ABSTRACT

POWELL, GARY DUANE. In- and Ex-Situ Analysis of Silicon Oxide, Silicon Oxynitride,
and Silicon Nitride Interfaces by Second Harmonic Generation and Correlation with Other
Linear Optical Techniques. (Under the direction of David E. Aspnes.)

Our objective is to gain insight about the physics and chemistry of silicon-dielectric
(mainly Si-SiO9) interfaces by nondestructive optical techniques: in-situ second harmonic
generation (SHG) after interface processing, and ex-situ SHG, spectroscopic ellipsometry
(SE), and reflectance difference spectroscopy (RDS) before and after high temperature an-
neals. The linear optical spectroscopies, SE and RDS, illustrate differences in dielectric re-
sponses due to chemical differences at interfaces and vicinal-sample cut directions, and assist
in the interpretation of the SHG data. We analyzed the SHG anisotropy with a primitive
phenomenological model that associates adjustable parameters for electric field amplitude
and phase to each Fourier component expected in the observed anisotropy. Ambiguities of
this model limited our ability to interpret the SHG data in terms of the parameters found
by least squares analysis. To overcome these limitations we introduce a new model that
describes SHG data in terms of the microscopic nonlinear polarization of individual bonds,
and generates the observed far-field radiation in terms of dipole radiation resulting from
these bonds. The adjustable parameters in this microscopic model correspond to complex
polarizabilities along each of the bonds. Our results show that the nonlinear polarizabilities
perpendicular to the bonds do not need to be considered, as expected from the essentially
rotationally symmetric nature of the bonds. This greatly simplifies the model by reducing
the set of needed parameters to those describing polarization along the bonds. We show
that specific lineshape features in the azimuthal dependencies can be related to specific
bond properties, allowing in some cases bond properties such as nonlinear absorption to be
detected by inspection. We use least squares analysis to obtain changes in bond polariz-
abilities that occur before and after the anneal procedure. We conclude with a qualitative

description of the results of the linear spectroscopic experiments.
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Chapter 1

Introduction

1.1 Overview

The development of current transistor technology demands faster processing with
reduced power. One approach to meet these demands in silicon device fabrication is to re-
duce the thickness of the silicon dioxide insulator in metal-oxide-semiconductor transistors.
As the oxide insulator becomes thinner and thinner, the effect of the quality of the interface
between the silicon substrate and the SiOy layer becomes more and more of an influential
factor in determining the electronic properties of the transistor. The quality of the interface
can affect gate leakage current and has potential effects on device reliability.

Incorporation of nitrogen atoms at the interface between Si and a of thin gate dielec-
tric has been shown to promote increased reliability in metal-oxide-semiconductor devices
without sacrificing performance. To quote H. Niimi from his dissertation [1]: “Monolayer
level nitrogen incorporation at the Si-SiQO9 interface has been shown to (i) improve device
performance, e.g., channel mobility and current drive at high fields that are required with
thin gate dielectrics [2-5], (ii) increase an immunity to hot-carrier stress degradation [6, 7],
(iii) suppress stress-induced leakage currents[8], (iv) reduce electron traps[9], (v) improve de-
vice reliability, e.g., charge-to-breakdown and time-to-breakdown[9] and (vi) prevent boron

diffusions into a channel region from boron-doped p* poly-Si gate-electrodes in p-channel
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metal-oxide-semiconductor (PMOS) devices[10-13]” Improved interfaces are essential for
creating “high quality” ultra thin gate dielectrics for future generations of ultra-large-scale
integrated circuit devices including future layers of high-K dielectrics.

Nitrogen can be incorporated at the Si-SiOq interface by plasma processing. The
procedure for growing a high quality gate oxide involves growing a sacrificial oxide on the
substrate then removing it via an HF rinse, loading the substrate entrance into an ultrahigh
vacuum(UHV) chamber for plasma interface processing followed by a plasma deposited
protective overlayer or cap. The final step is a rapid thermal anneal(RTA) at 900 °C for
30s.

The purpose of this work is to evaluate the various interfaces created by plasma
processing to gain insight into the physics and chemistry of interfaces prepared by Niimi’s
approach. We performed this evaluation with optical spectroscopies, which are non-invasive
and non-destructive. The techniques were non-invasive so that our experiments would not
interfere with the plasma processing procedures and the techniques were non-destructive so
that our experiments would not damage the samples. We used in-situ azimuth-dependent
second harmonic generation (SHG) anisotropy spectroscopy to investigate the interface after
plasma processing to compare chemical dependencies. We used ex-situ SHG anisotropy spec-
troscopy, reflectance difference (anisotropy) spectroscopy(RDS/RAS), and spectroscopic el-
lipsometry (SE) to evaluate the interface before and after the RTA. In addition to character-
izing these interfaces, we also develop new capabilities for SHG, developing a simple model
for SHG that allowed us to show for example that the azimuthal dependence for vicinal
(111) Si samples contains information about SHG absorption as well as step densities and
orientations.

SHG from Si is dipole-forbidden within the bulk because Si is centrosymmetric.
Therefore, any nonlinear response must come from the surface or interface, where this
symmetry breaks down. The nonlinear response has the form of a third-rank tensor, x;;x,
which allows rotational symmetries of up to threefold to be exploited. The typical method

used by experimentalists to analyze interface SHG anisotropy data, for vicinal (111) Si,
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is phenomenological: to associate an electric field amplitude and phase with the Fourier
coefficients associated with the dc response, one-fold rotational symmetry, and three-fold
rotational symmetry. Insight is gained by analyzing changes in these amplitudes and phases
due to changes in experimental conditions and comparing the changes in these parameters
to results obtained with other diagnostics techniques. Thus, in its diagnostic capability
SHG has been limited as merely a comparative tool.

The typical method used by theorists to describe surface SHG for specific crystals
is to evaluate x;jr for various crystal orientations by applying symmetry constraints to
eliminate many of the components of x;;;. They then relate the remaining components to
the amplitudes and phases of the phenomenological model. The description and analysis of
Xijk typically requires lengthy equations and a loss of physical insight.

To use SHG to gain insight into the chemistry and bonding of N or O at the inter-
face we found that we needed to develop a simpler approach. Accordingly, we developed
a bond polarizability model that expresses x;;x in terms of the polarizability along a bond
and relates the far-field radiation to this polarizability. We use this model as a simple
and elegant replacement for the complicated calculations previously needed to evaluate y;;x
for our crystal structure. By this means we can interpret our SHG results independent of
comparative techniques. Thus, from the polarizable bond model we gain insight into the
physics of the interface that is not obtained from the phenomenological model. By introduc-
ing the polarizable bond model we anticipate a resurgence within the SHG community to
re-evaluate previously obtained data and for new results and physical insights to be gained.

Regarding linear optical probes, the first that we used, RDS, also measures sample
anisotropy. Since Si is cubic its bulk response is optically isotropic, whence any observed
anisotropy must originate at its surfaces or interfaces. For (111) surfaces, this anisotropy
originates from steps. We evaluated two types of vicinal wafers, (111) Si cut 5° towards
(112) and (111) Si cut 5° towards (112) , which have different (but unambiguous) step
configurations. We observed changes in the anisotropy depending upon the types of atoms

at the interface. We relate these changes to roughness at the interface and changes in
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chemistry at the steps.

The second linear optical probe, SE, measures the pseudodielectric function (¢) =
(e1) +1i(e9) which in the absence of overlayers is identical to the bulk dielectric response ¢ =
e1+ieq. SE is useful for identifying energies of critical points (CP) in the Brillion zone, which
occur at those values of k£ for which the energy bands are parallel, thus creating a singularity
in the joint density of states. By appropriately modeling and comparing differences in
spectra, information about the CP energies and associated broadening parameters can be
extracted. Our goal is to use SE to gain insight into the physics behind the observed shifts
of CP energies and broadening parameters with processing, and of the screening behavior

at the interface.

1.2 Outline

In Chapter 2 we review the interaction of light with materials and how the various
probes take advantage of this interaction. We begin with the linear case and describe RDS
and SE. We then discuss the nonlinear case, presenting a brief review of phenomenological
descriptions of SHG followed by the introduction of our new bond-polarizability approach.

In Chapter 3 we cover equipment and procedures. Specifics of the plasma-processing
technique are presented as well as the data acquisition and analysis procedures for the linear
and nonlinear optical probes.

In Chapter 4 we present and discuss our results. Our SHG data show variations
among the chemistries at the interface for the different orientations investigated, we show
that the phenomenological approach is limited for describing the physics involved and apply
our polarizable bond model developed in Chapter 2. We also present results from the linear
optical spectroscopic techniques to compare the effect of rapid thermal annealing on the
samples.

Finally, in Chapter 5 we summarize our conclusions and suggest future studies.



Chapter 2

Theory

2.1 Introduction

In this chapter, the theory behind each of the optical techniques that we use is
presented. First, we discuss general principles concerning the interactions of plane electro-
magnetic waves with matter. This is followed by descriptions of the specific linear techniques
RDS and SE, and the nonlinear technique SHG.

For SHG we also briefly review existing phenomenological approaches for calculat-
ing the nonlinear optical response. We then present our new approach, which connects

microscopic anharmonic bonding behavior to the measured macroscopic far-field radiation.

2.2 Interaction of Light with Materials— Linear Case
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2.2.1 Basics

We begin with the macroscopic form of Maxwell’s Equations in Gaussian units as

per Jackson[14],

V-D = 4np, (2.1a)
V.B =0, (2.1b)
10B
VXE——EE, (21C)
4 10D

where E and B are the macroscopic electric field and magnetic induction, respectively, and
D and H are the corresponding derived electric displacement and magnetic field intensity,
respectively. The source terms for Maxwell’s Equations are p, the charge density, and J, the
current density. The induced dipole moment per unit volume, P, for a given material can be
written as P = yE where x = x(E) is the electric susceptibility. The electric displacement
is given by D = E + 47P.

For the isotropic linear case the constitutive relations connecting E to D and B to
H are D = ¢E and B = pH, respectively, with € being the dielectric response and y defined
as the magnetic permeability. The dielectric response is related to the electric susceptibility
by € = 1 4 4mx. For the optical frequencies of interest here y = 1.

For anisotropic materials the constitutive relations become

Do = capBp, (2.2)
5
H=B (2.3)

where ¢,4 is a second-rank tensor that is diagonal when aligned along the principal optic
axes of the crystal.

We consider plane waves solution to Maxwell’s Equations such that E and B are
of the form A(r,t) = Ae'® "~ where k is the wave vector and w is the frequency of the

wave. ¢ and k are related by ck/w = n = /e where n is the complex index of refraction.
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mi
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my

Substrate (s) [l

Figure 2.1: Schematic of the two-phase model. £; and ¢, are the dielectric functions of
the substrate and ambient, respectively, ¢ is the angle of incidence and E; and E, are the
electric field vectors for incident and reflected light.

Thus, the operators V and % convert to ik and —iw respectively, and Maxwell’s Equations

can be rewritten as

k-D = 4np, (2.4a)
k- B =0, (2.4b)
kxE = %B, (2.4c)
kxB= —14:“’P - %“’D, (2.4d)

where J = P and P has a sinusoidal time dependence.

2.2.2 Reflectance

For RDS and SE, the incident and corresponding reflected waves are connected
by the properties of the system. The simplest reflecting case is that for which the sub-
strate is isotropic and the surface is abrupt. This is described by the so-called 2-phase
(substrate/ambient) model. This is shown in Fig. 2.1, where p- (TM-) and s- (TE-) polar-
izations are indicated. If we label the electric field components as E?, where j = p or s is

the polarization component and & = 4 or r denotes the incident or reflected field, then for
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isotropic media

E! = iPE} and E] = °E} (2.5)

where 7P and r° are the (complex) field reflectances. These are commonly referred to as the

Fresnel coefficients and for the two-phase model are given specifically as

~p _ EsNal —EaMsl
Tsa =

- Tl (2.6)
EsNal + EqNs L

~5 Ngl — ’FLSJ_
o, = —""= 2.7

M ngl + sy’ 27
where the subscripts sa refer to reflection at the interface between the substrate and ambi-

ent, and where we define n;, as
nji = (gj — eqsin® ¢)*/? (2.8)
where €; = ¢, or g;. This is a manifestation of Snell’s law for transparent materials,
71 8in 1 = N2 sin o, (2.9)

where n; is the index of refraction of the 7th medium and ¢; is the angle between the light
ray and the normal to the surface in each medium. Snell’s Law originates from matching

phases of the incident, reflected, and refracted light at the boundary between two media.

2.2.3 RDS

In RDS one measures the difference between reflectances of normally incident light
linearly polarized along each of the two principal axes of an anisotropic surface or interface.

The normalized difference is defined as

AT To —T
— = #, (2-10)
& (o +Tg)/2
where o and S denote the principal axes of the sample. Since bulk cubic crystals are nomi-
nally optically isotropic, observed anisotropies originate from the lower-symmetry surface or

interface, usually a result of steps on vicinal samples and dimers on clean surfaces. Dimers
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<001>
Ch
, <T10> V %Fd
¥
<110> LQ)D
B8

Figure 2.2: Schematic of an anisotropic overlayer, illustrated as dimers along the (110)
direction on a (001) surface. £ and &5 are the components of the dielectric tensor along
the principal axes « and 8 of the surface.

are usually associated with clean surfaces in UHV while anisotropy originating with steps
on vicinal samples can be observed even at interfaces. In principle (001) Si surfaces should
also exhibit anisotropy, but since the two sublattices are chemically identical the areas as-
sociated with each of the domains are equal on the average so the anisotropy cancels. An
example of dimer termination of a (001) surface is shown schematically in Fig. 2.2, with
the principal axes identified. We define €5 and 55 as components of the principal axes
of the surface dielectric function of the anisotropic overlayer and d as the thickness over
which the anisotropy is present. For d < A and near normal incidence, the normalized

reflectance-difference response can be written

Ar  Amide® — &5
— = 2.11
T N es—¢€4 (2.11)

where ¢, is the dielectric response of the ambient [15]. Note that the real and imaginary

parts of Eq. (2.11) follow the Kramers-Kronig relations.

2.24 SE

In SE, one measures the change in polarization state x = E,/FE; as light is reflected

from a sample. Through the use of models, the structure of the sample and/or its dielectric
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Figure 2.3: Schematic diagram of the three-phase model. &, is the dielectric function of the
overlayer of thickness d.

out

properties can be extracted. Specifically, ellipsometry determines the ratio p = ’;W of
the polarization states of the incident and reflected waves, which for essentially optically
isotropic samples is given in terms of r, and ry as p = ;—z For the two-phase model p can

be inverted to give the dielectric function of the substrate:

~\ 2
Es ) -2 2 1—p
— = sin“ ¢ + sin“ ¢ tan il 2.12
= = sind g sin gtan' o (12 ) (212

The typical ambient is vacuum or gas, in which case ¢, = 1.

Multiphase models reduce to this limit when the uppermost layer is optically thick
so that back reflections from deeper-lying interfaces can no longer be observed. When the
uppermost layer is not optically thick, multiphase models may still be represented by (2.12)
in which case the quantity obtained is the pseudodielectric function (). This representation
is helpful when performing multilayer modeling.

For our interface work the most important multilayer configuration is the so-called
three-phase model. It consists of an overlayer, o, of thickness, d, on the substrate, s, in an
ambient g as seen in Fig. 2.3. In the three-phase model the complex reflectance for p- and
s-polarizations becomes

Toa + ZTs0

Fo) = — 7 2.13
Tsoa 1+ Zsgfon ( )

where Z = "5 foL represents the phase contribution of the back-reflected wave. If d < A
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then (¢) can be approximated to first order in % as
@%V§+4mmmgﬁy—@x@—f0 §5_ﬁ§¢ 7 21
’ A €o(€s — €a) €a ’ )
If one further assumes that |€5| > |€,| > &4, then Eq. (2.14) reduces to
4mid
(e) mes+ %52/2. (2.15)

In this approximation, the correction term is independent of the dielectric response of the
overlayer. This form is particularly useful for identifying removal of overlayers and roughness
in real time during processing, for example see Edwards et al. [16].

The behavior of the dielectric function is related to the electronic band structure of
the material. We show how € = e¢; + iy may be derived using a semi-classical approach,
as summarized from ref. [17]. By using the Hamiltonian H = Hy + .-~ A - P where -e is the
electron charge, A is the vector potential, and p is the electron momentum operator, we
can describe the interaction of a classical electromagnetic field of electrons in a semiconduc-
tor. The wave functions for the electrons are quantum mechanical Bloch functions. Using
first order perturbation theory and the electric dipole approximation we can calculate the
transition probability of absorption per unit volume of the crystal, which can be written in
the form of Fermi’s Golden Rule as [17]

n-2 () |E

2
7 37 1Pl (Belke) — Ey(ky) — ), (2.16)

ke kv

where |Pvc|2 is the momentum matrix element, and E, . and ky . are the energies and
wavevectors of the valence and conduction band electrons, respectively. In an infinite crystal
only vertical transitions ky = ke = k are allowed so Eq. (2.16)is reduced to a single sum.

We can express the average intensity I of the electric field E in terms of the absorp-
tion coefficient  and the field amplitude for a penetration depth z as I = Ije®*(t) = g|E2|,
where I is the average intensity incident at the sample surface at z = 0. We can equate
power lost by the field, —dI/dt, to the transition probability times the photon energy, Rhw
to obtain

cno

MM:§;EWW. (2.17)
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If we describe absorption with a complex index of refraction, 7 = n + ix, then €9 = 2nk

and we find

e = (27“3) 3 |Pocf26 (Be(k) — By (k) — fuw) (2.18)
k

mw

By using the Kramers-Kronig relations we obtain

4re? 2 [ Pye|?
=1
€1 + m [Z (mhwcv) w2, — w?

k cv

(2.19)

Here, ¢ has a form similar to the classical form of the dielectric constant for a collection of

classical, charged harmonic oscillators with frequency we,. Using this comparison the term

|Pue |
2mhwcv

[17].

can be extracted and identified as the oscillator strength of the optical transition

By noting that the summation over ¢ (Ec(k) — E, (k) — fiw) gives rise to most of the
dispersion in €2 we can convert the summation into an integration over energy by defining

a joint density of states Djpgs for the conduction and valence bands

dsS
Djnos(E. k

1
) = 15 | B (2.20)

where the integration is taken over an area defined by E.(k) — E,(k) = constant. When
|Vi(E.(k) — Ey(k))| = 0 then there are singularities in Eq. (2.20). These are known as Van
Hove singularities [18] or “critical points.”

Figure 2.4(a) shows ellipsometrically measured room-temperature spectra of the
real and imaginary parts of the dielectric function and Fig. 2.4(b) shows the bandstructure
diagram for Si. The energies labeled Ey, E1, Es, etc., identify interband or critical point
transitions. This labeling convention, originally proposed by Cardona [21], refers to the

following[15]:

e For Ey and Ey + Ay the subscript “0” refers to the center of the Brillouin zone and
labels transitions along the (000) or I' direction. For direct-gap zinc-blende semicon-
ductors this is the energy at which €2 becomes appreciable. A refers to the spin-orbit

splitting at the zone center.
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Figure 2.4: (a) Real and imaginary parts of the dielectric function of Si from ref.[19]. (b)
Electronic band structure from ref.[20]

e For F; and E; + A; the subscript “1” refers to transitions occurring along the (111)
or A direction. The spin-orbit splitting A; generally obeys the “two-thirds rule” in
that it is approximately 2/3 A in magnitude [21]. From Fig. 2.4 note that e reaches
its first maximum due to transitions occurring along this direction. The spin-orbit
interaction in Si is small and only one peak is observed. This transition is complicated

by the E(') transition at 3.378 eV at room temperature.

e For E, the subscript “2” refers to transitions along the X direction. However, the
E, transition contains contributions from transitions occurring over a relatively large
part of the Brillouin zone near the edges of the (100) and (110) directions. It has been
shown that the height of the €9 peak as measured by ellipsometry is very sensitive to
overlayers on the surface, e.g., oxides or roughness, and can therefore be used as a
measure of surface quality [22]. This stems from the fact that the penetration depth

at typical Ey energies is relatively small.

e For EE) and E'1 the primes refer to higher-lying transitions in the appropriate regions.
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Table 2.1: Measured transition energies (eV) for Si from refs. [23] and [17].

Transition type| indirect E; Eo+Ay E, Ei E| FE,
Si energy 1.12 4185  4.229  3.378 3.45 5.50 4.330

In particular, these involve transitions between the valence bands and higher order

conduction bands along the zone center and (111) directions, respectively.

The transition energy information for Si is summarized in Table 2.1. Note that these
transition energies are sharply defined in crystalline material but are broadened by disorder

in amorphous material.

2.3 Interaction of Light with Materials— Nonlinear Case

2.3.1 Overview

For sufficiently strong electric fields the electronic or ionic displacements are driven
to large amplitudes and the oscillator response becomes nonlinear. That is, the restoring
force is no longer simply given by Hooke’s Law, but exhibits anharmonic behavior. In this
case the constitutive relations found in Eq. (2.3) must be generalized. We consider here
only the next term of the expansion:

1 2
Do=Y B +> ) EsE,. (2.21)
B By
This can also be written as a polarization P:
1 2
Poa =Y X3Es+ > X, EsEy- (2.22)
B By

We continue the assumption that 4 =1 (B = H).
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2.3.1.1 Review of Phenomenological Approaches

Previous analyses of SHG data have approached the problem either phenomenolog-
ically, in terms of tensor components that are allowed by symmetry or by band theory, as
an outgrowth of typical approaches for calculating . Both tend to obscure insight into
the physics involved. Serious SHG work began with the discovery of the laser, and is typ-
ified by the early work of Bloembergen [24, 25]. Although much progress has been made
over the last forty years, on the theoretical side developments have been restricted to the
tensoral perspective mentioned above, where even ‘simplistic’ models require complicated
equations[26, 27]. The efforts of Sipe et al. have linked the components of the nonlinear
susceptibility tensor to observable anisotropies [28, 29]. Up to now this has been the typical
approach used by experimenters to quantify data and we present the basis of this model
in the next section. Sipe has also modeled the interface with a Greens’ function formalism
that eliminates the complication of having to calculate the nonlinear susceptibility, but also
provides no path for a microscopic description of the interface[30]. The previous work that
comes closest to involving a microscopic description of interface bonding is the polarizable
bond model of Mochan and Mendoza [31]. In that work, the authors describe the linear
response of the polarizable bond and formulate the nonlinear susceptibility in terms of the
energy resonances associated with the linear response. Mochan and Mendoza then calculate
the azimuthal dependence of SHG for singular (111) Si and (100)Si surfaces based on the
previous work by Sipe[29]. This formulation addresses the frequency dependent behaviour,
but does not derive the symmetry of the signal from the microscopic bonding. In Sec. 2.3.2
we develop a model for deriving the azimuthal dependent symmetry of the intensity from
the microscopic nonlinear polarizabilities for each bond. In Sec. 4.1.2 we describe changes
in intensity based on changes in parameters of our model and then we analyze our data

with a least squares analysis to this model to some representative data.
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2.3.1.2 Analysis of SHG Anisotropy

The most primitive phenomenological approach is to write the SHG anisotropy as
a Fourier series in ¢, with amplitudes and phases determined by least-squares (Fourier)
analysis. For vicinal (111) Si toward either the (112) or the (112) direction, in this model

the measured intensity can be written
o i1 13 e 2
I o [Ape™ + A1e"™* cos(¢p) + Aze™” cos(3¢) + Bie sm(qﬁ)‘ , (2.23)

where I is the measured intensity, A; and 1; are the amplitude and phase of the SHG field
for the rotational-anisotropy contribution Cj relative to the driving field, and By and § are
the amplitude and phase of the SHG field component describing kinks (steps). We found
that for our samples the kink contribution is negligible, but we included the term in the
fitting routine to establish this definitively.

We introduce an alternative method for analyzing the azimuthal anisotropy by the
primitive model, which we use for the p- polarized reflected state. Instead of analyzing
Eq. (2.23) directly by least-squares techniques, we first Fourier analyze the azimuthal de-
pendence and then fit the phenomenological parameters in Eq.(2.23) to the Fourier coeffi-
cients. The zero reference for ¢ was determined by rotating the data set for p-polarization
until the peaks lined up at 0° and every 60° for the six-fold component, placing the larger
peak associated with the response along the bond at 0° with the sin 6¢ term in the intensity
minimized. For the vicinal samples, 0° was taken to correspond to the large peak associated
with the response from the step bond. This choice results in an inversion symmetry about
180° for most vicinal samples. We describe this approach as follows.

Let I(¢) be the intensity. Then by usual methods we can write

u@:%+z%mm@+2%mm@ (2.24a)
n=1 n=1

where

%:—Awﬂ@mWW) (2.24b)

™
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and
1 2w
by, = - f(¢) sin(ne). (2.24¢)
0
The coefficients a,, and b, expressed in terms of the parameters of Eq. (2.23) are
given by
20 o, A7 A3 B}
L 1,8, L. 2.2
5 ot 5 + 2 + 5 (2.25a)
a; = 2AOA1 COS(’(/)l); (2.25b)
A2 B?
a9 = 71 — 71; (2250)
az = 2AOA3 COS(’(/)g); (2.25d)
as = A1A3 COS(’lpl - ’lpg); (2256)
2
ag = ﬁ; (2.25f)
2
by = 2A¢Bj cos(B); (2.25g)
b2 = AlBl COS(’lpl - ,8) - AgBl COS(’(/)g - ,8), (225}1)
by = A3Bi COS(’L,b3 - ,8) (2.25i)

The novelty of our approach lies in the application of nonlinear least squares analysis to the
nine equations of (2.25), which overdetermine the six unknowns. The Fourier coefficients

B

2 2
are found from 360 data points per sample revolution. As an example, A% + % + % + 5

is the function fit to 4. This is done for each of the relations of Eq. (2.25). An interesting
aspect of this procedure is that nine different equations are used to fit the nine points while
the relationships between the parameters and the coefficients can be readily traced to the
model of Eq. (2.23). Thus, a higher number of iterations is required but fewer “data points”
are used.A concise description of the least squares analysis is included in Appendix B. The
nine Fourier coefficients contain all the information of the anisotropy, which can be verified

by observing the magnitude of the Fourier coefficients and by checking the resulting fit

against the set of data.
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2.3.2 Microscopic Description

We now present an approach that addresses the physics involved in the nonlinear
response and connects the microscopic bonding mechanism to the macroscopic observed
intensity. We arrive at this result in three parts: 1) by analyzing the forces involved,
including an anharmonic restoring force, which leads to the definition of the nonlinear
polarization vector and thus a mechanism for generating light at twice the frequency of
the incident beam; 2) a discussion of the physics that must be considered for evaluating
the boundary conditions at the interface, including Gauss’ and Stokes’ Theorems; and 3)
analyzing the geometry of the bonds for the specific case of vicinal (111) Si, which illustrates
how we work with electric field components parallel and perpendicular to the bonds to arrive

at a manageable form of the nonlinear polarization vector.

2.3.2.1 Force Analysis

We begin with the force analysis as formulated by Shen [32]. We suppose an electric
field E(w) = Ee~™! that exerts a force Fy = gEe~*" on a bond charge q, thus displacing
the charge by an amount Ax. We assume for simplicity that ¢ is a point charge. ¢ is subject
to a restoring force F; = —IZ(X —xg) — I(s_;(x — x9)2, where x is the equilibrium position
of the charge and l:; and ;c_; are the restoring coefficients for the harmonic and anharmonic
forces, respectively. The vector nature of F; and Fy is described most generally by IZ,
which is a second rank tensor and by ;4:_;, which is a 3rd rank tensor. The square of the
vectors is interpreted as a dyadic. We also include a damping force, F3 = —fx. When

we put it all together, Newton’s Second Law, )  F; = mX, takes the form (with the vector

nature suppressed)
—qEe™™ — ki (z — x0) — ka(z — 0)? — BL = mi. (2.26)

In Eq. (2.26) we have gone beyond the simple Hooke’s Law formulation to include the next

higher order.
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We use an iterative method to find an approximate solution to this differential

—12wt

equation. We begin with the trial function z = zo + Azie !+ Azqe and retain terms

only to second order. Substituting and matching the exponential terms gives us
—iwt . 4 2 ; _ .2 .
e : E — wjAz) + iwl'Az) = —wAzy; (2.27a)
m
; k
e 2wt —waAzy — 22 (Az1)? 4 20T Azy = —4w® Amy; (2.27b)
m

where % = w? and % =T'. Here —LF is the source term in (2.27a) while %(Aml)Q is the

source term in (2.27b). Solving for Az gives
+E

A = —72 2.28
o w? — w? +iwl’ (2.282)

while solving for Azs gives

w? — ()2 + iw%

or

1k ay2p. g
Ay = im m .
(W? — w3 +iwl)2(w? — ()2 +iwk)

(2.28b)

Equation (2.28b) has the form of a double-pole resonance at w = wg with a broadening
parameter I' and a single-pole resonance at w = % with a broadening parameter g The
general behavior of Azs is shown in Fig. 2.5. The physical meaning is that if linear absorp-
tion occurs at wy, then two-photon absorption will occur at wg/2. The electric fields are

written such that the underlying vector and tensor nature of the equation are not forgotten.

In the point-charge model we define the polarization density as
P =P, + Py = ngAx; e ! + ngAxye "2 (2.29)

where P; and P; are the linear and nonlinear dipole responses per unit volume, respectively,
and n is the number of charges ¢ per unit volume. For SHG in centrosymmetric materials,
where the response arises entirely from a surface or interface, we write n = nsd(z) where n;
is the density of contributing dipoles per unit area A and (z) is the Dirac delta function.

This form restricts the contributing dipoles to the surface layer.
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Figure 2.5: Amplitude and phase of the anharmonic response with a linear resonance at wy
and broadening I'.

2.3.2.2 Discussion of Boundary Conditions and Connection between P(? and

Far-Field Radiation

Our goal is to connect the microscopic formulation of Py to the macroscopic observed
far-field radiation intensity. In principle this allows us to calculate and compare magnitudes
between experiment and model for the different polarization configurations, although in
these experiments we will be concerned with relative values only. The azimuthal dependence
of the intensity is calculated from the bond geometry in the following section. Although
we will ultimately connect the observed SHG intensity to P by the usual dipole-radiation
expression, in this section we explore the use of Stokes’ and Gauss’ Theorems applied to
the macroscopic Maxwell’s Equations to establish this relation. Our point in this section is
mainly to discuss the complications encountered.

Our treatment begins with the macroscopic Maxwell’s Equations, Egs. (2.1), al-
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though we now need to discuss Ampeére’s law (2.1d) in more detail. Here, we write
D = E + 47P and consider only the SHG response. Since P2 is driven by the incident
field E(w) = Ege~™?, it becomes the source term for plane waves radiating into the sub-
strate and ambient. Our objective is to connect the observed wave in the ambient to
Py = Pe*®~!§(2) where k and w are the wave vector and frequency of the generated
second harmonic light. We shall henceforth drop the subscript 2 since we are restricting

our attention to the nonlinear response. Ampere’s law therefore becomes

_10E 47 0P

where %—It’ is the current density J.

Now that we have our working relations, we would like to obtain the measurable
macroscopic field generated from P by applying appropriate boundary conditions. We use

Stokes’ Theorem
/(VxA)-ﬁda:]{A-dl (2.31)
S C

and the Divergence Theorem

/ V-Ad*z = / A-n (2.32)
14 S

where A is a vector field. In Stokes Theorem S is a surface with unit vector i bounded
by the path C. In the Divergence Theorem V is the volume enclosed by S, with ii being a
unit normal vector pointing away from the enclosed volume.

To obtain the condition for normal D and B we use a Gaussian pill box extending
from the ambient to the substrate as seen in the schematic in Fig. 2.6. The box is of
sufficient thickness to include our thin dipole layer. We choose the area and volume such
that all the dipoles are included. We make no assumptions about surface charge and note
that an induced surface charge density, o, may exist as a result of the radiating dipole layer.

With the use of (2.32) we find that the normal components of D and B have the following
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Figure 2.6: Gaussian pill box and Stokes’s contour loop for boundary conditions.
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(2.33)

(2.34)

These state that normal B is continuous across the boundary and that we can account for

a discontinuity of normal D across the boundary by a surface charge. These are the typical

boundary conditions for normal D and B.

The next step is to obtain the conditions for tangential E and B. Starting with E,

we use a contour loop as in Fig. 2.6 and apply Stokes’ Theorem, (2.31), to (2.1c) and (2.1d).

Taking the surface integral of (2.1c),

/S(VXE)-tda:—/

and applying Stokes Theorem gives

1

Since B is regular, then as S — 0 the right side of the above equation vanishes and

(Ey — Eo) - (n x t) = 0.

(2.35)
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Thus the tangential component of E is continuous. This is always the case since, without
the existence of magnetic monopoles, the normal component of B is always continuous.
The remaining boundary condition is for tangential B with the inclusion of the

dipole layer. Taking the surface integral of (2.1d),

xB) tda=2 [ B taa— 2™ [P tda, (2.36)
CJs 875 C S
S

and applying Stokes Theorem gives

1 [ OE A
fB-dl:— 9B ¢ da— ”‘*’/P-tda. (2.37)
C C Sat C S

Here we must be careful in our analysis. Upon first observation, the initial desire would
be to assume the integral over %—}f goes to zero, that is, that E is continuous and to relate

tangential B to P by
dmiw

(B;—B,) - (nxt)=———P-t. (2.38)

However, we must take care to recognize that Stokes’ Theorem is most useful for obtaining
boundary conditions when we can take advantage of geometry to obtain solutions. In the
case of Ampere’s Law, the geometry of the contour loop needs to be oriented in such a
fashion that the boundaries are parallel to the current density in order to have reasonable
calculations and meaningful results. Unfortunately, in our situation the radiating dipoles
(the polarizations) and thus the current densities, are oriented in various directions and
obtaining the geometry of a contour loop for determining meaningful boundary conditions
would be nearly impossible. We conclude that the application of Gauss’ and Stokes’ Theo-
rems to this problem is not particularly useful.

We next suppose that the nonlinear response Az, generates the observed radiation
directly. We can then use the standard expression for far-field radiation

ikr

Ex~®

—k X (k x P), (2.39)

where P is the radiation from any single dipole. Adding these up will result in two plane
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waves, one for the ambient and one for the substrate:

ambient:  Bgeka T, (2.40)

substrate: ~ Egefs T, (2.41)

where ky; = kg; from matching the phases across the interface and propagation in the
positive z-z plane such that k, = —k, sin(8)X + k, cos(0)z and k, = —k, sin(0)X — ks, Z.

The remaining issue involves the location of the dipoles. If the radiating dipoles
are above the bulk material, no matter how infinitesimally far away, then we must consider
not only light arriving directly from the dipoles but also that reflected from the substrate.
On the other hand, if the radiating dipoles are in the surface of the bulk material then
only the directly emitted radiation will be relevant. Unfortunately, the intensity for the
two perspectives are not quite equivalent. The power transmitted into the material and
out to the observer differ for the two cases. Here, we take the simpler approach, assuming
that the dipoles are in or slightly under the interface. Note that in either case, for samples
with overlying oxides the observation angle is not the radiation angle but is related to it by
Snell’s Law, so the light is refracted at the oxide ambient interface.

The alternative methods in the literature for avoiding these complications are (1)
a general Green-function treatment of the interface as a slab [30], (2) to reduce the polar-
ization response to a monolayer of adatoms that contribute only to the Z component of the
polarization [26, 27], or (3) to completely ignore these issues and deal with SHG solely from
a phenomenological perspective as mentioned previously in Sec. 2.3.1.1. We expect these

issues to be addressed more fully in the near future.

2.3.2.3 Microscopic formulation of P(?)

In summary, we recall

P? « Axy (2.42)
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and that

A
AXQ [0 kQEE. (2.43)

from the microscopic force analysis in Sec. 2.3.2.1. This is similar to Pi(2) = XijkEj E* where
all the information is contained x;; or l:; noting that each is a third rank tensor. Resonance
information is contained in the force relations, which are not expressed explicitly in x;j.
Also note that x;; is defined with respect to the crystal axes, not the bonds themselves,
whereas l(c_; depends only on the bond and is independent of the crystal axes.

Our next step is to define the contributions to P(). We consider only the atoms
and bonds comprising the (111) Si interface, since this is where the major fraction of the
SHG response originates. We define the incident driving field direction for p-polarization
as

B = — cos 0% + sin 6z (2.44)
where 6 is the angle of incidence at the interface. That is, refraction due to an oxide
overlayer needs to be accounted for in determining 6. For each bond b we determine the
components of the driving field along and perpendicular to the bond with the projection
operations

E| =b(E-b); (2.45)

~

E, =E-Db(E-b)=bx (E xb). (2.46)

For a singular (111) Si surface the directions of the relevant tetrahedral bonds can be

expressed as

by = 0x  + 0y + 1%, (2.47a)
. 2 2v/2 1

b, = % cos(p)x + T\/_ sin(¢)y  — 52’ (2.47b)
. 2V/2 27 V2 27 1

=" "% i )y - ~7 2.4

by 3 cos(¢ + 3 )X + 3 sin(¢ + 3 )y 5% (2.47¢)
. 2V/2 2m . 2V2 27 . 1,

b3 = T COS(¢ — ?)X =+ T Sll’l(¢ — ?)y — gZ, (247d)
bs=  cos($)sin(B)x  + sin(¢)sin(8)§ +  cos(B)z- (2.47¢)
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Here, ¢ is the azimuthal angle of rotation about the Z direction and ( is the angle from
z that allows for step bonds to be tilted relative to terrace bonds, by is the bond normal
to the surface, and f)l, f)g, and bs are the three-fold-symmetric bonds pointing toward the
substrate. 134 represents steps.

For (112) vicinal samples, we expect the step bonds to be nearly parallel to b1. We
can define 3 in two different ways to describe the step bond for steps in (112) direction. For
¢ = 0, bond b1 has components along X and —Z so we can choose [ either to lie between
90° and 180° such that the step bond has a downward tilt and components along X and —Z.
Alternatively, we can choose 8 to lie between -90° and 0° such that the step bond has an
upward tilt and components along —% and Z. The difference is 180° and can be attributed
to an ambiguity in the sign of the vector, which will influence the intensity depending upon
how the step bond vector combines with b1. In our present analysis we use —90° < 8 < 0
for the step bonds to add positively to b, for the step bond response. For step bonds in the
(112) direction we choose 3 to lie between 0° and 90°, corresponding to components along
X and z for ¢ = 0 for the step bonds to subtract from by for the step bond response.

We now build P from E| and E;. We do this for the three types of bonds, the
normal bond, the three-fold symmetric bonds, and the step bond. Recognizing that the
relationship for P(3), as mentioned above, requires a product of the driving electric field,
we write P in terms of the field projections parallel and perpendicular to the bonds with

complex polarizabilities a;,:
2 _ - .
P.” = (aj BBy + ajoBj 1 - Ej1) bj+ ()1 - Ej 1+ ouBj By ) Ej L (248)

where j refers to one of the five bonds and v corresponds to the projection of E either
parallel or perpendicular to the bond. Here ]:]j, 1L is the unit vector in the direction of E; ;.

The last step is to connect the nonlinear polarization to the far-field scattered in-
tensity. Here we assume the dipoles to be at the surface or interface of the material and
calculate the far-field radiation such that the nonlinear photons are radiated out to the ob-

server or into the bulk material with no secondary reflection. For multiple scatterers with
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dipoles, P;, located at R; away from the origin, the generated electric field can be written
9 eiﬁ-r ot . R R
E — k D 1Y) |: L . tk-R; .
—e Z P;—k@P; k)|e (2.49)
J
where k, the wave vector as seen by the observer, has the unit direction of
k = — sin 6% + cos 03. (2.50)
The intensity is found to be (for each polarization state)
I, x E, - Ej (2.51)
and
I, < E, - EX, (2.52)

where the plane of incidence is in the x-z plane, the perpendicular component of E; is in

the § direction and E, has direction

B, = cos 0% + sin 03. (2.53)



Chapter 3

Experiments

The objective of the work is to better understand the bonding behavior at silicon
oxide, oxy/nitride, and nitride interfaces. In particular, we used remote plasma enhanced
chemical vapor deposition (RPECVD) to perform oxidations, nitridations, and seeped ni-
tridations through oxidation on (111) Si and vicinal (111) Si followed by an ex-situ rapid
thermal anneal (RTA). The vicinal samples include (111) Si with a 5° cut along the (112) and
along the (112) directions.

The experimental procedure consisted of cleaning the samples, plasma-processing
the surfaces in a UHV environment, acquiring in-situ azimuthal SHG spectra, and plasma
depositing an oxide or nitride cap to protect the interface from ex-situ environments. Fx-
situ SHG spectra and linear optical spectra were taken before and after a rapid thermal

anneal. The linear optical diagnostics included RDS on vicinal wafers and SE on all wafers.

3.1 Samples

The samples for these sets of experiments were of three orientations with two types
of interfaces. The three orientations for the samples were singular (111) Si, vicinal (111) Si
cut 5° toward the (112) direction, and vicinal (111) Si cut 5° toward the (112) direction.

The processing steps to be evaluated were oxidation and nitridation. Nitridation was done
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in two different ways. In the first process a plasma nitridation of the surface was performed
directly. In the second process nitridation was performed after plasma oxidation of the
wafer by performing a plasma nitridation to seep nitrogen through the oxide. In-situ SHG
was conducted after the three types of interface procedures. For the seeped nitridation,
in-situ SHG was performed after each process.

The plasma processing procedure consisted of preparing the samples, processing the
surface with either an oxidation or nitridation in the processing chamber, transferring the
sample to the SHG chamber for the in-situ surface SHG measurements, and then transferring
the sample back to the processing chamber for either further interface processing or else a
final plasma deposited cap.

Sample preparation involved the removal of a sacrificial thermal oxide of ~ 150 —
170A by a 2 minute 45 second exposure to a solution of VLSI low-particulate-grade HF
diluted 50:1 with de-ionized water, followed by a rinse in a solution of VLSI low particulate
grade 40% NH4F in de-ionized water until the surface was hydrophobic. The sample was
then loaded into the UHV system through a load lock. Once the pressure of the load
lock approached the background pressure of the system, the sample was transferred to the
processing chamber. Base pressures for this system were of the order of 5 x 10~ Torr.

The procedure for plasma processing entailed heating the substrate to 300 °C and
then exposing the sample to either an oxidation or a nitridation plasma. The oxidation
plasma consisted of a 30W plasma, of 200 sccm Helium and 20 sccm oxygen at a pressure
of 300 millitorr for 15 seconds. The nitridation plasma consisted of a 30W plasma of
160 sccm Helium and 60 sccm nitrogen also at a pressure of 300 millitorr for 15 seconds
for a pre-nitridation or else for 90 seconds for a post-nitridation after an initial plasma
oxidation. After this initial process, the sample was allowed to cool to below 100 °C and
then transferred to the SHG chamber for in-situ SHG measurements, see Sec. 3.2. After
the in-situ SHG measurements either a plasma nitridation was performed on the interface
followed by a second SHG measurement or else the sample was capped for removal from

the UHV system.
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The oxidation samples were capped with a plasma created oxide of SiO9 at 30W of
200 sccm Helium, 10 sccm 2% Silane in Helium, and 20 sccm oxygen at 300 millitorr for 3
minutes. The nitridation samples involved two caps: one of Si09 and the other SigN4. The
SigNy cap was grown at 30W of 160 sccm Helium, 10 sccm 2% silane in Helium, and 60
sccm nitrogen for 6 minutes. We used different caps for the nitridation samples to allow for
possible differences in relaxation of the chemical interface for a similar chemical composition

of the nitride cap vs. a different chemical composition of the oxide cap.

3.2 In-situ SHG

The optical configuration is as follows. A Coherent Sabre argon ion laser was used
as a pump laser for a Coherent Ti-sapphire laser. With the power for the pump laser at
15.50 W, we would obtain typical mode-locked average power levels ranging from 1.4W at
the end points of the range of the mirror set, 800 and 890nm, to 2.1W at the midpoint
of the range of the mirror set, 845nm, with a FWHM ranging from 5.0-8.0nm throughout
the range. We used a reference SH signal from crystalline quartz of a depolarizer in order
to normalize against variations in the power and the FWHM over the tuning range and
against fluctuations in the peak power. We aligned the optical configuration such that all
the mirrors along the optical path were reflecting along normal modes so that there was no
polarization mixing. The schematic for the optical path for the lasers on the optical table

to the chamber are shown in Fig. 3.1(b) and Fig. 3.1(a).
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The output of the Ti-sapphire was sent to an amorphous quartz slide that split the
beam path so that 1% of the average power went to a Rees E201 spectrum analyzer for
measurement of the wavelength and FWHM. The remaining beam went to an assembly of
mirrors and prisms that matched the geometry of the prisms in the Ti-sapphire cavity that
we purchased from Coherent as a short pulse option. We could move the prisms to adjust
the group velocity dispersion (GVD) of the beam. By adjusting the GVD with the short
pulse option, we could compensate for the positive GVD generated by optical elements
further down the beam path. Thus, we could optimize the pulses to be shortest at the
sample and generate the largest SH response. The pulses were of the order of 100fs.

The output from the prism assembly went to a mirror to send the beam vertical.
The mirror was coated with a dielectric to optimize power transmission for 45° AOI s-
polarization. For safety considerations, we covered this mirror with a dull tin box that
had entrance and exit cutouts. This box had a removable side for mirror adjustment. The
output traveled 44 inches vertically from the mirror on the table top to a silvered mirror,
M1 in Fig. 3.1(a). From M1, the beam traveled at an angle of 22.5° along a path parallel
to the chamber window to a concave mirror with a 50cm focal length. By estimating the
divergence of the beam at 0.5cm, we estimate the spot size at the sample to be approximately
60 microns. We designed the path to have near normal AOI for the focusing and steering
mirrors, FM1 and M2 in Fig. 3.1(a). We used a filter, F1, to block any 2w components
generated by previous optical components and we used a quartz slide to send approximately
1% of the beam power through a quartz de-polarizer which generated a strong 2w signal
for a reference to a PMT. Filters, F2, blocked w and 3w components to the beam. Again,
for safety reasons, we covered the beam from the top of the box to the vertical mirror, M1,
and then to the remaining components near the chamber port window. We used two pieces
of hollow rectangular PVC gutter pipe connected at M1 for the covering of the beam path
between the mirrors and we used a second tin box to cover the optical components at the
chamber port window.

We used BOMCO strain reduced optical ports for chamber windows to minimize
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Figure 3.2: Chamber and wobble details.

polarization change and non-linear response from the windows. We took advantage of the
fact that the polarization of the light from the laser is determined by the Brewster windows
within the cavity of the Ti-sapphire laser and we used the normal modes of mirrors to ensure
p-polarization incident to the sample without the use of a polarizer. A schematic of the
detection optics is shown in Fig. 3.2(a) with filters, F2, used to block the fundamental and
third harmonic frequencies, polarizer, P1, for measuring p-polarization and s-polarization
reflectance, and PMT for measuring the 2w signal from the sample.

We used a He-Ne laser as a light source to pass through a view port, reflect off the
sample, pass through a second view port and finally scatter off a target approximately four
feet away. The purpose of this second laser was to trace out a path on the target as the
sample rotated so that we could identify and minimize sample wobble. Figure 3.2(a) shows

a schematic that includes the He-Ne laser and its beam path. To reduce the wobble, the
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sample support included a mechanism to adjust for wobble via micrometer adjustments at
the base of the geared differentially pumped rotating flange. A schematic for the sample
holder and wobble adjustment mechanism can be seen in Fig. 3.2(b).

The in situ SHG procedure consisted of minimizing the wobble, covering the unused
chamber view ports, switching off the lights and acquiring data with the photomultiplier
tubes, which operate in the photon-counting mode. Wobble reduction was realized by first
observing the amount of wobble in the reflected beam of the He-Ne laser. The sample was
set into motion for a full rotation of 360 degrees and the path of the reflected beam from the
He-Ne laser was marked on the target. The center of the resulting ellipse was identified and
then adjustment of the micrometers affecting the tilt of the sample, as shown in Fig. 3.2(b),
were made until the laser beam was aimed at the center of the ellipse. Verification of the
wobble adjustment was checked by another rotation of the sample through 360 degrees. We
were able to minimize wobble to within a sample runout of 0.6°.

The data acquisition program allows for computer control of the motor attached
to the geared differential flange for rotation of the whole assembly, see Fig. 3.2(b). The
computer increments the motor rotation by 1° after which the signal is accumulated for
300 ms. This is done for a full 360 degrees rotation for each of the p-p polarization and p-s
polarization configurations.

After an azimuthal spectra was taken and stored on the computer disk, the polarizer
was rotated to obtain the complementary polarization response. After a second spectra was
taken and stored on the disk, the beam from the Ti-sapphire laser was blocked and the
laser was tuned to the next desired wavelength. We took seven azimuthal spectra as we
tuned the laser from 800 to 890nm at 15nm intervals. A set of azimuthal spectra with

phenomenological curve fits for the p-p polarization configuration is shown in Fig. 3.3.
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Figure 3.4: Table beam path after output of short pulse option of Ti-sapphire laser.

3.3 Rapid Thermal Anneal Experiments

The samples were annealed at a temperature of 900 °C under an Argon atmosphere
for 30 seconds. The Argon environment prevented further chemical changes during the
heating. The 900 °C RTA relaxes the bonds at the interface. Our intent was to compare

SHG, RDS, and SE spectra before and after the anneal to investigate interface changes.

3.3.1 Ex-situ SHG

The ex-situ SHG experiments used essentially the same equipment as the in-situ
SHG. Again, the objectives were to obtain a strong, measurable signal from the surface, to
have a reference for a comparable normalized signal, and to reduce rotational wobble with
a smaller helium-neon laser.

A strong, measurable signal was obtained by creating a long beam path and a short
focal length mirror, see Fig. 3.4. The long beam path allowed the natural divergence of the

beam to increase the beam size. The short focal length mirror focused the beam down to a
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spot size of less than 40 microns at the sample. This combination allowed data to be taken
with the shorter accumulation period of 100ms as compared to the 300ms period needed for
the in-situ configuration. The data were taken with the room lights extinguished just as in
the case of the in-situ SHG arrangement. The path was covered with a black cloth to restrict
background light from entering either PMT. The beam path arrangement contributed to
the ease of covering the path since the entrance into the enclosure was normal to most of
the path and the entrance of each PMT was oriented opposite the entrance.

The same crystal-quartz depolarizer was used to generate the reference SHG beam
for normalization. However, we note that the magnitude of a normalization signal depends
upon the optical configuration. Any adjustment of the beam path, of either the signal or
the reference, will result in a normalized signal that is not directly comparable to other ar-
rangements. However, ratios and differences in phase may be compared. Some adjustments
to the beam path did affect the normalized data, thus the reported results will be restricted
to comparing differences in phase in Sec. 4.1.1.2.

A helium-neon laser was used to identify wobble for this bench configuration as
well. The sample was held down by clips onto a holder that was screwed onto a mirror
mount that connected the sample holder to the motor and allowed two degrees of freedom
for reducing wobble. The procedure for reducing the wobble was to mark on a paper
every 90° on the path the laser followed as the sample rotated 360°. The mirror mount
attached to the sample was adjusted until the beam spot met the intersection of the two
lines connecting the diagonally opposite marks. The sample was rotated again to check
the reduced wobble. We were able to minimize wobble to within a sample runout of 0.4°.
SHG azimuthal dependent data with phenomenological curve fits for the p-p polarization
configuration at 830nm incident wavelength before and after RTA for (111) Si is shown in
Fig. 3.5, for vicinal (111) Si cut 5°toward (112) is shown in Fig. 3.6, and for vicinal (111)

Si cut 5°toward (112) is shown in Fig. 3.7.



38

CHAPTER 3. EXPERIMENTS

09¢
L

VI I9)e pue 9I10J9(q
deo oprxo pue uoryeprxo yym 1§ (T1[) 1o} wu(eg e sy [eordojouswousyd pue sordorjostue HHQ njs-xo ojdurexy :¢'¢ oIngig

saalbaq
08T 0 09¢ 08T 0
1 | OO_ 1 |
70
V14 ald
V14 1sod i i

SJUNOD PazIfewIoN



39

CHAPTER 3. EXPERIMENTS

VI 10y pue 210joq ded 9pIxX0o pur UOI}RPIXO
qHMm (gIT) pIemo} ¢ 1o 1§ (T[]) [UIOIA 10] WU()EY e s1Y [eordojouswoudyd pue sordorjosiue HHG ns-xo ojdurexyy :9°¢ omdig

saalbag
09€ 08T 0 09¢ 08T 0
O.o_ L _ L o.o
]
L 10 - 10
Z
=
3
)
Al -20 N
o
O
(@)
[
=
- €0 -0 O
0 - 7°0
V1Y isod i V1Y ald i




40

CHAPTER 3. EXPERIMENTS

09€

VI 10y pue 210joq ded 9pIxo pur UOI}RPIXO
qHA (Z11) pIemo) (¢ 1o 1§ (T1[) [RUIdIA 10 Wu(Eg e sy [eordojousmwouoyd pue sordorjosiue HHE nys-xo ojdurexy :)'¢ omsig

saalbag
08T 0 09¢ 08T 0

0o L 00
- 10 - 10
A A

T
V1Y 1sod V14 ald

0 L ¢0

SJUN0D PazZIfeWIoN



CHAPTER 3. EXPERIMENTS 41

3.3.2 Reflection Difference Spectroscopy

A standard RD configuration [33] was used to obtain linear optical anisotropy data
from 1.5 to 5.5eV at an angle of incidence of 0.6°. The usual procedure for obtaining RD
spectra requires first determining by trial and error the sample azimuth giving a null signal,
then obtaining two spectra at azimuths £45° from the null setting. The final spectrum is
obtained by subtracting these two results and dividing by two. This procedure removes
any background response from the optical components. As optimal as this technique might
appear, it has some deficiencies. The most significant deficiency is that multiple scans are
needed to located the null signal. Here, we introduce an alternative procedure that allows
the null signal to be found systematically by analysis after the spectra have been taken.
Another improvement is that the analysis will indicate if multiple mechanisms contribute to
the anisotropy. Our procedure establishes the number of spectra needed to obtain publish-
able spectra as N, where N is an integer or half integer. In our case N = 4. The limitation
on N is the accuracy of the mechanical sample rotation and the desired number of spectra
to evaluate.

We suppose a signal at a given sample azimuth angle ¢;, which can be written

fi = L(E) cos(¢i — o) (3.1)

wherei =1to N, ¢; = 1%0(2' —1), ¢, is the offset angle, f; is the spectrum corresponding to
¢i, and L(E) is the invariant spectral lineshape of the signal to be found. We then Fourier

analyze the resulting set of spectra as

N

> [L(E) cos(2(¢; — ¢bo))] cos(2(bi — b)) (3.2)

=1

2
I=x

where ¢, is a user-defined offset. The goal is to choose ¢, such that the resulting Fourier
sum is the null signal since a null signal is easier to identify than a maximum signal. This

occurs at </>; = ¢, + 7. Having ¢, we now Fourier transform the spectra with (,b; = ¢, to

obtain the lineshape L(FE). If a null signal is not obtained for any value of ¢;, this is an
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Figure 3.8: Schematic of a rotating analyzer spectroscopic ellipsometer.

indication of several contributions to the overall anisotropy with principal axes occurring

at different azimuths. The FORTRAN code for this procedure is given in Appendix A.1.

3.3.3 Ellipsometry

Ellipsometric spectra were taken on a rotating analyzer spectroscopic ellipsometer
(RAE). The configuration is shown in Fig. 3.8. The source is a 75W Xenon arc lamp to-
gether with a Cary 14 monochrometer. The detector is an EMI 9558 PMT. The incident
monochromatic light passes through a stationary polarizer oriented at 30° from the plane
of incidence, which defines an initial polarization state, y;, corresponding to linear polariza-
tion. The angle of incidence for this system is ¢ = 67.08°. The final polarization state,x s
after reflection from the sample is generally elliptical. Since the analyzer only passes the
component of the polarization ellipse that lies in its plane of polarization, the ellipse is
analyzed by the rotating analyzer optical element. These components are measured by the
PMT as the analyzer rotates at a speed of 58 Hz. The output of the PMT is converted
to a digital signal at 120 points per mechanical revolution. The digital signal consists of a
sinusoidal wave on a dc background representative of the elliptical polarization. The signal
is normalized to the dc and the sinusoidal wave is Fourier transformed to determine the 2w
components since there are two optical cycles for each mechanical cycle. The components

are used in a calculation to determine the optical properties [34]. It should be noted that
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there are two measurable quantities, amplitude and phase of the sinusoidal representation
of the elliptical polarization, and thus we can obtain two calculated quantities. The quan-
tities calculated are real and imaginary parts of g, which can be used to find the real and
imaginary parts of the pseudo-dielectric function using the two-phase model described in
Sec. 2.2.4.

The procedure for taking SE data included aligning the sample to ensure that the
angle of incidence was 67.08° and performing a pre-programmed calibration routine that
calculated and moved the position of the polarizer to 30°, calculated the principal axis of
the rotating analyzer relative to the electronic timing, and accounted for attenuation of the
signal from the PMT and any optical activity corrections for the polarizer and analyzer.
After calibration, a routine was performed that recorded the pseudo-dielectric function

spectrum of the sample from 1.5 to 6.0 eV.



Chapter 4

Results and Discussion

We begin with the SHG spectra in which we describe the trends of the data from two
perspectives. The first corresponds with the procedure for evaluating the spectroscopic data
with the fitted parameters from the phenomenological model from Sec. 2.3.1.2. The second
corresponds with comparing the features of the azimuthal dependence of the data with the
features obtained from the microscopic bonding model for determining the polarizability
along the tetrahedral bonds and thus the far field macroscopic electric field and intensity
from Sec. 2.3.2.3. From the bonding model, we can show the effect of the step from relative
bonding strengths and how absorption is included. We apply the first model to the in-
situ SHG data and to the ex-situ SHG data before and after the RTA procedure for the
various chemical interfaces and observe spectral trends. We then show how the number
of parameters from the microscopic bonding model reduces to a manageable quantity and
apply the model to the ex-situ SHG data before and after the RTA for a single wavelength.

We next present the data from the linear optics experiments and show approxima-
tions in the 3-phase model corresponding to the overlayer, surface-local-field and derivative
models. We present trends of the interface from RD measurements on the vicinal samples for
pre- and post- RTA. The spectra from the RD measurements is indicative of the behaviour
from the steps. The strongest response from the samples cut toward the (112) direction

is from surface-local-field effects and roughness before and after the RTA. The lineshapes



CHAPTER 4. RESULTS AND DISCUSSION 45

for the (112) cut samples show critical point energy effects manifested as derivative type
features near bulk critical point energies. For the samples cut toward the (112) direction
the anisotropy signal changes after the anneal such that a response associated with the
overlayer is seen for the oxidation and nitridation seeped through oxidation samples.

To evaluate the interface with SE, we account for the thickness of the overlayer by
using the 3-phase model with reference spectra for the overlayer and substrate and by using
the found thickness of the known overlayer to extract the effective bulk substrate dielectric
response from our data. We took differences between extracted substrate dielectric functions
of the various interfaces for each of the different orientations. In the case of SE, as compared
to RDS, the spectral lineshape trends are attributed to differences in chemistry between two
different samples at the interface. The resulting differences were analyzed for correlations to
lineshapes resulting from the surface local field, from shifts in CP energies and broadening
parameters, and from residual overlayer differences. Before the RTA all the spectra from SE
showed behavior associated with local field effects, regardless of sample orientation. After
RTA the spectral lineshapes varied for different sample cut orientations and the various
behaviors can be described according to the models presented for approximations in the

3-phase models: overlayer, local-field-effect, and derivative models.

4.1 SHG

4.1.1 Phenomenological Spectroscopic Analysis

For the SHG data, we used two methods of analysis. The first method was a
least squares fit of the data to Eq. (2.23) as mentioned in Sec. 2.3.1.2. This is a purely
phenomenological analysis. We looked for spectroscopic trends in the parameters and report
our findings for the in-situ experiments and for the ex-situ RTA experiments. We repeat

Eq. (2.23) here for reference:

I o |Age™ + A1et cos(¢) + Azei cos(3¢) + Bie sin(¢)|%, (2.23)
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and note that we factor out the term e¥3 to report phase differences with respect to the
phase associated with three-fold symmetry, 13, to be consistent with the literature [35].
Note that the sin(¢) term accounts for a kink in the steps. We retain it even though we
determined from the least squares analysis that it is negligible. We report phase information
for the vicinal samples in the phase difference (91 — 13). The graphs showing spectral
dependent SHG data are plotted with respect to the wavelength of the incident light. It is
important to note that the parameters have a linear spectral dependence over the measured
range. This fact will be useful for the microscopic bonding analysis since lineshapes for a

given wavelength have representative features.

4.1.1.1 In-Situ

For the in-situ experiment we observed changes in amplitude in the SHG signal from
the SHG measurement depending upon interface chemistry. This result was observed for
(111) Si samples as well as for the vicinal samples. The changes in amplitude was observed
in the parameters from the phenomenological fit. There was a noticed increase in SHG
signal for oxygen at the interface as compared to nitrogen at the interface. This difference
is consistent with electronegativity differences between Si and O or N. The electronegativity
difference between Si and O is 1.3 while the difference between Si and N is 1.1. Electro-
negativity differences relate to degrees of ionicity with higher numbers associated with
higher degrees of ionicity [36, 37]. So, the bonding between Si and O exhibits more ionic
bonding than the bonding between Si and N. A more ionic bond would indicate stronger
bonding and thus a more asymmetric bond between the atoms. This is consistent with our
results since the strength of the SHG is dependent upon the amount of asymmetry between
bonds. The example to highlight this is the fact that SHG is dipole forbidden within the
bulk of Si since crystalline Si is centrosymmetric.

We also observed an increase in the intensity of the seeped nitridation as compared
to the SHG measurement from the first stage of the procedure, oxidation of the silicon

substrate. We anticipated the strength of the intensity to lie between the two signals
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obtained from oxygen and nitrogen at the interface and exhibit an effect associated with
both oxygen and nitrogen at the interface. However, the amplitude from the oxynitride is
greater than either only nitrogen or oxygen at the interface. The results for amplitudes
of the electric fields for the DC and the 3-fold components from the phenomenological
model for singular (111) silicon are presented in Fig. 4.1(a) and in Fig. 4.1(b), respectively.
We notice from the spectral dependence of the parameters that there is not a definitive
resonance in the range measured over the incident wavelength spectrum. It is uncertain
as to the origin of the stronger signal. It is possible the inclusion of more monolayers of
atoms cause changes in bonding between the atoms at the interface. Bonding changes could
influence the asymmetry of the interface bonds and that could be a source for increased
signal. Alternatively, the added monolayers could influence the angle of incidence at the
interface, which would result in a greater SHG intensity. The results of the increased SHG
signal for the procedure of plasma nitridation performed after plasma oxidation are shown
in Fig. 4.1(a) and in Fig. 4.1(b).

The next difference in features we looked to identify in the data from least squares fit
to the phenomenological model was changes in phase differences, (¢ — 1)3), for the vicinal
samples. We noticed that by comparing phase differences, (11 — 13), of the (112) cut
samples and the (112) cut samples, there is approximately a 180° difference between them.
Otherwise, there is no noticeable spectral dependence amongst the phase differences for
(11 —1p3). The results for the vicinal samples toward (112) are shown in Fig. 4.2 and are in
a range near -75°. The phase difference for (112) were observed to be approximately 180°
out of phase from the phase difference for (112) and we attribute that to the fact that the
steps are in opposite directions. The results for the vicinal samples toward (112) are shown
in Fig. 4.3 and are in a range near 105°. Expanding Eq.(2.23) results in cosines of the phases
differences. The cosine function is an even function and there are ambiguities in determining
the angles for the phase differences. The angles determined for the phase differences in the
figures are determined from establishing the phase difference 0° < (¢y — 13) < 90°. Again

the spectral dependency of the parameters is limited.
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4.1.1.2 Ex-Situ RTA Experiment

For the SHG response from before and after the anneal, we anticipated changes in
the phase difference, (11 — 13), indicating a reduction in the density of interface traps for
the vicinal samples [35]. From the phenomenological fit for the vicinal samples cut toward
(112) the greatest change in the phase difference was identified for the sample that had
the plasma oxidation procedure performed. We also note that when comparing changes
in the phase differences that the changes observed in (1, — 13) for oxidation of (112) by
Kurz et al. [35] was from a positive angle down to a smaller positive angle, (70° — 38°)
for comparable RTA temperatures. The reference phase difference, (¢o — ¢3), for their
experiment was positive and small, ~ 5°. For our experiment, the reference phase difference,
(o — 13) was also positive but slightly larger,~ 30°. For a positive reference angle, the
changes we observed were from a negative angle up to a less negative angle, (—80° — —20°),
for 830nm incident wavelength.

The main difference between the experiments was the laser used to probe the samples
and the use of a thermal oxidation vs. plasma oxidation. Their light source was a pulsed
Nd:YLF(neodymium-doped: yttrium lithium floride) regenerative amplifier (1kHz) seeded
by the 40ps pulses of a cw-mode-locked Nd:YLF laser. The wavelength of light incident to
the sample was 1053nm. Our light source was a mode-locked Ti-sapphire laser producing
~ 150fs pulses with a 80MHz repetition rate. The wavelength of light incident to our
samples was in the range of 800-900nm. The fact that the probing wavelength was the
major difference in the two experiments suggests that the difference should be spectral
related and small. Again we note that the spectral dependence did not significantly vary
over our wavelength range, but the difference in reference phase differences does not change
as dramatically as the values for (1)1 —13). We can adjust for the dramatic sign change by
choosing (19 — 13) negative. After taking this factor into account, the samples cut toward
(112) with the oxidation procedure before and after the RTA from the two experiments agree

very well. This suggests that observable changes due to spectral variation is associated with
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the electric field phase associated with either the terrace bonds or the bond normal to the
surface. However, the spectral plot, Fig. 4.4, for (¢9 — 13) less than zero, the spectral
dependence shows an increase toward negative values for the phase difference for increasing
wavelength. Thus, there remains a sign difference. Limited spectral dependence is observed
in the phase difference between the electric field associated with the terrace bonds and the
electric field associated with the bond normal to the surface.

We observe that the sample with the plasma oxidation procedure has the greatest
change in the phase difference while the sample with the plasma nitridation with a plasma
deposited SiO9 cap has the least change in the phase difference as shown in Fig. 4.5. If we
identify a greater change of the phase difference (¢ —1)3) corresponds to a greater reduction
in the density of interface traps for vicinal samples cut toward (112) [35] then those samples
correspond with the least and most density of interface traps, respectively.

Changes in the phase difference for samples cut toward the (112) direction for the
various plasma procedures are shown in Fig. 4.6. For this orientation of samples we note that
the greatest changes in phase difference occur for the plasma nitridation samples and the
least for the plasma oxidation and the plasma oxidation followed by the plasma nitridation.
In this case the trends in the changes is reversed. An interesting case for analysis is the data
is the point at 830nm for the oxidation and seeped nitridation samples. For these samples
the change in the phase difference, (19 — 13) is practically zero. However, the oxidation
sample at 830nm is the example spectra shown in Fig. 3.6 in Sec. 3.3.1. There is not a large
difference between the before and after spectra, however there is a change in the behaviour
of the spectra that is not described well by the phenomenological model and the change is
not described at all in the phase difference (1)1 — 13).

The last point to make about the trends in the phase differences for the ex-situ
spectra from the phenomenological model is that the SiOy and SigN4 overlayer caps do
result in different SHG data. As noted above, the phase difference for the in-situ data
showed an approximately 180° difference between the two step orientations. After SHG

data were obtained in-situ, the samples were capped to protect the interface. The ex-situ
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measurements before the RTA showed a change in the phase difference (11 — v3) from the
in-situ results. Not only is (11 — 13) different but the difference between (1)1 — 1)3) for the
samples cut toward (112) and (1 — 1)) for the samples cut toward (112) is no longer near
180°. This can be seen by comparing Figs. 4.2 and 4.3 with Figs. 4.5 and 4.6.

In summary, the limitations of the primitive phenomenological model become evi-
dent in the attempts to interpret the data. For the phenomenological approach of fitting
the data with Eq. (2.23), the limitation is in comparing phase differences between samples
and procedures. After absolute squaring the amplitude and phases of the fields in Eq. (2.23)
we obtain cosines of phase differences. After least squares fitting the parameters, we find
ambiguities in the phase difference since angles in the first and fourth quadrant both have
positive cosine values and angles in the second and third quadrant both have negative cosine
values. In analyzing the data, we have kept this limitation in perspective and have tried
to choose angles that correlate well with physical interpretations. As an example, for the
in-situ spectra (1, — 13) for the steps in the (112) direction is different by 180° from its
value for the (112) direction. Thus, we chose the angle to be in the 3rd quadrant rather
than the 1st quadrant for the phase difference for the (112) direction.

To gain meaning from the experiments, we looked for changes in phase differences
for different plasma processes before and after the RTA procedure. To describe the phase
difference in relation to absorption associated with resonances as formulated in Sec. 2.3.2.1
and presented in Fig. 2.5 is nearly impossible from this experiment since we are dealing
with differences in phases, not individual electric field phases and for the frequency range
of our experiment we did not identify a resonance peak. We thus searched for a different,
more physical approach. We present this in the next section, using the polarizability of the
bonds to analyze the azimuthal dependencies of the data. By so doing, we obtain results

that correlate more directly with the underlying physics at the bond level.
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<11-2>
Step

Figure 4.7: Geometry of interface bonds for vicinal (111) Si cut 5° toward (112).

4.1.2 Microscopic Bonding Model

To improve our diagnostic capabilities we used the microscopic formalism of P(®)
from Sec. 2.3.2.3 to analyze the observed SHG anisotropies in terms of the parameters
(polarizabilities) of the bond-polarizability model. We look for similarities between features
for the different chemical interfaces and the step directions of the samples for the different
plasma deposition procedures and interpret the physical significance of the parameters that
describe the relative bond strengths and step bond angles.

We repeat Eq. (2.49) from Sec. 2.3.2.3,

eif{-r » . . R,
E = ke ' Z [Pj —k(P; - k)] R, (2.49)
J
and note that the azimuthal symmetry is found from the ¢ dependent portion of (2.49),
B(g) x 3 [Py — k(P; - )] ™. (1)

J
In the specular direction the phase of the driving field and e’ Ri combine to yield a constant
phase, so this term can be neglected.
From the interface bond geometry presented in Fig. 4.7 and the equation for defining

the step bond, from Sec. 2.3.2.3 we can write

by = cos(¢) sin(B)& + sin(¢) sin(B8)§ + cos(8)z, (2.47e)
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recalling that we identify a positive value of 8 with the step bond in the (112) direction
and a negative value with the step bond in the (112) direction. For the (112) direction by
represents an effective single bond not the actual double bond.

As a result of being proportional to the square of the driving field, the polarizable-

bond model intrinsically has a large number of parameters. For each bond we write

(2) _ . -
P = (ajiBy By +ajpEj 1 - Ej 1) b+ (pEj L - Ej L +auE)) By ) Ej L, (248)

where ;... ajy refer to the various combinations of field components E; and E |, respec-
tively, to the bond. However, because the SHG response originates in the asymmetry of
the bond and because the bonds are rotationally symmetric, we anticipate, and confirm
by least-squares analysis that only the components along the bond directions are needed
to describe the nonlinear polarization. Thus the only multiplicative coefficients necessary
are the a;1. Least squares analysis showed that values of the other parameters were less
than their uncertainties. From Eq. (2.48) the polarizations for the different bond types can

therefore be written as

2 ~
P = @ic(Eqc)| * Ege,)|)Pde, (4.2a)
2 ~
ng),j = 30, (Esv,5,)| - B, b3v.55 (4.2b)
PP = aos(By ) 'Es,||)135, (4.2¢)

where the subscript dc indicates the response from the bond normal to the surface and that
it has no azimuthal dependence, the subscript 3v indicates three fold symmetry and the
response from the terrace while 7 = 1 to 3 refers to each of the three terrace bonds, and the
subscript s indicates the step response.

We have thus reduced the description to 10 parameters, since the five polarizabilities
are in principle complex. However, we expect the three trigonal bonds to be equivalent by
symmetry. Also, in this region of the spectrum as a first approximation we can assume that
the polarizabilities are real since Si is essentially transparent at 830nm and only weakly

absorbing at 415nm. With these considerations we are left with only 2 parameters (exclud-
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Bond model reference dependence

o =a_=oa _=o_ =1
dc 31 32 33

059p P P

1 2 3

SHG Intensity (Arb. Units)

0.0

T T T T T T T T T T 1
0 60 120 180 240 300 360
¢ (degr.)

Figure 4.8: Primitive lineshape from model for p-pol. incidence p-pol. reflectance with
peaks identified.

ing for the moment the step contribution). Nevertheless, we get an excellent qualitative
representation of the data, as seen in Fig.4.8.

We note finally that the direction of k for the emitted radiation is not the angle of
incidence defined relative to the sample surface if an overlayer is present. Since the beam
is refracted at the outer surface the two are connected by Snell’s law, which for an SiO,
overlayer decreases the apparent k direction from 45° to 29°. This results in a SHG signal
from the bonds that is stronger than that obtained if this effect is neglected, since the
incident p-polarized electric field exerts a larger force parallel to the bond for the three-fold
and step bonds. Also, the overall measured response is larger since the angle between the
propagation vector of the generated light and the dipole direction, for the three-fold and
step bond, is greater. An increase in SHG signal for a decrease in angle of incidence has
been established experimentally [25] and is seen in our model. This correction should also
be used for in-situ data, since even a few monolayers is sufficient to cause refraction.

Before analyzing the data with nonlinear least squares fitting, we investigate how
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small variations in any given coefficient «; correspond with changes in the calculated SHG
anisotropy. The lineshape associated with a; = 1 for the normal bond and the three terrace
bonds with no step contribution is shown in Fig. 4.8 for angles of incidence and emission
at the interface of 29°, which corresponds to external angles of 45° after refraction at the
SiOq-air interface is taken into account. We use this lineshape as a reference. We have
labeled the peaks to facilitate the description of the relative changes in the peaks from the
model. We label the large peaks Pi, P, and P; and the smaller peaks p!, p), and pj.
The order of the subscripts signifies which peak is encountered first relative to increasing
azimuth angle.

A 10% increase in «g causes a 3% increase in all larger peaks and approximately a
14% decrease in all smaller peaks. A 10% increase in the single three-fold bond parallel to
the step bond, a1, causes a 20% increase in P; and a 1% decrease in P, and Ps;. For the
smaller peaks, p| and p4 decrease by approximately 10% while p/, at ¢ = 180° increases 64%.
These changes leave peaks P; and p), enhanced relative to the others. Similarly, for increases
in a3e and ass, the two three-fold bonds at +120° respectively, relative enhancements occur
for P; and p! for an increase of a3y and for P, and pj for an increase of ag3. This is because
a 120° increase in ¢ brings the bond described by the three-fold bond at (¢ — 120°) to the
position previously occupied by the three-fold bond parallel to the step bond.

When the step bond of Eq. (2.47¢) is added with an amplitude equal to 10% of the
relative magnitude of the normal and three-fold bonds and f = 90° (aligned along % at
¢ = 0°), then p) and p4 decrease by 10%, whereas p/, increases to twice its reference height.
The large peaks, Pand Ps, decrease 2% from the reference values while P; increases by
20%.

For the same step amplitude but for 8 = —90° (step along -% for ¢ = 0), P; decreases
by 18% decrease and pf by 68%. Peaks P, and P; increase by 11% and p) and p§ by 2%.
This behavior is opposite to what we observe. A stronger response at ¢ = 0° and ¢ = 180°
is observed from samples cut toward (112) while a decrease at the azimuthal locations is

observed for samples cut toward (112).
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If the step bonds are tilted upward by 10° p, increases by 5%, P, decreases by 3%,
p} and pf increase by 3%, and P; and P; are essentially invariant, decreasing by 0.2%. Thus
the step bond and three-fold bond in line with the step bond are somewhat redundant. We
can therefore eliminate the step bond in favor of adjusting the amplitude of each of the
three-fold terrace bonds to create an effective step bond.

The remaining discrepancies with respect to the data can be removed by making
the polarizabilities complex. The imaginary parts are associated with 2w absorption by the
bond. By using a4, = 1+140.5 (allowing absorption in the dc bond) a flat offset appears that
increases all minima from 0 to approximately 0.0035. Letting a3,1 = 1 + 40.5 results in a
small dc offset of P; and a larger dc offset of p)), as seen in Fig. 4.9 where the p- polarization
incidence p-polarization reflectance and s-polarization incidence s-polarization reflectance
anisotropies are calculated. The same result occurs if a3, 2 or asy,3 is made complex but
the symmetry occurs about ¢ = 240° or ¢ = 120°, respectively.

In summary, the differences in anisotropies observed for the various sample orien-
tations and chemistries at the interface can be described by the complex multiplicative
polarizabilities, ;, for each bond in the calculation of the polarizability, P® in Eq. (4.2a).
This is very useful since the complications of building P have been greatly reduced and
differences in anisotropies can be directly related to relative strengths of polarizability along
the bonds, absorption described by imaginary contributions in the coefficients, and step den-
sity identified by the strength of the effective step bond compared to the remaining terrace
bonds.

We now perform a quantitative analysis of the data via least-squares fitting. We
assume an angle of incidence of 29°. Since wavelength variations are relatively minor we
considered results at 830nm for vicinal samples toward the two directions both for plasma
oxidation and plasma nitridation. The results are summarized in Table 4.1, presented
as amplitude and phase for complex quantities. The data and fit results are shown in
Fig. 4.11 for (112) oxidation, Fig. 4.12 for (112) oxidation, Fig. 4.13 for (112) nitridation,

and Fig. 4.14 for (112) nitridation. For these results, we ignored the tilt and accounted for
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Figure 4.9: Effect of absorption along the terrace bond a3,,1 in the polarizable bond model.
Parameters used are ag. = asy2 = a3y,3 = 1; 3,1 = 140.5¢; for (a) p-polarization incidence
p-polarization reflectance and (b) s-polarization incidence s-polarization reflectance.
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Table 4.1: Parameters of the polarizable bond model obtained for vicinal samples at 830nm.

Orientation and procedures x? Qge ‘ a3 ‘ as39 and ass

(112) oxidation: pre RTA | 0.00003 | 1.15456.4° | 0.754 0.682
post RTA | 0.00004 | 1.174£40.9° | 0.878 0.688
(112) oxidation: pre RTA | 0.00002 | 1.20455.8° | 0.573 0.665
post RTA | 0.00003 | 1.23445.5° | 0.486 0.644
(112) nitridation: pre RTA | 0.0001 1.16454.9° | 0.753 | 0.7245.8°
post RTA | 0.00003 | 1.174£40.8° | 0.847 | 0.7245.8°
(112) nitridation: pre RTA | 0.000008 | 1.16456.0° | 0.553 0.597
post RTA | 0.00005 | 1.52445.4° | 0.620 0.757

the step contribution by making as3,,1 inequivalent to a3,2 = 3y,3. This is equivalent to
describing tilt within the polarizability parameters rather than within bond directions. To
summarize the results, the largest differences for each of the samples before and after the
anneal are decreases in the absorption in the bonds normal to the surface and an increase
(decrease) for a3;, the bond parallel to the step bonds, for cut direction (112) ((112)). The
decrease in the absorption after the anneal is consistent between vicinal orientations, ~ 15°
for the (112) direction and ~ 10° for the (112) direction. The major variation in amplitude
is an increase for all parameters for nitridation for the (112) orientation. Again, the greater
increase is for the polarizability along the bonds other than the “step” bond typical of the
(112) orientation.

From these data we can attribute to a better interface the reduction in the absorption
signified by the decrease in the imaginary part of the polarizability along the normal to the
surface after the rapid thermal anneal. The fact that the amplitude of the polarizability
along the normal to the surface does not change significantly indicates that the SHG due
to the asymmetry of the bonds along that direction does not change significantly. We
also observed an increase in the polarizability along the effective step bond after the anneal,
which indicates a greater asymmetry along the step bond. This suggests that on the average

RTA changes the asymmetric nature of the step bond. This would agree with the ab-initio
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calculation of Si-O bonding arrangements on vicinal (111) wafers as performed by Lucovsky
et al. [38], in that there exists a minimum energy configuration for Si-O and Si-N at the
steps. Here, the stronger SHG response associated with the asymmetry of the step bonds
after RTA shows that energy relaxation of the bonds has occurred at the step.

To confirm whether the model is a good representation of the physical interaction
between the incident electric field and the bonds, we calculate the SHG anisotropies for
the three other polarization conditions based upon the parameters determined by the fit to
the p-p data for the oxidized vicinal (111) Si cut toward (112) . The results are shown in
Fig. 4.10. Note that we are concerned with anisotropies, not relative amplitude differences
since these depend on boundary conditions (which implies additional information regarding
the amplitudes). We confirm from our data that the p-incidence s-reflected configuration
(PS) does agree with the azimuthal symmetry found from the model. Although we did not
take measurements for s-polarization, from previous experiments and from the literature we
observe that an absorption contribution to the polarizability along the effective step bond
for the model does reflect the observed azimuthal dependence of the s-s data measured by
Kurz et al. [35] (see Fig. 4.1.2). The physical difference between our results and those of
Kurz is that our samples had a plasma deposited oxide while the samples evaluated by
Kurz et al. had a thermal oxide. Whether this difference should explain why absorption
occurs in the bond normal to the surface or in the step bond will be discussed elsewhere.
The important fact is that the polarizable bond model accounts for differences observed
in the azimuthal dependences and that we can describe features in the SHG anisotropy by
absorption in the nonlinear polarizability relative to specific bonds.

The advantages of the polarizable bond model over the phenomenological model are
simplicity, fewer and more-physical parameters, bond-specific correlations including absorp-
tion, and easy calculation of different configurations including changes of polarizations and
directions of incident and reflected intensities. In addition, ambiguities in contrived phase
differences for electric fields associated with SHG anisotropies are entirely avoided. The po-

larizable bond model reduces the complicated tensoral nature of the nonlinear susceptibility
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to a manageable form and produces reasonable fits to experiment.

65
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4.2 Linear Optical Spectroscopies

In this section we present models representing limiting cases for the three-phase
model of substrate-overlayer-ambient and qualitatively describe the results from RDS and
SE measurements in terms of these models. The limiting case models are the residual over-
layer model that describes different amounts of microscopic roughness or residual overlayers
on respective surfaces of two samples, the surface local field (SLF) model that describes the
modification of the near-surface dielectric response of the bulk that results from reduced
screening near the surface or interface, and the energy derivative model that accounts for
differences in apparent critical point energies and broadening parameters among samples.

We begin by repeating Eq.(2.14)

Al = (@ - & = TR SES BG R (S _g2g)T )

which is the 3-phase model to first order in d/A. Here, we have written the measured
pseudodielectric function as (¢) = ¢; + A(e) and solved for A(e), where ¢, is the bulk
dielectric function of the substrate, A(e)is a first order correction term, ¢, is the dielectric
function of the surface-modified overlayer of thickness d, ¢, is the ambient dielectric function
(set equal to 1), and A is the wavelength of light incident to the sample at an angle ¢. Near

a critical point at energy E,, ¢; may be expressed as
es(E) =2 B(E) + L(E — E4+ 1), (4.3)

where B(E) is a slowly varying baseline and L(E — E,+iT") is the contribution of the critical
point with broadening parameter I'. Equations (2.14) and (4.3) provide the basis for the
limiting-case models.

As mentioned in Sec. 2.2.4, in the limit that |€5| > |€,| > &4, Eq. (2.14) reduces to

47T'Ldna ~3/2
— &'

Afe) = 3

(4.4)

where the correction term is independent of the dielectric response of the overlayer, but not

the thickness d. This is the equation associated with the residual overlayer model.
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In the contact exciton model,[39] bulk screening is described according to

€s0
S = ~ ) 4.5
¢ 1 +9E2630 ( )

where €, is the unscreened bulk dielectric function, and |eg],|e5] > 1. The ‘screening’
parameter g is in general tensorial with different values normal and parallel to the surface
and, for vicinal (111) surfaces, may have different values within the surface plane. Over a
narrow energy range, the SLF screening parameter can be treated as a constant, g = §E>.
Supposing g — g+ Ag over a depth d, < A near the surface, we obtain ¢, = ¢, + Ag0e,/0g

and A(e)grr in relation to Eq. (2.14), for d = dg, can be expressed as

s -

Ale)sir = ({e) —es)sLr = TgAge (4.6)

This is the equation corresponding to the SLF model.

Features arising from the energy derivative model, in the absence of directional
perturbations such as uniaxial strain, arise from shifts AE, and/or AT of apparent critical
point energies E, and broadening parameters I' from their bulk values. These have been
interpreted as bulk effects driven by a localization of the optically excited carriers near the
surface [40].Lineshapes associated with A{e)am, and A(e)ar are found from Eq. (4.3) and
from the approximation of the measured pseudodielectric function as the bulk dielectric
function and the correction term to first order in d/A, Eq. (2.14). In this case, lineshapes
are related to derivatives with respect to energy of the bulk dielectric function and d = 0

for the correction term,

deg

Ale)ag, = ({e) —es)ar, = —ABy—% (4.7)
A(e)ar = (&) — £4)ar = mr%. (4.8)

We note from Eq.2.11 that the real part of % is related to the imaginary part of
the dielectric response. We present the real component of % in the RDS data and the real
component of A(€) from the SE data and recognize that the real and imaginary parts of

both lineshapes are related through the Kramers-Kronig relation.
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4.2.1 RDS

The RDS lineshapes for vicinal (111) Si cut 5° toward (112) showed little differences
before RTA for the samples that underwent nitridation. Regardless of the type of overlayer
cap, SigNg or SiOg, or whether the initial oxidation procedure was performed first, the
samples with nitrogen at the interface had the type of lineshape typical of the RD response
for steps on (111) Si cut toward (112) [41]. Specifically, RDS lineshapes for (111) Si vicinally
cut toward (112) exhibit behavior well described by the surface local field model. We note
that the RDS signal arises from the step and therefore variation of the chemistry of the
interface is not likely to influence the signal. For the oxidized sample we could identify
roughness at the interface as evidenced by absorption at energies above 3.5eV. The RD
signal due to roughness is stronger than the step response such that the features at 3.4eV
and 4.3eV are almost completely obscured. The RD spectra for the various samples before
RTA are given in Fig. 4.15.

After performing the ex-situ RTA on the vicinal samples cut toward (112), we
observed that the roughness at the interface for the sample with plasma Si-O bonds at
the interface was unchanged. Since no change occurred in the signal and the roughness
remained, we could not compare step features between that sample and the nitrided samples.
For the RTA nitrided samples the smallest characteristic signal occurred for that with the
SigN4 cap. The sample with nitridation seeped through the oxide had a stronger response
at the 4.3eV peak than the others as well as a shift in the baseline. Since the signal response
is described well by the SLF model and the signal is a measure of the step anisotropy, we
conclude that RTA does not cause a dramatic change in the geometry in the step from
the perspective of RDS. The RDS spectra for the various samples after RTA are given in
Fig. 4.16.

The RD spectra for the (111) Si samples cut 5° toward (112) were more comparable
since roughness was not a factor. We observed three distinctive signal types. The first was

for the oxidation sample, the second for nitridation regardless of oxide or nitride cap, and the
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third for seeped nitridation through the Si-O interface. All samples had lineshapes described
well by the energy derivative model typical of samples cut toward (112). Variations in the
anisotropy dominated by the step can be associated with variations in apparent critical
point energy associated with differences related to the chemistry at the step. Details are
shown in Fig. 4.17.

After RTA procedure the RD spectra showed the same distinctive derivative-type
lineshapes. However, both the oxidation sample and the sample with the nitridation seeped
through the oxidation showed an increase in the RD signal at 3eV, whereas the samples with
only nitridation did not. This enhancement of the signal occurs at an energy not associated
with the bulk dielectric function of Si and is therefore interpreted as being associated with
the dielectric response of overlayer at the step. A baseline shift to lower values was also

noticed for the seeped nitridation sample. Details are again shown in Fig. 4.18.
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4.2.2 SE

To evaluate the dielectric function representative of the interface for the various
samples, we first had to account for the overlayer. While anisotropy measurements for RDS
are generally not influenced by amorphous overlayers for thicknesses less than 100A, the ()
spectra measured by SE are very sensitive to overlayers. To account for the overlayer for
the oxide capped samples, we applied least squares analysis between the three-phase model,
Eq. (2.14), and our data, where we used reference bulk dielectric responses for both Si and
the SiO9 overlayer and determined the thickness of the oxide [19]. We did not subtract the
reference fit from the data, but used the thickness of the oxide found from the nonlinear
least squares procedure and the reference dielectric function for the SiOy to extract €5 by
solving the Fresnel equation implicitly from our data and Eq. (2.14). We shall refer to this
extracted substrate response as (es).

The extracted spectra for the various samples were compared to each other for
the various orientations pre and post RTA with the exception of the plasma-nitridation
samples with a SigN4 cap. We did not have reliable reference dielectric function for plasma
deposited SisN4 and when we tried to obtain a reference spectrum from a thick plasma-
deposited nitride on (111) Si we found the nitride to be unsuitably nonuniform both before
and after rapid thermal annealing.

Lineshapes were obtained from taking differences between the oxide-corrected (es)
spectra for different interface chemistries within specific sample orientations, so we could
focus our attention on chemical differences, not effects associated with differences due to
sample orientation. Thus, different chemistries produce variations in screening factors at
the interface regardless of sample orientation before RTA. Representative sample spectra
for each orientation are presented in Fig. 4.19 for (111) Si cut 5° toward (112), Fig. 4.20
for (111) Si cut 5° toward (112) , and Fig. 4.21 for singular (111) Si. From the analysis of
the SE data before RTA, the most dramatic result was that all the lineshapes had the same

basic features typical of the SLF model. The signal amplitude is greatest for the sample
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cut toward (112) while the amplitudes are smaller and nearly equal for the singular (111)
Si sample and the sample cut toward (112).

After RTA the lineshapes for the various sample differentiate according orientation.
Interestingly, the (111) Si sample still exhibits a lineshape typical of the SLF model but now
there is a sign difference for spectra between the same two samples relative to the response
measured before the RTA, as seen in Figs. 4.21 and 4.22. The fact that singular Si shows
a SLF lineshape before and after annealing is interesting. Previously SLF had only been
observed for samples cut toward (112) and was originally thought to be associated with
steps toward the nearest (100) face, with a maximum anisotropic response for the (110)
surface. Here we show that chemical differences can generate the same response before
RTA for samples oriented in other directions other than toward the (110) surface and in
particular the signal remains, although the sign has changed, for singular (111) Si. We also
show differences between the reference €5 spectrum dielectric function and our extracted
(es) substrates in Fig. 4.23. It is obvious from the large differences characteristic of apparent
shifts in critical point energies for our samples vs. the reference hydrogen terminated Si that
the shifts in critical point energies result from the presence of nitrogen or oxygen bonding
at the interface.

For the samples cut toward the (112) direction the difference is still large and in-
dicative of SLF behavior. However, we notice in Fig. 4.24 that if the nitrided interface is
compared to the oxidized interface the residual signal represents an overlayer difference.
This difference could be related to interface roughness or an actual difference in the number
of monolayers of oxygen or nitrogen at the interface.

For the samples cut toward the (112) direction, the signal changed from SLF line-
shapes to lineshapes characteristic of derivatives, as seen in Fig. 4.25. This is typical for

samples cut toward the (112) direction, and is also observed from RDS measurements.
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Figure 4.19: Pre-RTA vicinal (111) Si cut 5° toward (112): difference SE data.
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Figure 4.20: Pre-RTA vicinal (111) Si cut 5° toward (112): difference SE data.
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Figure 4.21: Pre-RTA singular (111) Si: difference SE data.
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Figure 4.22: Post RTA singular (111)Si: difference SE data.
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Figure 4.23: Post RTA singular (111) Si difference SE data compared to hydrogen termi-
nated reference data.
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Figure 4.24: Post RTA vicinal (111) Si cut 5° toward (112): difference SE data.
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Figure 4.25: Post RTA vicinal (111) Si cut 5° toward (112): difference SE data.
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Chapter 5

Conclusions

This work began as an attempt to compare information obtained by SHG with in-
formation obtained by linear spectroscopic diagnostic techniques in order to obtain greater
physical insight about Si-dielectric interfaces than could be obtained from the individual
techniques alone, and also better insight in to the parameters of the primitive phenomeno-
logical model described in Chapter 2. During this work we discovered that by considering
the fundamental SHG mechanism, we were led naturally to a polarizable bond model that
related observed SHG anisotropies to the polarization along the bonds at the interface,
including absorption associated with step bonds and bonds normal to the surface. Since
the model provides an excellent representation of the data with fewer parameters, and is
far simpler and more elegant than any previous formulation, we summarize it here.

We start with an incident electric field E and a set of bonds whose orientations are
represented by a set of unit vectors f)j We argue that, owing to the rotational symmetry
of an given bond, its main contribution to SHG will come from charge displacements only
along the bond axis, making SHG in fact simpler than linear optics. We next determine

the components of the incident electric field along each bond vector as

~

E; = (E-b;)b;. (5.1)

The field causes a charge displacement, i.e., a polarization. As is well known, a
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simple force model shows that SHG results from bonds that are asymmetric. The asymmetry
gives rise to anharmonic behavior of the bond charge, the relevant part of which is the
displacement of the bond charge along the bond axis and is proportional to the square of

the component of the driving field also along the bond axis:
2 ~
P = a;(B); - By ,)b;. (5.2)

We assume further that this displacement is the source of the observed far-field

radiation, which is generated as dipole radiation:
E(2w,4) o Y (P§2) — k@ 12)) . (5.3)
J
where k is the unit wave vector in the direction of the observer, taking into account refraction
effects that occur if an overlayer is present. The observed intensity is obtained in the usual
way, i.e., by summing the field contributions from all bonds, taking suitable polarization
projections, then calculating the absolute square.

We find that the polarizable bond model describes observed phenomena, very well
and that calculated SHG anisotropies for all polarization states are consistent with data.
With the polarizations obtainable from measured SHG anisotropies, SHG analysis can now
be described independent of correlations with other diagnostic techniques. One may even de-
termine the relationship between the parameters from the phenomenological model and the
polarizations determined from the polarizable bond model. This may give insight into pre-
viously observed trends and may identify where the ambiguities lie within the phenomeno-
logical model. However, we anticipate a renewed interest within the SHG community to
extend azimuthal dependent studies and to re-evaluate previously obtained azimuthal de-
pendent data in relation to the polarizable bond model instead of the phenomenological
model. As techniques for probing the interface become more readily available and high
power mode-locking, short pulse laser spectroscopy equipment becomes cheaper and more
compact we expect experiments that correlate SHG azimuthal dependent data with other

diagnostics techniques to extend the understanding of the physics at the interface.



CHAPTER 5. CONCLUSIONS 87

For the data in this study, we found that plasma deposited SiOy contributes to
the absorption along the bond normal to the surface and the RTA procedure reduces the
absorption while keeping the amplitude of the polarization associated with the asymmetry
of the bond constant. We also observed an increase in the polarization along the effective
step bond after the anneal which indicates a greater asymmetry along the bond, suggesting
that on the average the bonding changed for the step bond. This agrees with the ab-initio
calculation of Si-O bonding arrangements on vicinal (111) wafers as performed by Lucovsky
et al. that there is a minimum energy arrangement for Si-O and Si-N at the steps and thus a
stronger response from the asymmetry of the step bonds after the anneal allows the energy
relaxation of the bonds at the step.

Further results from the spectroscopic analysis of in-situ and ex-situ SHG data
obtained in this study shall be presented elsewhere.

The linear spectroscopic optical studies confirmed that the RDS response is asso-
ciated with the geometry of the steps and that chemical differences at the interface do
not change the anisotropy signal significantly. For SE we observed SLF lineshapes for the
samples before the RTA regardless of sample orientation. After the RTA the orientations
showed representative lineshapes typical for respective sample orientations except for (111)
Si where a SLF lineshape residual remained however with a sign difference as compared to

before the RTA.



Appendix A

Computer Programs

This appendix lists important programs used in data acquisition and analysis.

A.1 RDS Signal Extraction Routine

The following is a FORTRAN routine that allows the user to first determine the
null spectra for RDS spectra taken at % intervals on a rotatable stage. The program from
which this routine is extracted utilizes a matrix called F(400,250) that is of size 400x250.
Thus, each spectra has 250 points and there are 400 locations in memory available to store
them. In this routine, the user inputs the offset, THETAQ; an amount to vary the off-
set, DTHETA; the number of spectra the user is analyzing, #FILES; the location of the
first file, IF; and the location to put the final result, EF. The routine displays five result-
ing spectra (THETA(0-2*DTHETA, THETAO-DTHETA, THETAO, THETA0O+DTHETA,
THETAO0+2*DTHETA) each of a different color. The last spectra (THETA0+2*DTHETA)
is stored in EF. When the final value of the offset is determined, one final execution of the
routine with the value of DTHETA set to zero will result in the desired spectra delivered

to EF.

C TR ROUTINE. Uses rotation analysis to evaluate RDS signals.
C Find zero first and then rotate by 90 degrees to obtain
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C strongest signal. General routine for any amount of files.

400 WRITE(6,401) 401 FORMAT(’ THETAO,DTHETA,#FILES,IF,EF= ’\)
READ(5, * ,ERR=400) X0,XTH,NF,LF,EF
DO 415 I= 1,5
XI=I
XD=X0 + XTH*(I-3)
DO 405 J=1,250
F(J,EF)=0.0
405 F(J,EF+1)=0.0
XF=NF
X=360.0/XF
DO 410 K=0,NF-1
DO 410 J=1,250
L=LF+2*K
XT=X*K
F(J,EF)=F (J,EF)+F(J,L)*C0S ((XT-XD) /RD)
410 F(J,EF+1)=F(J,EF+1)+F(J,L+1)*C0S ( (XT-XD) /RD)

C The following code prints EF in the color I
ASSIGN 415 TO JBK
IF=EF
ICOL=I
GOTO 132

415 CONTINUE
DO 417 J=1,250
F(J,EF)=2.0/XF*F(J,EF)
417 F(J,EF+1)=2.0/XF*F (J,EF+1)
GOTO 1

A.2 Normalized SHG Data Acquisition

Programs using the Electron Tubes Inc. photon counting PMT’s with the CT1
counting board are listed. The purpose for this inclusion is to provide the data acquisi-
tion programs as examples for using the hardware since the documentation provided from
Electron Tubes Inc. for the CT1 board is incomplete.

A list of modes and registers is available in the documentation, however, the table for
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Table A.1: CT1 counting periods with hexadecimal values for timing register.

Period Hex Value | Period Hex Value | Period Hex Value

52 us 8 5 ms 10 500 ms 18
102 ps 9 10 ms 11 1s 19
202 us A 20 ms 12 2s 1A
302 us B 30 ms 13 3s 1B
502 us C 50 ms 14 5s 1C

1 ms D 100 ms 15 10 s 1D

2 ms E 200 ms 16 20 s 1E

3 ms F 300 ms 17 30 s 1F

available periods does not list the values used to set the timer register for a given period.
Table A.1 shows the values to send to the timer register for the available periods. The
FORTRAN and assembly routines used for normalized data acquisition are also included

for reference.

A.2.1 FORTRAN Routine for Acquiring Normalized SHG Data

The following is a FORTR AN routine that allows the user to acquire normalized data
using two photodetector package type P3OCWADS high speed photon counting detectors
with TTL output and CT1 counter timer board. The value for IPER, the period for the
CT1 counter timer board to be set to, is input through a different routine. For this program,
the user puts in the value corresponding to the period number in Table A.1 where the lowest
period is assigned the value 1 and the highest period is assigned the value 24.

The program from which this routine is extracted utilizes a matrix called F(400,360)
that is of size 400x360. Thus, each spectra has 360 points and there are 400 locations in
memory available to store them. In this routine, the user inputs the number of data points to
average over, NDPTS, a true or false value for rotation, IROT, and which file to plot while
the acquisition is taking place. Useful files are F(1,x)= signal counts, F(2,x)= reference

counts, or F(3,x) the normalized value of signal/reference. If rotation is desired another
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input is required, DEG, for the number of degrees to rotate through. The full 360 points
are taken whether 360 degrees are chosen or not, the angular resolution is dependent upon
the stepper motor used for sample rotation. Data acquisition is halted by pressing a key or

allowing the full azimuthal spectra to be obtained.

(SS Routine) Normalized data acquisition using both PMT’s.

IPER is a period value for the counters while TIME is a delay
in msec before taking data. Both are entered in a
different routine (SP).

NDPTS is the number of data points to average over. This
allows for flexibility in the timing by a combination of
period value and averaging value.

IROT is a True/False check for rotation of the sample. If
IROT is True, then enter DEG, the number of degrees to
rotate.

Three files in memory are collected, F(1,x)=averaged signal
count, F(2,x)=averaged reference count, and
F(3,x)=F(1,x)/F(2,x).

IP1 is an integer to identify which file in memory to plot
during data acquisition.

AFIN is a routine to rotate the sample.

SHG2 is an assembly routine to start, collect, and end
data acquisition.

oNrEsNoNsNeolNo oo NeoNeo oo Neo oo e e

470  WRITE(6,471) IPER-7

471  FORMAT(’ PER. #= ’I2)
WRITE(6,472)

472  FORMAT(’ NDPTS,IROT,PLOT= ’\)
READ (5, *,ERR=470) NDPTS, IROT, IP1
IF(IROT.EQ.0) GOTO 475

473 WRITE(6,474) 474 FORMAT(’ DEG= ’\)
READ (5,* ,ERR=473)DEG
XDEG=DEG
XDD=XDEG/359.
IF (DEG.EQ.360) XDD=XDEG/360.0

475 XDEG=-3.0
CALL AFIN(XDEG, IERR)
IF(IERR.NE.O) GOTO 412
CALL AFIN(0.0,IERR)

DO 478 J=1,360
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CALL DELAY(TIME)

476 CALL SHG2(IERR,IPER,NDPTS,F(J,3),F(J,1),F(J,2))
IF((F(J,1) .EQ.F(J,2)).0R.(F(J,2).LT.15)) GOTO 476
XDEG=XDEG+XDD

C This assembly call checks for key hit by user. If a key
C has been hit, the routine stops the data acquisition.
CALL KEY(ICHAR)
IF(ICHAR.NE.O) GOTO 1
IF(IROT.EQ.0) GOTO 478
CALL AFIN(XDEG,IERR)

478 CALL PPC(J,F(J,IP1),IP1)
GOTO 1

A.2.2 x86 Assembly Routine for Hardware Control of CT1 Board

The following assembly routine for manipulation of the CT1 board for data acquisi-
tion is written in x86 assembly with the requirement that a math coprocessor be provided.
Header information for compiler commands and memory have been excluded. Memory
allocations for variables and constants are denoted by dd(=32 bit) and dw(=16 bit) in
the comments where the variables and constants are used. This routine is called from the

FORTRAN routine in Appendix A.2.1.

s Subroutine SHG2

; This routine does normalization with both counters.
; Call from FORTRAN as

;  CALL SHG2(IERR,IPER,NDPTS,NORM,I,Io)

; 28 22 18 14 10 6

; Where:

; IERR= ERROR NOTIFICATION

; IPER= period value

; NDPTS= # of periods to count over.

; NORM= I/Io the normalized intensity averaged over NDPTS.
; I=the sample signal averaged over NDPTS.

; To=the reference signal averaged over NDPTS.

PUBLIC SHG2
SHG2 PROC FAR
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.sl:

.r3:

push bp

mov bp,sp

XOor eax,eax ;Clear eax.

les bx,DWORD PTR [bp+6] ;Get address of Io

mov DWORD PTR es:[bx],eax ; and clear.

les bx,DWORD PTR [bp+10] ;Get address of I

mov DWORD PTR es: [bx],eax ; and clear.

les bx,DWORD PTR [bp+14] ;Get address of NORM
mov DWORD PTR es: [bx],eax ; and clear.

les bx,DWORD PTR [bp+28] ;Get address of IERR
mov WORD PTR es: [bx],ax ; and clear error notification.
les bx,DWORD PTR [bp+22] ;Get period value.

mov ax,WORD PTR es: [bx] ; put into ax,

mov ipr,ax ; and stuff into ipr (dw).
les bx,DWORD PTR [bp+18] ;Get NDPTS

mov ecx,DWORD PTR es: [bx] ; and store in ecx

mov nrep,ecx ; and nrep (dd).

fldz ;Put a Zero on stack.

fldz ;Put another Zero on Stack.
fldz ;Put yet another zero on stack
fwait ;and let dust settle.

;These zeros allow for I, Io and NORM to
; be calculated without creating a more complicated
; loop structure.

XOr ax,ax ;Clear ax,

mov dx,280h ; access CT1 hardware control register
out dx,al ; and turn off.

mov al,08h ;Put into single count mode,

out dx,al ; and issue.

mov al,Obh ;Now put in repeated count mode.
out dx,al ; and execute.

mov ax,ipr ;Move period value into ax

mov dx,281h ; and send to timer register

out dx,al ; and execute.

XOr ax,ax ;Start acquisition loop, clear ax.
mov dx,285h ;Access start register

out dx,al ; and initiate data acquisition.
mov dx,287h ;Access status register

in al,dx ; and look for bit 7 (76543210)
test al,80h ; to be set.

jz .r3 ;Keep looking until set.

93



mov dx,284h
in al,dx

mov 1lb,ax
fild 1b
fwait

mov dx,285h
in al,dx
mov mb,ax

fild mb
fimul i8b
fadd
fwait

mov dx,286h
in al,dx
mov hb,ax
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;Get count value from counter 2 (24 bit counter... sample signal).

;Access low byte register
; and put in al.

;Put into memory 1b (dw)
; and place on stack.
;Let dust settle.

;Access mid byte register
; and put in al.

;Put into memory mb (dw)
; and place on stack.
;Multiply by 100h

; and add to low byte.
;Let dust settle.

;Access high byte register
; and put in al.
;Put into memory hb (dw)

fild hb ; and place on stack.
fimul  i88b ;Multiply by 10000h
fadd ; and complete count acquire.
fadd st(3),st ;Add I into the sum of I (st(3))
fwait ; position.

;Now for counter 1 (32 bit counter... reference signal)

mov dx,280h
in al,dx

mov 1lb,ax
fild 1b
fwait

mov dx,281h
in al,dx
mov mb,ax

fild mb
fimul i8b
fadd
fwait

mov dx,282h
in al,dx
mov mb2,ax
fild mb2

;Access low byte register
; and put in al.

;Put into memory

; and place on stack.

; let dust settle.

;Access lower mid byte register
; and put in al.

;Put into memory

; and place on stack.

;Multiply by 100h

; and add to low byte.

;Let dust settle.

;Access upper mid byte register
; and put in al.

;Put into memory mb2(dw)

; and place on stack.
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fimul i88b ;Multiply by 10000h
fadd ; and add to low byte.
fwait ;Let dust settle.
mov dx,283h ;Access high byte register
in al,dx ; and put in al.
mov hb,ax ;Put into memory
fild hb ; and place on stack.
fimul i888b ;Multiply by 1000000h
fadd ; and complete count acquire.
f1d st (0) ;Duplicate Io,
fsubr st,st(2) ; subtract Io from I
fxtract ; push mantissa into st(0)

; and st(1) contains exp.
fstp mant ;Copy mantissa (dd) and
fstp exp ; exponent (dd).
fwait
mov eax,mant ;Compare mantissa to zero
cmp eax,0 ; to be sure that we don’t have zero input
je .erd ; exit if it is.
f1d st (0) ;Duplicate Io.
fxtract
fstp mant
fstp exp
fwait
mov eax,mant ;Same tests here as above.
cmp eax,0 ;Don’t want to divide by zero.
je .exrd
fadd st(3),st ;Add Io into the sum of Io,
fdiv ; divide I by Io I/Io
fadd ;and add I/Io to sum of I/Io.
fwait
mov dx,287h ;Access clear data register
out dx,al ; and execute clear data.
dec cx
cmp ¢x,0
je .s2 ; Now loop until all reps are done.
jmp .si

;early error exit section
.erd: les bx,DWORD PTR [bp+28] ;Get address of IERR.
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.
3

Turn

.82:

mov ax,1

mov WORD PTR es: [bx],ax
fistp fdump

fistp fdump

off CT1 hardware.
XOr ax,ax

;Set error,

96

; get rid of spare Io and realize that

; the values are garbage.

;Clear ax again.

mov dx,286h ;Access stop register

out dx,al ; and execute stop.

mov al,08h ;Put board into single count
mov dx,280h ; mode and

out dx,al ; execute.

XOr ax,ax ;Access control register.
out dx,al ; and turn off CT1 board.

;do averaging for values on stack

les bx,DWORD PTR [bp+14]
fstp DWORD PTR es: [bx]
fidiv  nrep

fwait

les bx,DWORD PTR [bp+6]
fstp DWORD PTR es: [bx]
fidiv nrep

fwait

les bx,DWORD PTR [bp+10]
fstp DWORD PTR es: [bx]

;that should be all of the stack.

pop bp
ret 24

SHG2 ENDP

;Get address of NORM

; and put stack value into NORM.
;Take average of sum of To.

;Wait

;Get address of Io

; and pop value into Io.
;Take average of sum of I.
;Wait

;Get address of I

; and pop value into I

;Reset stack.
; and return values to shared memory.
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Nonlinear Least Squares Analysis

A concise description of nonlinear least squares is presented since the technique is
used in the algorithms to determine best fits for SE and for SHG azimuthal dependence. The
purpose of nonlinear least squares analysis is to define and parameterize a model, compare
the difference of the model to the data points acquired, and to minimize the difference
between the model and data points relative to the fitting parameters.

The first step is to define a parameterized model, f(a, b, c; x;), where f is the fitting
function, a, b, and c are the fitting parameters, and z; is the independent variable in the
experiment. In this analysis, we consider only three parameters in order to give an example
of the method to apply which can easily be expanded to any quantity of parameters. We

next define §2 as

N
52 = Z{fz - f(aa b7 G $l)}2 (Bl)
i=1
where there are N data points,f;. The goal is to minimize 62 with respect to a, b, and c:
062 062 062
=0 =0 — =0. B.2
da 0 ob 0 dc 0 (B-2)

The next step is to linearize the equations and expand f(a,b,c;z;) by using a =

ag + Aa, b = by + Ab, and ¢ = ¢y + Ac where ag, by, and ¢y are initial guess values for the
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fitting parameters. The equation becomes

N

S i ot —a

=1

of

of
“Ba dc

— Ab—=
da |,

— Ac

e

where the partial derivatives are evaluated at the initial values and the explicit dependence
of the fitting function on the independent variable of the experiment has been suppressed
in the partial derivative. From the linearized equations for the fitting parameters, the
derivative relations of da =dAa, etc. are such that 6% can be minimized with respect to

Aa, Ab, and Ac. This minimization becomes

562 N ¢ of of of1 (_of
Aa —0—2§_fi_f(a0,b0500amz) —Aa%— b%_A 80_ (__a)’
552 N ¢ of of of1 (_of
m_0_2§_f¢—f(ao,bo,60,wi)—Aa%—Ab%_A c | (_%>’
952 N i of or) (_of
A —0—2Z_fi — f(ao, bo, co; i) — 3a Abab Ac ac_ (_E>

S
Il
)

With the change of notation of fo; = f(ao,bo,co; ;) as the fitting function at the initial

guess values, the above equations become

S ({1 ) s Yy
- ${(0 ) o w() s
:Z{( —fOZ) 9 _ na %g—ﬁ - %% —Ac(%)Z}. (B.4c)

One final rearrangement towards matrix form gives
AL CIRIO - RIS v+ S
zNj(fZ fm) = Aa ngg£+AbZ< ) + Ac Zgigi (B.5b)

1

~.
Il

8f6f N orof ar\?
(fz fOz) = Aa Z %a—-f- Z(%) . (B.5C)

'Mz

-
Il
—
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Equations (B.5) are in the form of Y = M AX which can be solved for AX by AX = M~'Y
to solve for Aa, Ab, and Ac. These solutions determine the amount to change the initial
values. In the situation of a linear equation for the model a single iteration is all that is
required. For nonlinear models, the changed initial value is inserted back in for the initial

guess and the process is repeated until a satisfactory result is acquired.
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