・・P・・βd・m・th・d七・Pτ・4岬一20一σHAPTER　2．　Theoり！an（1島（p　erfmen舌Table　2．1：Chemical　treatments　yieldillg　the　sharpest　dielectric　discontinuity　between　bulkand　ambient．Material　Pretreatment　Etch／polish’Strip　　ε2peak（Energy　eV）Si〈111＞　　（110＞　　〈100＞Ge〈111＞　　　〈110＞　　　〈100＞Ga，P〈110＞GaAs〈100＞GaSb〈111＞InP〈100＞InAs〈110＞InSb〈110＞InSb〈100＞SytonSytonSytonSytonSytonSytonBr．methBr−methBr−methBr．methTizoxTizoxTizoxBRM　padBRM　padBRM　padBRM　padBRM　padBRM　padBRM　padBRM　padBRM　padBRM　padBRM　padBRM　padBRM　padBRM，　HF5，　AMH，　H：F5　　BRM，　BH：F／MeOH　　　　　BRM，　HF5BRM，　BHF，BRM，　BHFBRM，　BH：FBRM，　H20，　AMHAMH，　BRM，　H20　　　BRM，　H20　　　BRM，　H20，　AMHAMH，　BRM，　H20，　AMH　　　　　　　　B．RM　　　　　　　　BRM48．05（4．25）44．75（4．25）44．62（4．25）30．74（4．25）29．93（4．25）30．53（425）27．09（5．05）25．59（4．78）25．28（4．03）23．00（4．71）22．81（4．44）20．89（3．85）20．12（3．85）BRM　pad：0．05−vo1％bromine　in　methanol；chemomechaniρal　polish　gn　lens　paper　for　20　sfull　strength　followed　by　10　s　dilution　to　methanol．BRM：　　0．05−vol％bromine　in　methano1，　followed　by　methanol　rinse．AMH：　　1：1−vol　NH40H　in　H20，　f6110wed　by　H20　rinse．BHF：　　　bufFered　HF，　fo110wed　by　H20　rinse（exception：final　rinse，　Si〈110＞）．HF5：　　　5−vol％HF　in　methano1，　follo宙ed　by　methanol　rinse．MeOH：　methano1．most　abrupt　dielectric　discontinuities　between　bulk　and　ambient　for　main　semiconductormaterials，　which　include　two　key　step30f　chemical　et6h−polishing　and　stripping　pfocedures．Their　re串ults　are　summarized　in　Table．2．1　for　reference．2．3．．2The　ellipsometric　fbrmula．of　multilayer　　So　far　we　have　consid6red　the　surface　bf訟mple七〇be　free　from　a血y　o∀6tlayer．　Asmentioned　in　the　above　sec七ion，　in　the　ac七uallsample七h♂e　usually　6xists三an　interface　layerbetween　the　intrinsic　material　and　ambient，　such　as　oxide　layer　and　fough　layer　etc．　There．fore，　it　is　necessary　that　the　ge耳eral　formula　of　ellipsometry　with　multilayers　be　developed．一21一σHAPTER　2．　Theoり！a：nd　Experjmen孟The　formula　of　one−layer　call　be　simply　derived　and　the　morβgeneral　formula　of　multilayer。諭。。bt。in臼d　by・ep・titi・u・ly・・i・g　th・f・・m・1・・f・ne−1・y・・．　Th・．　phy・i・al　m・d・1・f　th・　　　　　　　　　　　　　　　　　Aqi　　　　　　　　　Alj　A笥　A3」＿＿＿＿A煽■イイ1’’　　●ﾓ。i　　■　　0@　9　　　　　　　　’@　”@”@∂　　　　　　　　0S　　　　　　　　8ﾏ　　　　　　　　ρf　　　　　　　　∂9o　　　　　　　　’♂　　　　　　　　♂♂　　　　　　　ρ　♂　　　　　　　　oh♂　　　　　　　　♂5r　　　　　　　　’巳ρ　　　　　　　　ρ♂　　　　　　　　oφ1　iで3琿，8●89■8■8●■■，9嗣8’φ2Ambient　noFilm　nl＋klSubstrate　n2＋k2　　　　　　　　　　　　　　　　　　Alj＝rljAqi　　　　　　　　　　　　　　　　　　A笥＝tlj・笏t’ljelx‘Aq　　　　　　　　　　　　　　　　　　A，」・tlj・笥2r「ljt’lj・’2x1A鋤　　　　　　　　　　　　　　　　　　Af・lj…’1・（・・r「lj）距2e’（距Dx1A餌　　　　　　　　　　　　　　　　　　Figure　2，7：The　three−phase　model　of　ellipsometrym翫terials　under　ellipsometric　investigation　is　based　on　the　following　assumptions．　　1．The　ma七erials　forming　the　system　are　optically　isotrbpic　and　homogeneous．　　2．All　boundaries　of　system　are　ideally．　flat，　smooth　and　in丘nitely　thin．　　3．The　ambient　is　a　non−absorbing　media　characterized　by　a　real　refractive　index　no．Complete　optical　analysis　of　the　one−layer　system　shown　in　Fig．2．7　is　performed　when　thevaiues　of　three　optical　parameters，　i．e．　the　complex　refracもive　indices　of　substrate弓nd　the丘lm，・nd　th・thi・kness　d・・f　th・丘lm・・e　d・t・・mi・・d（lh・．　val…f・・i・assum・d　t・b・known）．　The　total　re且ective．amplitqdg．（Aゴ）from　the　two　surfaces　is，　　　　　　　　　　　　　　　　　　　　　Aゴ＝ヂ、ゴA。ゴ＋f、ゴ嗣ゴ・盛％・ゴ＋f・諺んfiゴ♂2の1　A・ゴ＋．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一22一σHAPTER　2．　Theoly　aηd　Exper1皿enむ　　　　　　　　　　　　　　　　　　　　　　　　　　…＋f・・嗣、（＾　　＾’「2ゴ「1ゴ）η一1e‘（・一1）�j　　　（2．21）wh・・eヂ・（＾’γ1），　f・（紛・・e　th・・eHecti・n・nd　t・…missi…nth・・ut・・b・u。d。，y。f　lh。且lm・u・face，・e・pecti・・ly，　andヂ・（％），　f・（勾・・e　th・・e且ecti・h・nd　t・・…issi・n・n　th・inn・・boundary　of　the丘1m　surface，　respectively，　xl　is　the　difference　of　phase．　The　relations　ofヂ・・一一ヂ｛・・nd　l一署・＋ぼ・・考…m・i・t・・xi・t・nce・Th・・e且ecti・n（ヂ・んμ・、）i・gi…by　　　　　　　　　　　　　　　　　　　　　　　A　　　　　A　　　　　　　　　　　　　　　．　　　　　　　　　　　　A　　　　　　　　　　　　　　　　　A　　　　　　　　　　　　　　　　　　　　　　　　ATゴ　＝・・ゴ＋オ・ゴオ1ノ・ゴ・za’1　　　　　　　　　　　　　　1一　　　　　バ　　　　　バヂ・ゴ＋オ・ゴオ1ノ・ゴeZ忽1　　　　　　A　　　　　A　　　　　　　　’　＾（1＋ヂ・ゴデiゴ＋…＋（ヂ・ノ）η一2e歪（・『2）り（嬬・‘・・）冗一1オ・ゴオ・ゴγ2ゴθ2�@11一ヂ・ゴ声i〆・ヂ1ゴ十　　　　　1＋ヂ2ゴヂ、ゴε動・ヂ・・＋��＋f・ん）ヂ・、・‘・・　　　　　1＋ヂ2ゴヂ、ゴe物・ヂ・ゴ＋ヂ2ゴeZコ’11＋デ、ゴデ、ゴe耽・’フ＝P，3（2．22）The　re且ectioll　of　each　surface　are　given　by　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．＿允・C・Sφ・一η・C・Sφ・　、　η。C・Sφrゐ、C・Sφ、　　　　　　　　　　　　　　　γ1P一ゐ、C・，φ。＋。。C。，φ、’「13＝。。C。，φ。縞C。，φ、，　　　　　　　　　　　　　　　　　　　　　　　　　　バ　　　　　　　　　　　　　　　　　　　　　　　ム　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　バ　　　　　　　　　　　　　　　　　　　　　　　バ　　　　　　　　　　　　　　　．＿命・C・・φ・一危・C・Sφ・　、　禽、C・・φ一允2C・・φ2　　　　　　　　　　　　　　　γ2P一免、C。，φ、縞C。，φ、’「28＝免、C。，φ、＋ゐ、C。，φ，，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　バ　　　　　　　　　　　　　　　　　　　　バ　　　　　　　　　　　　　　　ω1＝（4π／λ）売1（11cosφ1，　cosφ1＝＝（1／允1）　ゐ釜一η＆sin2φo，　　　　　　　　　　　　　　　　　　ム　　　　　　　　　　　　　　　…φ・＝（1／充2）姥一・＆・in2φ・・　　　　　　　（2．23）The　ellipsometric　parameters△andΨare　givell　by　　　　　　　　　　　　　　　　　　　　　　　　　　　　　t・nΨ・‘△一盆，／左。，　　　　　　（2。24）They　are　dependent　on　the　following　quantities：允1，　d1，禽2，　no，φo　andλ，　whereφo　andλare　the　angle　of　incidence　of　the　light　on　the　upper　boundary　of　the　surface　film　and　thewavelength　of　the　incident　light，　respectivelyしThus，　it　is　impossible　that　three　unkllownparameters　of　a　film　n1，　kl　aIId　dl　for　one−1ayer　system　and　more　number　of　unknownparameters　for　a　multilayer　system　be　directly　determined　by　using　two　measurable　values一23一σHAP　TER　2．　Th　eoη・an　d　E：琴perfme皿むQf　ellipsometric　parameters　a七acertain　wav俘length．　H：owever，　the　experimental　valuesof　the　ellipsometric　parameters　can　be　interpreted　by　means　of　a　least−squares　method（LSM）．　According　to　this　method　it　is　neces6ary　to　carry　out　a　minimalization　of　theunbi・・ed’E・tim・t・・（δ）・　　　　　　　　　　　　　　　　　　　　　6・一N÷1（童ρ1・pLρ£…2仁1）　一（2・25）where　N　denotes　the　number　of　the　experimental　points　and　p　the　number　of　the　individualand　wavelength−illdepeIldent　parameters．　　The　values　of　the　unbiased　estimatorδis　an　indication　of　how『los6　the且七ting　procedurematches　the　experimental　data．　Various　sQurces　may　contribute七〇ensure　that　the　estima一七〇r6does　not　approach　zero卵七he　model　is丘nely　tuned　toward　the　best丘t，　such　as　theexperimental　error，　the　modeling　procedure，　the　use　of　inappropria七e　reference　dielectricfunctions，　or　the　possible　complications　ill　the　sample　microstructure　that　cannot　be　easilyn1．od61ed．2．4Modeling．of　spectroscΦi6　elliりs6metric（SE）data（■evenbρrg−Marquardt　Method）T・minimize　X乙．．i・Eq2・2　td　g・七th・p・・am・t・・6．z，・n6　m・・t　m・k・th・g・adi・nt・f　X2with　respect　to　the　parameters　z　r俘aching　zero　at　the　X茗minimum．　We　expec七tanΨ（z）and　cos△（z）functions　to　be　well　appro琴imated　by　a｝ine　form，　which　can　be　written　as　　　　　　　　　　　　　　　　t・nΨ，α・・（λ，・）・一t・nΨ・l！・（λ，・・の　　　　　　∂tanΨ。。己。λ，，Z。鎚。　・∂tanΨ。。己。λ‘，Z。の＋（　　　　　　　　　　　∂21　　　　　　　　　　　∂β2＝tanΨ，αZ。（λ，Z。の＋β、・δZ・？・△・α・・（λ，勿＝r・・△…（λ細　　　　　　∂C・S△。αε。λ，，Z。勉。　∂C・S△。α1。λ，，Z。瓢・　　十　（　　　∂。1　　　　　．．∂。2　・＝’c△。。〜（λ，・、の＋β、・δ・…）?ｌ?…）?ｌ）（2．26）一24一σHAPTER　2．　Theoη・an　d　E：琴perfmαnむwh・・e　zω。・・e　the　current　t・i・1　P一邑t…andδ…eth。i，　incre＿t，．1。　thi，　w。y，　thegradient　of）（島with　respect　to　the　increments（6　z）has．components　　　　　　　　畿一一。÷11書［臨・（λ∂一t・nΨ、。‘。（λ‘，Z。。ア）一β・・6・）β・・　　　　　　　　　　　　　　　　十　　（cos△exp（λ∂一cos△cαzc（λゴ，zc％γ）一β2・δz）β2鳶］　　　　　　　　　　　（2．27）Th・g・adi・nt・f　X護i・ze・・with　th。　i。。，em。nt、。fδ。。t　th，　mi。im。ml　F，。m　thi，　c。nditi。nit　cεm．b?ｅｎ　obtained　that善［書．（β1♂β1た＋β2τβ2鳶）］δ絢　　　　　　　れ　　　一Σ［（tanΨ・xp（λ・）一t・・垂。α・。（λ・，Z、の）β、・＋（…△。xp（λ∂一…△，。、。（λ、，・。の）β、、】．　　　　　　2ニ1Let　　　　　　　　　　　　れ　　　α・ドΣ（β・・β・・＋β・・β・・）　　　　　　　　　　　（2．28）　　　　　　　　　　　6ニ1　　　　　　　　一書「∂tan讐細∂tan鴛・，隔）＋lcOS讐，堀）∂cOS讐姦し）］and　　　　　　　　　　魚・一．書［（t・n馴一t・n％・（λ祠）塗tanΨ餐λ蛭）　　　　　　　　　　　　　　＋．（C・S△。xp（λゴ）一rr・制λ・細）ICOs←岩磐）］．1．圏The　set　of　linear　equations　can　be　written　as　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　M　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Σα・幽一β・　　　　　．　　．（2．30）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Z＝1．This　set　is　solved　for　the　incrementsδ勿that，　added　to　the．current　apProxir直atibn，　giveth…xt・pP・・xim・ゆ・￥i…（・・ev・・甲・j・・）丘ddli・g醐［α］hう・平・e年r・t・t・11・nwhat且nal　set　of　parameters　z　is　reached，　but　only　affects　the　iterative　route　that　is　takeni・g・tti立g　th・・e．　Th・・6・di七i・n・七th・．ｾi・im・血，　thatβ、一・f・・all　k，　iもi・d・p・nd・nt・ξhow［α］is　defined．　　In　Eq．2．30，6z　and．βare翫n　M−vector　andαis　an　M×Mmatrix．　Scan　the　compon6ntsof［α］and　find　that　there　is　only　one　obvious　quantity　with　these　dimensions，　and　that　is　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一．25一σHAPTER　2．　Theoη・an　d　E：腫p　erfme煎1／α鳶た，the　r6ciprocal　of　the　diagonal　element．　So　that　must　set．the　scale　of　the　constant．B・七th・t・c・1・卑ight　it・elfb・t・・big．　S・1・t’・di・id・the　c・n・t・nt　by・・m・（・・ndim・n・i…1）fudge　fac七〇rλ，　with　the　possibility　of　settingλ《1to　cut　down　the　step．　In　other　words，replace　equation　2．30　by　　　　　　　　　　　　　　　　　　．　　．　　　　　　λαπδ鈎＝β‘　　　　　　　　　　　　　　　　　　　　　　（2．31）It　is　necessary　thatαπbe　positive，　but　this　is　gua，ranteed　by　definition　2．28−another　reasonfor　adoption　of　that　equation・　　Eq．2．31　and　2．30　can　be　combined　if　we　define　a　new　matrixα’by　the　following　pre−scrlp七10n　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　α1ゴ≡αゴゴ（1＋λ）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　α1、≡αゴ・　　　　　　　（2・32）and　then　replace　both　2．31　and　2．30　by　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　M　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Σα1画〒β・　　　　　　　（2・33）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　』1Whenλis　very　large，　the　matrixα’is　forced　into　being　4吻。πα〃ゆm伽αηちso　equa−tion　2．33　goes　over　to　be　identical　to　2．31．　On　the　other　hand，　asλapProaches　to　zero，e（luatio112・33　go6s　to　2・30・　　Given　an　initial　gu6ss　for　the　set　of丘tted　parameters　z，　the　recommended　Levenberg−Marquardt　recipe　is　as　follows：　　　●Compute　x乙（v）．　　　●Pick　a　modest　value　forλ，　sayλ＝0．001．　　　●　（†）Solve　the　linear　equations（2．33）forδv　a，nd　evalu七e　X乙（v十δv）．　　　・lf　X乙（v＋δv）＞X乙（v）諏…α8e氷by・f・・t…f10（・・a・y・七h…ub・t・nti・l　f・・t・・）　　　　　and　go　back　to（†）．　　　　●if　If　X乙（v十・6v）〈X暑（v），4εcreα5eλ．．by　a　factor　of　10，　upda，ta　the．　trial　solution　v←　　　　　v十δv，a，nd　go　to　back　to（†）．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一26一σHAPTER　2．　Th　eo夙ソall　d　E：η）erfme11む　　Also　necessary　is　a　condition　for　stopping．　Iterating　to　collvergence（to　machine　accuracyor　to　the　roundoff　limit）is　generally　was七eful　and　unnecessary　siIlce　the　minimum　is　at　bestonly　a　statistical　estimate　of　the　parame�ners　v．Con且dence　limits　on　estimated　model　parameters　　　　　　　Table　2．2：△）（乙as　a　fullction　of　confidence　level　and　degrees　of　freedom．〃P12345668．3％1．002．303．534．725．897．0490％2．714．616．257．789．2410．695．4％4．006．178．029．7011．3・12．899％6．639．2111．3・13．315．116．899．73％9．0011．814．216．318．220．199．99％15．118．421．123．525．727．8Th・・t・nd・・d　err・…fp・・am・ters　ca・be　e・tim・t・d　by　f・ll・wi・g　P・・ced・・e…●：Letレbe　the　number　of丘tted　parameters　whose　joint　con且dence　region　you　wish　to　　　display，レ≦M．　Call　these　parameters　the．“parameters　of　interest”．●Let　p　be　the　con丘dence　limit　desired，　e．g．　p＝0．680r　p＝0．95．●Find△（i．e．△）（暑）such　that　the　probability　of　a　chi−square　variable　with　y　degrees　　　of　freedom　beillg　less　tha11△is　p．　For　some　useful　values　of　p　and〃，△is　given　in　　　the　table　2．2。　Fbr　other　values，　the　routine　gammq　and　simple　root一丘nding　routine　　　（e．g．　bisection）can　be　used　to旦nd△such　that　gammq（〃／2，△／2）＝1−p．●Taken　the　M×M　covariance　matri冬［C］＝［α】一10f　the　chi−square丘t．●The　standard　errors　of　parameters（δz鳶）is　givell　by　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　δ・・一土〉廟源一27一σHAPTER　2．　Th　eoり！an（1　E：η）erゴmenむ2．5　The　main　analysis　models　fbr　semiconductor2．5．11`modi丘ed　harmonic　oscillator　gapProximation　scheme長）r　　　　　　　　the　dielectric　constants　of　semicondudorTheoretical　modelsgi二膿謙轡t聯m　d噸With　nlin三曲ning拍・（ω）一1』8F／磯IE）［んω一E長叩［ω＋E品叩）］，（2・34）where　Wc。（E）＝【馬（E）12J。。（E）．　　cand　v　stand　for　the　conduction　and七h（ミvalenceわand，　respec七ively，　E≡Ecη（k）is　theenergy　difFerence、　between批pai雪gf　bands　ii　k　space，　J。u（E）．is　the　joint　d甲sity　of　statesbetween　a　pair　of　bahds，　alld　Pcη（E）is　the　wdghted−averag6　matrix　element　of　the　momen−tum　operator。　Since　P。η（E）is　a　slowly　varying　function　of　E，　the　analytical　structure　ofJcu（E）is　only　considered．　In　gen6ral，　in　three　dir【1ensions，　Jcη（E）has　four　possible　types・f・・iti・alp・i・t・M・，．．．，　M・，　E・・h　typ・h・・a・q…e−r6・t・i・g・1・・ity　Th・・h・p…fM・，＿，M3　are　shown　s¢hematically　in　Fig．2．8．　The　Wc”（E）in　the　vicinity　of　critical　points　oftype　Mo，＿，　M3　is　written　as，面憶ら8駕馳あちう’おむ∩揖陰δ円MIM2Mo．M3　　　　　　　　　　　　　　　　　　　　　　　　　　　．Energy　E．Figure　2．8：Schematic　drawings　of　Jcけ（E）in　the　vicinity　of　critical　points．．一Q8一σHAPTER　2。　Theo殿γan　d　E：琴perfmen亡　　　　　　　　　　　　一（E）一｛慕幽瑠の甲（一二）．髪；塁　（235）　　　　　　　　　　　　膿（E）一｛詩論eXp（『�nE）鐙　（Z36）　　　　　　　　　　　　　　　　　　　　　　　　　　姦畷一￥E蝸　　　　　　　　　　妬：毘・（E）＝姦　　　E、≦E≦易＋2αゴ　（2・37）　　　　　　　　　　　　　　　　　　　　　　　　　　0　　　　　　　　　　　　　・E＞Eゴ十2αゴ　　　　　　　　　　　　　　　　　　　　　　　　　　　O　　　　　　　　　　　　　E＜Eゴー2αゴ　　　　　　　　　　　　　　　　　　　　　　　　　　　。4’．　　　　　　　　　　M・・肌。（E）一婦　　　　易一2αゴ≦E≦Eゴ　　（2．38）　　　　　　　　　　　　　　　　　　　　　　　　　　　三三（一三E＞動　　As　an　example，　eq．2．37　at　the　critical　point　Eゴis　expanded，　and　obtain：　　　　　　　　　　　　　　　　　　　　　　　　　　藷（1￥E＜島　　　　　　　　　　　　　　　肌・（E）＝姦　　E、≦E≦卵2αゴ　　　　　　　　　　　　　　　　　　　　　　　　　　O　　　　　　　　　　　　E＞Eゴ十2αゴThi・c・rre・p・nd・t・th・‘‘γ・・∬…”・i・g・1・・itγ22）Thr・ef・・e，・b・v・W、。（E）’・hav・th・physical　character　of　a　Van　Hove　singul島rity　in　the　vicinity　of　a‘critical　point，　and　W。U・pP・…h・・罵・6（E−Eゴ）i軸・1imitαゴ→0・CI…ly，　th・・ub・tit・ti・n・f・δfun・ti・・into　eq．2．341eads　to　the　harmonic　oscillator　approximation．　Therefore，　the　modified　factorαゴis　an　important　parameter　which　is　related　to　the　band　structure．．　　With　the　substitution　of　Wcη（E）into　eq．2．34，　the　integral　in　eq．2．34　can　be　per負）rmedunde「the　conditio・・f．α《1・（・ee　ApP・ndi・A）Th・・ef・・e，　the　c・nt・ib・li・n　t・・（ω）f…each　critical　point　becomes：　　　　　　　　　　　　　　　　一Aゴ（　　1　　　　　　1んω一Eゴ＋茗1’ゴ．・んω＋五1ゴ＋¢rゴ）　　　　　　　　　　　　　　　　　　　＋雛≡欝�g鐸1登）・．（2・39）wh・・e　Aゴー（8πe2ん2且1）／（m2E多），　Bゴー干（3αゴ／2）Aゴ・・rre・p・nd　t・M。　and　M，，・e・pecti・・ly，・nd　A・＝（8πe2殉／（m2房），　B・〒±（5α・／2）Aゴ・rrre・p・nd　t・M・and　M3・・r・pecti・・’γ　　Therefore，　considering　the　contribution　toε（ω）from　only　critical　points，七he　opticaldielect「ic　functio早ε（ω）rf　a　se甲iconductol　with　Lo「entzian　line　b「oadening　il　gi・・n　bγ　　　　　　　　　　　　　　　・（ω）一1＋写←A・Gω÷r、一ゐω＋毒＋乞r、）一29一σHAPTER　2．　Th　eo巧！an　d　E：町）erf皿enむ1　＋号（21Lω一3Eゴ十22rゴ　　2ゐω十3Eゴ→一2ゴrゴ（んω一Eゴ＋¢rゴ）2（充ω＋Eゴ刊rゴ）2））　（2調　　Thus　far，　a　new　model　which　is　mathematically　simple　and　related　tg　the　electronic・n・・gy−b・nd・t・u・t・・e・・f　th・m・di・m与・v・been　d・v・1・P・d・It　d…n・t・eq・i・e　u・t・assum・th・・h・p・・f　the　c・iti・・l　p・i・t・b・f・・eh・ぬd・Th・・h・p・・f　thr・・’ti・・1　P・i・1・i・determined　by　the　sign　of　the　parameter　Bゴ．　　　　　　　　　　　　　　　　　　．　一Application　to　GaAsTable　2．3：The　values　of　CP　energies　and　line　widths　of　GaAs　obtained　by　fittillg　spectraldata　with　this　mode1．Critical　poillt（eV）　　　　　　　　Order　of　the　derivative，　nOand　1　　2　　　　3．　　Simultaneous　fit　　　　　　E。（r）　　Eo（r）十△o（r）　　　　　　E、（A）　　E1（A）十△1（A）　　　　　E’。（△）　　　　　　E2X　　　　　　E2（Σ）　　　　r［Eo（r）］．r［Eo（r）十△o（r）】・　　　　r［五11（A）］r［E1（A）十△1（A）］　　　　r［E6（△）］　　　　r［E2（X）］　　　　r［E2（Σ）］rms　fractional　error1．42411．76012．92813．16764．48714．467614．97940．07870．05760．08670．18620．15870．4752．0．27413．98％1．41851．76012．90433．16714．49144．66954．97900．07050．05770．08860．13660．15270．42980．275814。G1％1．41751．76012．91833．16224．49124．67104．97890．07260．05760．08650．13530．14140．42430．275814．85％1．4204L76012．92323．17174．49124．67614．98080．07030．05760．08910．15840．15430．47160．275611．14％Becau・e　th・・e　i・n・、c・iti・al⇔・i・t・b・tween　E・＋△・and　E’・て△）・W・・（E）一A’・i・assumed．一30一σHAPTER　2．　Theo澱アall　d　Experfmen孟　　　1000　　　　500バ里　・唱一500　　−1000　　−1500一Cd＿．．．E躍P23456E（oV）　　　　　　500　　　　　　　　0篭・500　　　、　　略一1000　　　　・一1500乙　　・2000，一一・bd＿＿E叩　　　　　　　　　　　　　　　　　　　　　　　2　　　　　3　　　　　4　　　　　5　　　　　6　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　E（eV）Figure　2．9：Numerically　calculated　second　derivatives　ofε1　andε2　for　GaAs，　together　withthe丘tting　according　to　eq．（2．26）．in　this　region．　Therefore，　the　contribution　toε（ω）from　this　region　lead　to：　　　　　　　一A・徽劉んω一E＋｝（ro＋βE）一充ω＋E÷｝（r。＋βE））・（241）where　Ao・＝（8πe2充2、46）／（m2）and　ro　andβare　constant。　Therefore，　the　whole．opticaldielectric　functionε（ω）is　given　by　　　　　　　・（ω）一1＋写（一A・（誌＋6r、一んω＋鵡）　　　　　　　　・．＋急（21乞ω一3Eゴ十2¢rゴ　　2ゐω十3五弓十26rゴ（んω一Eゴ＋ピrゴ）2（勧＋Eゴ＋¢rゴ）2））一31一σHAPTER　2．　Theαり1　aηd　E：町）erfmenむ蔑20000　　　　　　　0一20000コ　　　　　　　　　　　　　　　　　　　　　　　　一C81@　　　　　　　　　　　　　　　　　　　　　　　．＿．εゆ@　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　、@　　　　　　　、@　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，234．56E（oV）　　　　20000』晃　　o．略　　　一20000．・　●9一Cd＿＿E叩爵23．456E（eV）Figure　2．10：Numerically　calculat6d　third　derivatives　ofε1　andε2　for　GaAs，　together　wi七hthe　fitting　according　to　eq．（226）．　　　　　　　　　　　　7砿響（　　　　1　　　’　　．　　　　1勧一E＋．¢（r。＋βE）．枷＋E＋．¢（r。．＋βE））　　　　　　　　　　、＋耳「0・叫　，．．@．，　．．　（2・チ2｝　　　　　　1wh・・eΣ0。（んω）πgi・・r　the　c・ゴt・ib・ti・nt・・（ω）f・・mthec・iti・・1P・i・t・・b・v・66V・　　　　　　πV・1…f・・b・七hth・・夢f・a・ti噸d・x　n・n妹・ゆ・ti・玲・・e租・i6孕tkb・tween　1・2・V・nd6・0・V・・et・k・n　f…th・lit・蜘・e・ll）．丁亘・．v・lu…f・＠）．解・岬・・1・ul・t・d　f・・m　thef。＿1。，（ω）一［。＠）横（ω）］2．All毛h・・pect・af　d・七・・f・・ε、　and・、　a・e・e・・gani・ed　i・一32一σHAPTER　2．　Theoη！an　d　E：η）erfmenむ0000ドε1dε1煙♂ε1／dE3d�`1畑3一Ca1＿…Exp23456．E（ρV）Figure　2．11：deivatives．Simultaneous・丘ts　of　model　toε1（ω）for　GaAs　and　its　first』three　numeficalsteps　of　20　meV，　with　use　of　the　polynomial　method　where　interpolation　is　ne6d．　Thederivative　spectra　are　6btained　by．numerical　differentia，tion　with　cubic　spline　fittihg　rou−tines．　The　simultaneo亘s　fits　with　model七〇the　real　and　imaginary　parts　of　the　experimental（d2ε）／（dE2），（d3ε）／（dE3）for　GaAs　are　shown　in．　Figs．2．9』and　Figs．2．10　fespectivel）孔Thesolid　line　is　obtainεd・from．　eq、2．40．　The　parameters　of　the　fits　are　listed　in　Table　2．3．・σis　the　root−m6an−square（rms）「fra6tional　error，　defined　by．Kim　et　a1．　Only　seven　criticalpoints　a，nd　use　28．parar【ieters　are　inc1亘ded　in　this　fitting．．The　values　Qf　critica，l　points　Eゴ一33一σHAPTER　2，　TheoηF　and　E：η）erfme1ユむ000’0ε2　　　　　’dεノdE宴ﾃ2／dE含@　　’　　　　　■@　　　　　　．　．鴛ﾗμE3●　　　Ca1Q．E凋P　　　　　　　　　　　　　　　　　　　　　　　　2　　　　3　　　　4　．　　5　　　　6　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　B（eV）Figure　2．12：Simultaneous　fits　of　model七〇ε2（ω）for　GaAs　and　its丘rst　three　numericaldeiva七ives．obtained　by　the　fiもting　are　in　good　agreement　with　those　determined　by　Kim　et　al．．　Likethe　harmonic　oscillator　approximation，　the　values　of　line　widths　rゴill　present　model　aremore　than　twice　the　values　of　I’Swhich　were　found　in　the　model　of　Kim　et　aL．　　Using　the　method　described　in　ref．21，　the　simultaneous丑tting　with　eq．2．42　toε2（ω）alldits丘rst　three　numerical　derivatives　with　respect　to　photon　energy　is　performed．　In　Fig．2．11and　2．12　the　simultaneous丘ts　toε1（ω）andε2（ω）and七heir丘rst　three　numerical　derivativeswith　respect　to　photon　energy　are　shown．　The　solid　line　is　obtained　from　eq．2．42．　OIlly・一34一σHAPTER　2．　Theoエy　a，nd　Experfmen孟0000ε1dε11dE♂ε1／dE2●二d�`11dEρ39　　一Cd、　＿＿．Eや響23456Figure　2．13：Simultaneous　fits　of　model　toε1（ω）for　InP　and　its且rst　three　numericaldeivatives．32free　parameters　are　used　in　this　fitting，　which　yielded　the　excellent　simultaneous且ts　toreal　and　imaginary　parts　of　the　optical　dielectric　function．　The　parameters　of　the　fits　arealso　listed　in　Table　2．3．　The　rms　fractional　errorσis　11．2％，　which　value　ofσis　smallerthan　that　obtained　using　Kim　et　a1，s　model（13．7％）．一35一σHAjPTER　2．　Theoly　and　E）q）erfエnen孟00、00ε2呵肥陰　　　　　　　　　　　　　　　　　一・．穿　．　．2．　　』・3　　　　4　　　　．5　　r．　6　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　E（。V）Figure　2．14：Simultaneous　fits　of　model　toε2（ω）for　InP　and　its　first　thr6e　humericaldeivatives．ApPlication　to　InP　　lLik6　GaAB，　IhP　is　a　direct−gap　s6miconductor．　As　seen　in　Figs．2．13　and　2。14，　it　isc16ar　tha七th6re　afe　two　peaks　of　E1．（3．16　eV）and　El十△1（3．31　eV）fro士n七he　nume必ica1』d・・ivati・…fth・di・1・・t・i・f…ti・・with・e・pect　t・ph・t・面・・gγTh・・ef・・6，・ev6h・・玉ti・alpoints　were　used　to丘t　the　second　and七he　third　numerical　deriva七ives　of　the　dielectficfunction　with　respect　to　photon　energy，　and　eq．2．42　with　32　free　paralneters　is　used　for・im・lt・n・・u・丘七ti・g・f・・（ω）・nd　it・丘・・t　th・ee　num・・i・・l　d・・i・・ti…with・e・pect　t・ph・tg・一36一σHAPTER　2．　Theoη！an　d　Experfmen舌Table　2．4：The　values　of　CP　energies　and　line　widths　of　InP　and　GaP　obtained　by　fittingspectral　data　its丘rst　three　numerical　derivatives　wit耳this　modeLSirnultaneous丘tCritical　point（eV）InPG．aP　　　　E・（r）Eo（P）十△o（r）　　　　E、（A）E・（A）＋へ（A）　　　．E’。（△）　　　　E2X　　　　E2（Σ）　　　　「［E。（r）］r［E・（r）＋△。（r）］　　　　r［五11（A）］r［五11（A）十△1（A）］　　　　「．［E6　（△）］　　　　r［E2（X）］　　　　r［E2（Σ）］rm合fracti6h：al　error1135521．43873．16333．3070．4．64824．74255．01000．0956．0．1060．0．14130．14560．22250．13610．242414．7％2．7442．81863・67594178995．20245．22310．11440．08720．12910．22440．33060．14245・串6％energy．　A　comparison　of　model　with　the　experimental　data　for　InP23・24）and　the　first　threenumerical　derivatives　of　those　with　respect　to　photon　energy　is　shown．in　Figs．2．13　and　2．14．The　parameters　of　the　fits　are　listed　in　Table　2．4．　The　model（solid　line）shows　an　excellentag「eement　with　the　rxperimental　data　fo「InP◎nd　th・丘rst　th・ee　num・τi・・1　d・・ivati・…fthose　with「espect　to　photon　ene「gy禦r「．the　enti「e「ange　of　pho七〇n　ene「gies・Th・val…・f・・iti・al　pgi・t・Eゴ・b七・i・・d　by　lh・丘tti・g・・e　i・g・・d・g・eem・nt　with　th・・e　d・t・・min・dusihg　the　standard　critica1−poin�nparabolic−band（CPPB）model．　As　in　the　case　of　GaAs，the　values　of　line　widths「l　in　t≒is卑odel　a「e　mg「e　than　twice　th・・e　f・und・・i・g　lh・CPPB．25）一37一σHAPTER　2．　Th　eoη！an　d　E：η）erfmen看0000ε1dε1dE’♂ε、畑3d�`、旭E手一一・ba1．．＿．E露P　　　　　　　　吊Figure．Q．15：deivatives．　　　　　●　　　　　　　　　　　●●　　　　25　　　3．0　　　3．5　　4．0　　4，5　　5．0　　5．5　　6．O　　　　　　　　　　　　　　　　　　　　　　　　　E（eへり・Simultaneous　fits　of　model　toε1（ω）for　GaP　and　its　first　three　numericalApPllcatlon　to　GaP　　The　GaF　crystal　is　known　to　be　a　typical　indirect−gap　material．　The　spi11−orbi七splittillgellergy△1　in七his　material　is　rather　small（＜0．1　eV）and　can　be　negleded　here．　Therefore，six　critical　points　are　used　to且t　the　second　and　third　numerical　derivatives　of　the　dielectricfunction　with　respect　to　photon　energy，　and　e嵯。2．42　with　30　free　parameters　is　used　toobtain　simultaneous且ts　toε2（ω）23，24）and　its　first　three　numerical　derivatives　with　respectto　photon　energy．　Figs．2．15　ahd　2．16　show　the　simultaneous　fits　with　this　mode1（solid一38一σHAPTER　2．　Th　eOly　an　d　Exp　erfmenむ00004εノdE1■●層♂εノ�u一C証＿＿E冨P999　　　　　　　　　　　　　　　　　　2．5　　　3．0　　　3．5　　　4．0　　　4．5　　　5．0　　　5．5　　　6．O　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　E（。V）Figure　2．16：Simultaneou呂丑ts　of　model　toε2（ω）for　GaP　and　its丘rst　three　numericaldeivatives．1ine）to　the　experimentalεspectrum　of　GaP　and　the丘rst　three　numeric鳥l　derivatives　of七hose　with　respect　to　photon　energy．　The　parameters　of　the　fits　are　listed　in　Table　2．4．．Unlike　those　of　GaAs　and　InP，　the　EI　critical−point　structure　is　M2−style．　The　value　of　EI　issomewhat　larger　than　the　value　obtailled　using　the　standard　critica1−point　model，　becauseit　is　assumed　that　the　EI　critical−point　structure　is　M1−style　in　the　standard　critical−pointmode1．15）As　in　the　case　of　GaAs　and　InP，　the　theoretical　model　gives　good　agreement　withthe　experimental　da七a．一39一σHAPTER　2．　Theoη！an　d　E：町）erf皿e11舌2．5．2　0ther　models　fbr　the　dielectric　function　of　semiconductorHarmonic　oscillator　approximate（HOA）　　In　the　harmonic　oscillator　model　gf　Erman　et　aL，26）ε（ω）is　given　by　　　　　　　　　　　　　殉）r1一書A《充ω÷r、馳7．んω÷r、：）・　（2・43）where　Eたis　the　energy　of　a　harmonic　oscillator　and　r鳶is．　its　li耳ewiφh．　Equation　2．43　ismuch　simple　th如Eq．2．34　by　a　sum　of：Lorentziansユn　principle，　each　sillgle　transition　from・1・w・・b・nd　t・high・・b・nd・・uld　b・・ep・e・e・t・d　by・坤・ゆi・g・cill・t・・，　b・t　i・p・a・ticeth・mi・im・m　p・ssib1・・umb…f・・cill・ち・rs　i・u・ed　t・・ep・e・ent　th・di・lect・i・fun・ti・n・This　rnodel　fails　to　describeε（ω）below　or　around　the．々争nd．rdge　at　E・becauseε2（ω）hasabroadened　square−root．　sillgu，1arity　at．the．band．edge　with．ユittle　baとkground，　whereas　the：HOA　model　yi61ds　only　a　sum　of：Lorentzian　peaks　forε2（ω）．　The　B：OA　energies　E鳶arenot　simply　rela毛ed　to　the　CP　energies　Eゴ，　this血odel　is　not　simply　related　to　the　bandstructure．Th・・tand・・4〕鱒�K1二ゆt　p・・ab・liρ一圃d：（C曲）咽・ITh・cPPBｴ6d・12牝28）gi・・一ccu・・t・．・ep・r・・nt・ti・n・f　th・d・・i・・七i・…f・（ω）of・・d・・high・・t晦丘・・1．・・d・・，　becau・・．．七he　c尊ti・al　b・i・t・t・u・t・・e　i・g・eatly・nh・n・ed　i・those　derivatives．　Thus　its　use　enable66n6　to　determine　the　CP　energies　and　line　widthsq・iゆr・嚥・1γH・w・v・・，thi・m・d・l　gi・…nly・v・・y　p…．rep・e・e噸ti6・・f　di・1・・t・i・function　itself　and　is　not　suitable　for　the　description　of　the　dielectric　function　or　its丘rstderiva‡iye　wi七h　respect　to　photo耳energy，　temperature　or　pressure．　　Withip　a　qP　model，ξ（ω）in　Eq．2．34　usually　is　given．by　the　approximate　formula　　　　　　　　　　　　　　　　　　・（ω）．7藩．写脚んω畢2rl・、．�d一！2�MH・・e，t蜘m　r・・∫…d．・i・Eq・2・341・rrpl・ced　by・1・m　the　ritical　points　j，　whichimpli・i々1y　r？・t・i・…um・v・r・粂ゆ1・．thi・皿・母ρI　P・・（E）ip　Eq・3・34　is　considr「ed・t・be　c・n・t・・t　P・・Th・・ec・nd　t・・m　i・th・・ec・nd・et・f　l・・g・興甲thrses．ln　E墜．．2・34・being　much　smaller　in　magnitude　than　the　firs七term　near　any　critical　point，　is　usually一．S0一σHAPTER　2．　Th　eo巧！aηd　ExperfInenむneglec七ed．　Fina，11y，　the　factor　E−2　in　Eq．2．34　is　replaced　by（んω）一2．　This　is　justi：自ed　only　ifth・・p・・t・・｝・ang・・f　the　c・nt・ib・ti・n・f・a・h　CP　i・．1imit・d　t・th・・egi・n　lんω一βゴ1《Eゴnear　the　CP．　This　approximation　leads　to　a　serious　analytic　error，　a　divergellce　inε（ω）asω→0，　as　well　as　qua，ntita七ive　errors．　Also，　note　that　the　usual　neglect　of　the　secondterm　in　the　second　set　of　large　parentheses　in　Eq．2．34，　although　it　is　not　so　se士ious　as　theprevious　approximation，　does　preventε2（ω）from　going　to　zero　asω一→0，　as　it　should．　　In　the　immediate　vicinity　of　any　three−dimensional（3D）CP　of　type　Mゴ，　E。鯉（k）is　aparabolic　function　of　k．　Thus，　each　3D　CP　is　chara，cterized　by　a　square−root　singularity，the　Mo　and　M2　two−diniensional（2D）℃ritical　points　are　chara6terized　by　a　discontinuity　inJ。。（E），and　each　one−dimensional　CP　is　characterized　by　an　inverse　square−root　singularity．E・・1・di・g　th・・nly・em・i・i・g　typ・・f　CP，七h・2D．M・CP，　whi・h　d…n・t・・6u・，　th・d・・i・・ti・…f・（ω）・an　b・・gpf・・e・t・d　withi・th・CPFB・pP・・xim・ti・・by　the　equati・・　　　　　　　　　　　　　　　　　券［ω2ε（ω）］一写傷（んω一町ゴ）・一・　（2詞where　Cゴis　a　constant，　and　dゴis　the　dimensionality　of　the　CP．　In　the　neglect　of　many−bo4y・任ect・，　th・ph・・e　angl・θゴi・＄i・・n　by　the　eq・争ti・n29）　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　θ・一嘗（ブー4ゴ）　　　　　（2・46）H・w・v・・，・・u・11yθ5　i・t・e・t・d・・an　adl・・t・b1・p・・am・t・L　Th・p・・amet・i・ati。n。f　valh。ofθゴis　justified　in　the　literature　as　representing　the　ef℃ect　of　excitons　near　the　CP　energy．Howeヤef，　this　justification　is　a∫t　best　qhe6tionable，　becauseθゴis　found　to　be　very　nbar　itstheore七ical　value　for　the　Eo　and　Eo十△o　cri七ical　points，　at　which　one　might　except　excitolls，but　is　found　to　be　very　di任erent　from　the　value　expected　theoretically　for　d＝2　and　d＝3　atthe　EI　and　E1十△1　critical　pointsl　near　vワhich　olle　does　not　expect　excitons．Appendix　　Substituting　eq．2．35　into　eq．　　　　　　　　　　　　　　　　　　　　ε（ω）＝・G＿¢rゴ2．341ead　to1二8凾�２落　　　　1Ooゴ2考αバ／紹2　　　　　1んω十E十21’（E一動αゴ）1／2eXや（一環、）．詔（2．47）一41一σHAPTER　2．　Theo理an　d　EXp　erlmenむ　　1・ett＝（E−Eの／αゴ，・・（あ一四一噛．○講E、）・オ・／・e一・Gω一α、オ≒＋ピr、一んω＋α誹凧）4オ　　　　　　一1一・16藩ん2孟．．オ・／・・一・ノ（α・，畝　　　　　（2�Q　　In　order　to．obtaih　a　simple　formula　forε（ω），　the　function∫（αゴ，オ）is　expanded　into　apower　series　of偽，　and　truncate　the　series　after　the丘rs七七wo　terms：　　　　　　　　　　　　　　　　ノ（αわオ）一町（んω÷rゴー充ω＋彦＋2r、）　　　　　　　　　　　　　　　　　　　　一簿（2んω一3Eゴ十22rゴ　　2充ω十3Eゴ十2¢1「ゴ伽一Eゴ＋¢rゴ）2（んω＋Eゴ＋¢rゴ）2），　（2捌　　Substituting　eq．2．49　into　eq・2・48，　the　integral　eq・2・48　can〜be　evalua七ed．　as　　　　　　　　　　　　　　　　・（ω）一1−A・（んω一毒＋rんω＋毒＋ゴr、）　　　　　　　　　　　　　　　　　　　　＋舞儒馨高聞欝血1詳），　（2・5・）wh・・e　Aゴま（8・・2ん2罵）／（m2El）βゴー（3αゴ／2）Aゴ．　　Similarlyl　the　expression　ofε（ω）in　theヤicinity　of　critical　points　of　types　M1，＿，M3　bysubstitution　of　eqs．2．36−12．38　into　eq．2．34　can　be　obtained．2．6　Cohclusion　　We　had　dealt　with　the　mathematical　representations　tha楓re　employed　to　describe　po−larized　light，　and　we　used　these　represelltations　to　discuss　the　interaction　of　polarized　lightwith　th・・pti・・1・・mp・n・・t・もh・t　m・y・・mp・・e・n・11ip・・m・t…Th・・甲・th・m・ti・・1　t・・lare　applied　to　analyze　the　theory　of　measuremellt　in　ellipsometer，　including　to　give　a　re−lation　between　the　SE　parameもers（△andΨ）and　the　normalized正iburier　coe伍cients（a2and　b2）of　the　rotating−analyzer　system．　On　the　re且ection　of　polarized　light　by　stra七ifiedplanner　structures　is　intended　to　provide　results　and　techniques　that　are　essential　for．thei・t・・p・et・ti・n・f・11ip・・m・t・i・d・t・ih　t・・m・・f　th・m・・…c・pir　P・・P・・ti…fp・・ti・ul・・・・mpl・und・・m…u・em・nt・w・与・ve・1・・d・・6・ib・d　th・L・v・nb・・g−M・・儀…dt　M・th・d・which　was　widely　applied　to　analyze　SF　data．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一42一σHAPTER　2。　Theo理an　d　Experfme11む　　We　place　emphasis　on　our　proposed　analysis　modeI（Modi丘ed　Harmonic　Oscillator　Ap−proximation　Scheme　for　the　Dielectric　Constants　of　Semicollductor）．　The　model　presentedhere　is　mathematically　simple，　and　related七〇the　electronic　energy−band　structures　of　themedium．　This　model　is　applicable　over　the　entire　range「盾?　photon　energie6，　below　andabove七he　lowest　band　gaps，　and　it　exactly　satis丑es　the　K：ramers．Krollig　relations．　It　alsorequires　the　minimum　number　of　parameters　to　yield　excellent　simultaneous丘ts　toε1（ω）andε2（ω）and　their丘rst　three　numerical　der玉vatives　with　respect　to　photon　energy．一43一References［1］R．．C．　J・n・・，　J・Opt・S・r・A血・3・タ88（1941）・［2］E．L．　O，N・i11，1・t・・d・・ti・n　t・S七・ti・ti・a10pti・・（Addi…一輪・1・y，　R・adi・g，　M・s−　　　sachusetts，1963）．　Ch．9．［3］B．D．　Cahall　and　R．　F．　Spanier，　Surf．　Sci。，16，166（1969）．［4］R。Greef，　Rev．　Sci．　Ins七r．41，532（1970）．［5］P．S．　Hauge　and　F．　H：．　Di11，　IBM　J．．：Res．　Dev．17，472（1973），［6］D．E．　Aspnes，工Opt．　Soc．　Am．，64，812（1974）。［7］D．E．　Aspnes　and　A，　A．　S七udna，　Appl．　Opt．．，14，220（1975）．［8］C。Pickerillg，　in　Handbook　of　Crystal　Growth　VbL　III．　D．　J．　T．　Hurle，（Ed．），ドorth−　　　Holland，　Amsterdam．［9］D。E．　Aspnes　alld　A．　A．　Studna，　AppL　Phys．　Lett．，39，316（1981）．［1b］R・M・A・Ar・…d　N・Mβ・・h・・e，　Ellip・・m・t・y・ndP・1・・izedLight（No「t団011and，　　　Amsterdam，1977）．［11］Fred　L．　Terry，　Jr．，　J．　Appl．　Phys．，70，409（1991）．［12］W．H．．Press，　B．　P．　Flannery，　S．　A．　Teukolsky　and　W．　T．　V6tterling，　Numerical　Recipes：　　　The　Art　of　Scientific　Comやu七ing（Cambridge　University　Press，　Cambridge，　England），　　　523ff．一44一σHAPTER　2．　Theoη！and　Exp　erfmen孟［13］P．G．　Snyder，　M．　C．　R6st，　G．　H．　Bu−Abbud，　J．　A．　Woollam　and　S．　A．　Alterovitz，　J．　　　　Appl．　Phys．，603293（1986）．［14］C．Picke血g，　R．　T．　Carline，　D。　J．　Robbine，　W．　Y．　Leong，　S．　J．　Barnett，　A．　D．　Pitt　　　and　A．　G．　Gullis，　J．　Appl．　Phys．，）73，239（1993）．［15］G．Yu，　T．　Soga，　T．　Jimbo　and　M．　Umeno，　Jpn．　J。　App1．　Phys．，34，530（1995）．［16］P・Laut・n・chl・g・・，　M・Garrig・・L・Yi…nd　M・C・・d…，Phy・・R・v・B36，4821（1987）・［17］S．Zollner，　M．　Garriga，　J．　Humllcicek　and　M．　Cardona，　Thin　Solid　Films　233，185　　　　（1993）．［18］M・E・m・n，J・B・Theet・n　and　P・Riji・k，　J・ApPl・Phy・・，5肩，3241（1984）・［19］M．Erman，　J．　B．　Theetell　and　P．　Chambon，　J．　App1．　Phys．，56，2664（1984）．［20］．F・L・Terry，　J…JApPl・Phy・・，70，409（1991）・［21］C．C．　Kim，　J．　W．　Garland，　H．　Abad　and　P．　M，　Raccah，　Phys．　Rev．　B　45，11749　　　　（199字）・［22］：L．Van　Hove，　Phys．　Rev．89；1189（1953）．［23］H・ndb・・k・f　Opti・・I　C・n・t・nt・・fS・1id・，・d・E・D・．P・lik（A・・d・mi・，　N・w％・k，・985）・［24］D．E．　Aspnes　and　A．　A．　Studna，　Phys．　Rev．　B　27，985（1983）．［25］M．Erman，　J．　P．　Andre　and　J．　Lebris，　J．　Appl．　Phys．，59，2019（1986）．［26］M．Erman，　J．　B．　Theeten，　N．　Vbdj　dani　and　Y．　Demay，　J．　Vac．　Sci．　Technol．　B　1，328　　　　（1983）．［27］M．Cardona，　Modulation　Spectroscopy，　Suppl．110f　Solid　State　Physics（Academic，　　　　New　Ybrk，1969）．［28］D・E・今・F…，i・H・・db・・k・n　S・mi・・nd・・t…，・dit・d　by　M・B・1k・n・ki（N・fth−　　　　Holland，　Amsterdam，1980），　Vb1．2，　p．109．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　一45一σHAPTER　2．丁血eo理aηd　Exp　erfmen孟［29］．S．　M．　Kelso，　D』．　Aspnes，　M．　Al　Pollack　and　R．　E．　Nah6ry，　Phys，Rev」B26，6669　　　（1982）．一46一

