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ABSTRACT

OPTICAL PROPERTIES OF SOLID THIN FILMS BY REFLECTOMETRY
AND SPECTROSCOPIC ELLIPSOMETRY
by

Dionne A. Miller

Advisers: Professor Glen R. Kowach
Professor Daniel L. Akins

The intense focus on the development of practical optoelectronic and
photonic devices demands accurate characterization of the optical properties of the
materials of interest. Some of these materials include zinc oxide (ZnO), strontium
titanate (STO) and gold nanoparticles. It is envisioned that these materials will be best
utilized in thin film technology. Spectroscopic reflectometry (SR) and spectroscopic
ellipsometry (SE) are uniquely powerful tools for accurately characterizing the optical
properties, structure and thicknesses of thin films. Combining both techniques in one
measurement offers many advantages, not the least of which is reduced systematic errors
from the simultaneous analysis of multiple data sets.

We report for the first time, the use of SR and SE concurrently (SRSE), to
successfully develop optical models, and determine the variation in refractive index, n
and extinction coefficient, k above and below the band edge of ZnO, for thin films

deposited on silicon and platinum substrates at various deposition temperatures. For the



first time, a graded layer model is used to model the surface roughness layers to give
extremely accurate fits to the data on Pt substrates.

We also report the development of an optical model based on
reflectometry data, for STO films deposited on silicon and platinum at various substrate
temperatures. The analysis reveals an index gradient in STO deposited on silicon and no
interface layer as reported in other publications. Finally, we were able to successfully
model, using SRSE data, the optical properties of molecularly mediated, self-assembled
gold nanoparticle thin films. The analysis reveals that n and k increase with the thickness
of the thin films with the same linking molecule and that for similarly sized Au
nanoparticles, the decrease in the chain length of the linker molecules results in higher

values of n and k.
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CHAPTER 1: Optical Properties of Materials

1.1. Introduction

In recent years, there has been an immense focus on the development of
practical optoelectronic and photonic devices to replace conventional silicon-based
electronics. The driving force for this research effort is of course the need to
reduce dependence on fossil fuel based energy. Critical to this effort is an accurate
characterization of the optical properties of the materials being investigated as
alternatives. Spectroscopic reflectometry and spectroscopic ellipsometry (SRSE)
are optical techniques that use light to elucidate the optical constants, thickness
and structure of thin film materials. They offer unique advantages individually
and more so when employed concurrently, in the analysis of such materials.

In this study, the optical properties of zinc oxide, strontium titanate and
molecularly mediated, self-assembled gold nanoparticle thin films are determined
using SRSE. These materials are all of interest in optoelectronic device
applications. The study therefore begins with a brief review of the interaction of
light with matter, the nature of the optical constants and the optics of thin film
materials. Chapter 2 reviews thin film technology, while chapter 3 introduces the
principles and instrumentation of SRSE. Chapters 4, 5 and 6 examine in detail the
analysis by SRSE of zinc oxide, strontium titanate and gold nanoparticle thin

films, respectively.



1.2. The Interaction of Light with Matter

When light interacts with matter, several processes are possible. These
include the absorption and emission of photons and several phenomena related to
light scattering such as reflection, refraction and diffraction. Light scattering may
be thought of as the redirection of light that takes place when an electromagnetic
wave encounters an obstacle (the scattering particle), and occurs when the energy
of the incident photon is too small to cause a transition to a higher energy excited
state. Instead, the electromagnetic field of the radiation causes the electron cloud
to oscillate with respect to the positive nucleus. This perturbation of the electron
cloud results in a periodic separation of charge in the molecule called an induced
dipole moment. This oscillating induced dipole moment manifests as a source of
electromagnetic radiation, thereby resulting in scattered light. The majority of the
scattered light is emitted at the same frequency as the incident radiation: this is
termed elastic scattering. If the frequency of the scattered light is different from
that of the incident radiation then an inelastic scattering event has occurred: this is
termed Raman scattering. This interpretation of the light scattering event is based
on the model of Lorentz (1878), which treats the atom as a dipole oscillator.®

Formal light scattering theory may be categorized in terms of two
theoretical frameworks. The first, Rayleigh scattering, is applicable to small,
dielectric, spherical particles whose size is much smaller than the wavelength of
the incident radiation. This corresponds to the assumption that the particle is
sufficiently small that it encounters a uniform electric field at any moment so that

the time of penetration of the electric field is much less than the frequency of the
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electromagnetic wave. The second approach is the theory of Mie scattering (after
Gustav Mie) which encompasses the general spherical scattering solution
(absorbing or non-absorbing particle) with no bound on particle size. Since Mie
scattering theory has no size limitations, it may be used for describing most
spherical particle scattering systems, including Rayleigh scattering and converges

to the limit of geometric optics for large particles.®

Optical Processes: Reflection and Refraction

Reflection is the change in direction of a wavefront at an interface
between two dissimilar media, so that the wavefront returns to the medium in
which it originated. The direction of the incident and reflected rays at a smooth
interface between two optical materials can be described in terms of the angles
they make with the normal to the surface at the point of incidence as shown in
Figure 1. If the interface is rough, light is scattered in various directions and there
is no single angle of reflection; this is termed diffuse reflection. If the surface is
very smooth, light will be reflected at a definite angle: this is called specular
reflection.

Refraction occurs when light incident at an interface between two optical
materials is transmitted into the second material. When light is incident on an
interface it is generally partly reflected and partly refracted (see Figure 1).
Refraction causes the ray to be bent away from or towards the normal: this is due
to the difference in the speed of the wave in both materials. An important

parameter therefore is the index of refraction n of an optical material. It is defined



as the ratio of the speed of light ¢ in a vacuum to the speed of light v in the
material:

n=c/v (1.1)
The value of n depends not only on the material but also on the wavelength of the
light'. The index of refraction is a very important optical constant and will be

discussed in further detail.

Np

Figure 1.1: Light interacting with a plane parallel interface between two
materials with complex index of refraction N, and Ny,

Several defined relationships exist between the incident, reflected and
refracted rays at a smooth interface between two optical materials. Firstly, the
incident, reflected and refracted rays and the normal to the surface all lie in the
same plane. The plane of these three rays is always perpendicular to the plane of
the boundary surface between the two materials. Secondly, the angle of reflection
is equal to the angle of incidence for all wavelengths and for any pair of materials.
This is generally expressed as:

Op = 0, (Law of reflection) (1.2)



where 0, and 0, are the angle of reflection and angle of incidence, respectively.
The third relationship is known as the law of refraction. It states that for
monochromatic light and for a given pair of materials, a and b on opposite sides of
an interface, the ratio of the sines of the angles 0, and 0y, where both angles are
measured from the normal to the surface, is equal to the inverse ratio of the two
indices of refraction:

Na sin 0, =Ny sin 0,  (Law of refraction or Snell’s Law)  (1.3)
Even though the laws of reflection and refraction can be obtained as an empirical
result, they can also be derived from Maxwell’s equations using a wave model.

The reflectance (R) is the ratio of the intensity of the outgoing light to the
incoming light. Since intensity is proportional to the square of the amplitude of
the wave, reflectance can be defined based on amplitude ratios. When only one
interface is considered, this ratio is called the Fresnel reflection coefficient and is
different for waves whose electric vector lies parallel (p-waves) and perpendicular

(s-waves) to the plane of incidence. The coefficients are as follows:

n, cosé, —n_cosé. n,cosé, —n, cosé.
r J— p—

— = (1.4)
" n,cosf, +n, cosd, n,cosé, +n, coso.

S

where n, and ny are the refractive indices of the first and second media
respectively, 0, is the angle of incidence the beam makes to the normal and 6, is
the angle of refraction in the second medium. A similar pair of ratios can be
written for the transmission to incident amplitudes.

For a single interface, the reflectance is the square of the Fresnel reflection
coefficients. At the angle of incidence where r, = 0, the reflectance R, is also zero

and all of the reflected light is polarized perpendicular to the plane of incidence
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1.4.1.

(s-polarized). The angle of incidence at which this occurs is called the Brewster

angle. The transmitted light still has components of both polarizations.

The Optical Constants

The optical constants are in fact far from constant: the index of refraction,
the extinction coefficient and the dielectric function all depend on wavelength as
well as temperature. Therefore, in the spectroscopic range that includes the
ultraviolet, visible and infrared light, and if metals, semiconductors and dielectrics
are included, the spectra of the optical constants are quite complex. It is this
complexity and variation that allows techniques such as ellipsometry and

reflectometry to be successful.*

Index of Refraction, n

As mentioned in the previous section, when light is incident on an
interface between two optical materials, some of the light is transmitted into the
second medium, or refracted. Starting from the Maxwell equations, it is possible
to derive the electromagnetic wave equation that describes the propagation of light
in a medium (see references 4 and 5). If the discussion is limited to a plane
polarized wave that propagates in the positive z-direction and vibrates in the x-

direction, the equation has the form

2 2
c? 0 sz =ga EZX + 47o °E, , (1.5)
oz ot ot

where Ey is the x-component of the electric field strength, ¢ is the dielectric

constant and o is the conductivity. The solution to this equation yields



N2=g- =g 29| (1.6)

where N represents the index of refraction and is seen to be a complex quantity

and o=2mnv is the angular frequency. Since all complex quantities have a real and

imaginary part, N can be written as

~

N =n-ik .7
where n is the real index of refraction, k is the imaginary part of the index of
refraction, usually called the extinction coefficient and i is the imaginary number.
The index of refraction (n) is an inverse measure of the phase velocity of light in
the material, related to the speed of light in free space according to

n=clv
where c is the speed of light. When a wave passes from material “a” to material
“b” having a larger index of refraction (np > ng), the wave slows down and the
angle of refraction will be smaller than the angle of incidence; hence the ray is
bent toward the normal. If n, > n, then the wave moves faster through the second
material and the angle of refraction is greater than the angle of incidence; hence
the ray is bent away from the normal.**

The magnitude of the refractive index depends on the wavelength of the
incident light: this property is called dispersion. Historically, the dispersive power
of a material was the difference in the index of refraction for the extreme violet ray
and the extreme red ray. In metals, the index of refraction varies in addition with

the angle of incidence. This is especially true when n is small. Therefore, when
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light passes from a vacuum into a medium, its velocity as well as its wavelength

decrease in order to keep the frequency, and thus the energy, constant.” °

Extinction Coefficient, k
The extinction coefficient k is a measure of how rapidly the intensity
decreases as the light passes through the material. For this reason, k is sometimes
called the damping constant. In an absorbing medium, the decrease in intensity |

per unit length z is given by

a@) _

=l () (1.8)

where a is the absorption coefficient. The solution to this equation is

1(z) = lpe™ (1.9
where |y is the intensity of light just inside the material of interest and o is
dependent on the loss of intensity due to absorption only. The extinction
coefficient is related to the absorption coefficient by

k= i0: (1.10)
Ar

The curve defined by equation (1.9) approaches zero but never gets there and is
characterized by a quantity called the “penetration depth”. When the quantity az is
equal to 1.0, the intensity will have decreased by a factor of e or about 37% of its
original value. The penetration depth is defined as the depth at which this occurs

and is denoted D,* It is given by

D =2 (1.11)



1.4.3. Dielectric Function, ¢
When an electromagnetic wave with field strength E interacts with an
atom or molecule that is part of a material, the local field strength at the atom or
molecule is different from the field strength in free space because of interactions
that occur at the molecular level. This difference is a material property that can be
understood in terms of the dipole moment, atomic polarizability, macroscopic
polarization and the displacement.
The dipole moment p can be defined by
p=er (1.12)
where e is the electronic charge. If the displacement is sufficiently small, it can be
assumed that a linear relationship exists between the dipole moment and the field.
This relationship can be expressed as
p=a(®E (1.13)
where o(w) is defined as the frequency dependent atomic polarizability. The
microscopic field at the location of the atom or molecule is called the displacement
field D and is given by
D=E+47P (1.14)
where P is called the macroscopic polarization. Therefore, the displacement field
is made up of the external field plus the additional contribution induced by the
interaction of the external field with the bulk material. Since P is also a function

of E , we can rewrite equation (1.14) as

D=E+4NGE = 1+ 4N&)E (1.15)



In this expression, N is the number of oscillators per unit volume and the quantity
inside the parentheses is defined as the dielectric function, £ . It represents the
degree to which the material may be polarized by an applied external electric field
and is itself a complex quantity. It is related to the complex index of refraction by
the relationship
g =N? (1.16)
and as a complex quantity can also be expressed as
g =g +ig, (1.17)
The real and imaginary part of the dielectric function can be expressed in terms of
nand k:
g =n?—k? (1.18)
g, =2nk (1.19)
€1 1s the polarization and ¢; is the absorption (sometimes called the absorption
product) of the material.
Thus the dielectric constant is another parameter that can be used

to describe the optical properties of a material.*
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1.5. Survey of the Theory of Optical Properties

1.5.1. Classical Treatment

In the classical domain, the optical constants and their relationship to
electrical constants can be obtained by employing the continuum theory, that is, by
considering only macroscopic quantities and empirical data. The validity of the
equations derived by this manner holds in the far infrared region but begins to
break down at higher frequencies. As an example, the experimentally observed
reflectivity of metals decreases faster than would be predicted by the well-known
Hagen-Rubens equation. Thus it became apparent that the atomic structure of
metals needed to be taken into account in order to explain the optical properties of

metals.”

1.5.1.1. Drude Formulation: Free Electron Model

In the early 20" century, Drude postulated that the valence electrons of a
metal can be considered free, that is, they could move independently of their
respective nuclei. Further, he assumed that these delocalized electrons could be
accelerated by an applied external electric field such as light. The free electrons
were thus thought to perform periodic motions or oscillations in the alternating
electric field of the light. The model was further refined by considering the
electron motion as being restrained by collisions with the atoms of a non-ideal
lattice. Using the equations for vibrations with a damping term to take into account
the interaction of the electrons with the atoms of the lattice, the frequency
dependence of the optical constants can be calculated. The Drude theory correctly

reproduces the empirical findings of the dependence of spectral reflectivity on

11



frequency up to the visible region of the spectrum. By contrast, the Hagen-Rubens
relation is correct only up to 10" s™ (i.e., classical infrared absorption). A
schematic representation of the frequency dependency of the reflectivity for metals
and dielectrics as determined by experiment and according to the Hagen-Rubens

and Drude models is shown in Figure 1.2.°

1 s
.................. Hagen and Rubens

(Classical nhvsins)

>
s
>
= Drude
[S]
2
S (Free electron |
nd e 9
0
N J Frequency

v
Infrared absorption

Figure 1.2: Frequency dependence of the reflectivity of metals experimentally (solid
line) and according to Hagen and Rubens model and Drude free electron

model (dotted lines).

1.5.1.2. The Lorentz Model

In the violet to ultraviolet region of the spectrum of metals, an absorption
band appears in the reflectivity spectrum (see Figure 1.3) that cannot be explained
by the Drude formulation. To interpret the absorption bands that occurred in the
reflectivity spectra at higher frequencies, Lorentz postulated that the electrons are

in fact bound to their respective nuclei. Under the influence of an
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Figure 1.3: Reflectivity of metals in the visible region experimentally (solid line)
and according to the Lorentz model (dotted line).

external electric field, the positively charged nucleus and the negative electron
cloud are displaced with respect to each other. An electrostatic force tries to
counteract this displacement. If the negative charge of the electrons is considered
to be a point charge, then the atom in an electric field can be described as a
positively charged core bound quasi-elastically to one electron, i.e., it can be
considered to be a dipole. Thus, the well-known harmonic oscillator equations of
mechanics can be applied if a bound electron is considered a mass suspended from

a spring that performs forced vibrations under the influence of an alternating

electric field.

d?x  .dx i
m —+rX=eE, exp(iwt 1.20
prel s 0 X (i) (1.20)

Here, the expression on the right hand side represents the force of an external
electric field that periodically displaces an electron from its rest position by a

distance x. This displacement is resisted by a restoring force «-X, where «, the
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spring constant, determines the binding strength between the atom and the
electron. Each vibrating dipole loses energy by radiation: thus, the second term in
the equation represents the damping of the oscillator by radiation.

As a result of this approach, the dielectric constant can be expressed in
terms of a damping factor (energy loss through radiation) and the resonance
frequency of the vibration, vg. Figure 1.4 shows the frequency dependence of €;
and ¢, for dielectrics calculated according to the Lorentz approach. Except for a
narrow region near the resonance frequency, €; increases with increasing
frequency. This is called the normal dispersion; the anomalous dispersion is the
region near vo where €; decreases with increasing frequency. Figure 1.4 also
shows that & is always positive and approaches zero for frequencies far from vy,
whereas €, may be either positive or negative and approaches the value of 1 at

frequencies far from vy.

.
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i
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T Rt
h
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Figure 1.4: Frequency dependence of €, and &, for dielectrics calculated according to
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The optical properties of metals can be modeled as a combination of the
Drude and Lorentz models: at low frequencies, electrons behave as if they were
free and at higher frequencies as if they were bound. By combining the two
approaches, the experimentally found frequency dependence of €; and &, can be
successfully predicted. Insulators and semiconductors are modeled by harmonic
oscillators only. It can be shown that the Lorentz equations reduce to the Drude

equations for vop — 0 (no oscillators).*

1.5.2. Quantum Mechanical Treatment
In the classical approach, electrons are postulated to behave like particles
which at small frequencies are essentially free whereas at higher frequencies they
behave like harmonic oscillators. The reasons for the division are not immediately
obvious however, and a quantum mechanical approach is necessary to avoid this

dichotomy.

1.5.2.1. Band Structure of Solids

From high resolution transmission electron microscopy and X-ray
diffraction studies, it is known that atoms in a crystal are arranged periodically.
Thus a suitable potential distribution for an electron in a solid is a periodic
arrangement of potential wells and potential barriers, such as the Kronig-Penney
model shown in Figure 1.5 below. The discussion that follows is based on that of
Hummel.® This model features potential wells of length a separated by potential
barriers of height Vo and width b, where Vy is assumed to be larger than the energy
of the electron, E. This model is a simplification of the actual potential in a crystal:

it does not take into account that the potential function of a point charge varies as
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1/r or that the individual potentials from each lattice point overlap.

Va

b0 a —>bhe+

Figure 1.5: A simplified one-dimensional periodic potential

distribution after the Kronig-Penney model.

The Schrédinger equation for the potential well and barrier can be written

respectively as:

d’ 2m

+MEy =0 and (1.21)
e n2 7

d’w 2m

dx‘é’+h—2(E ~V,)y =0 (1.22)

The solution to the above equations is the well-known Bloch function:

w(X) =u(x).e™ (1.23)
where u(x) is a periodic function that possesses the periodicity of the lattice in the
x direction. The function u(x) does not have a constant amplitude; it changes
periodically with increasing x (modulated amplitude) and is also different for
various directions in the crystal lattice. The relation that provides allowed

solutions to equations 1.21 and 1.22 is of the form
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sin ca

P + COoS ca = cos ka (1.24)
oa
V,
where P= mazob and «® :Z—TE

Because of the trigonometric relation, only certain values of a and thus E are

allowed. The important result here is that since aa is a function of the energy, an

electron that moves in a periodically varying potential field can only occupy

certain allowed energy zones; energies outside these allowed zones or “bands” are

prohibited. The size of the allowed and forbidden energy bands varies with P:

four special cases can be distinguished.

1. If the potential barrier strength Vb is large, P is also large and the allowed

bands are narrow.

2. If the potential barrier strength Vob and therefore P is small, the allowed bands

are wider.

3. If the potential barrier strength becomes smaller and smaller and finally

disappears completely, P goes toward zero and from equation 1.24, the result

cosea=coska or a=k

is obtained. This result gives the energy of the electron as identical to the free

electron case.

4. If the potential barrier strength is very large, P approaches infinity. However,

since the left hand side of equation 1.24 has to remain finite (between the limits

+1), then sin aa — 0. This results in energies identical to the bound electron case.
The preceding discussion can be summarized as follows: if the electrons

are strongly bound, i.e., the potential barrier is very large, one obtains sharp energy
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levels (electrons in the potential field of one ion). If the electron is not bound, one
obtains a continuous energy region (free electron). If the electron moves in a
periodic potential field, one obtains energy bands (solid). The widening of the
energy levels into energy bands and the transition into a quasi-continuous energy
region is shown in Figure 1.6. This widening occurs because the atoms
increasingly interact as the interatomic separation decreases.”®

Band structures for solid materials (crystals) show characteristic features.
In metals, the individual energy bands overlap in different directions in k-space so
that as a whole, no band gap exists. In semiconductors, a region where there are
no energy bands exists. This energy gap, or band gap, is responsible for the well-
known properties of semiconductors. Insulators are characterized by completely
filled valence bands and empty “conduction” bands. The gap energy is fairly

large, typically greater than 5 eV.% 8

E a
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3s

»
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a

Figure 1.6: The widening of the energy levels into energy bands and the transition into
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1.5.2.2. Absorption of Light by Interband and Intraband Transitions
When light having sufficiently large energy impinges on a solid, the

electrons in the crystal are excited into a higher energy level depending on the
availability of higher unoccupied energy levels. For these transitions, the total
momentum of the electrons and photons must be conserved. Electron transitions at
which the wave vector of the photon, k remains constant (vertical transitions) are
called direct interband transitions (Figure 1.7). Optical spectra for metals are
dominated by direct interband transitions. Between any two bands in a metal,
several transitions of varying energies are possible; as well, interband transitions
are also possible by skipping one or more bands. Thus, a multitude of absorption

bands are possible, which may partially overlap.®

Higher energy
band

Lower energy band

1% Brillouin zone

Figure 1.7: Scheme showing direct interband transitions: hv, and hv, illustrate

two such possible transitions. Eg is the Fermi level energy.
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Another type of interband transition, called an indirect interband
transition, is possible: it involves the absorption of a light quantum under
participation of a phonon (lattice vibration quantum). Phonons can absorb only
very small energies but can absorb a large momentum comparable to that of the
electron. During an indirect interband transition, the excess momentum is
transferred to or from the lattice, i.e., a phonon is exchanged with the solid.
Indirect interband transitions are not important for metal spectra because they are
weaker by several orders of magnitude and are only observed in the absence of
direct transitions. They are however important for semiconductors.

Under certain conditions, a photon may excite an electron into a higher
energy level within the same band. This occurs with participation of a phonon and
is called an intraband transition. These transitions are mainly observed in metals
because metals have unfilled electrons bands. Semiconductors with high doping
levels or which are kept at high temperatures may also show these transitions
because of partially filled conduction bands.

Intraband transitions are equivalent to the behavior of free electrons in
classical physics. Insulators and semiconductors have no classical infrared
absorption because their bands are either completely filled or completely empty.
The largest photon energy that can be absorbed by means of an intraband transition
corresponds to an excitation from the lower to the upper band edge; all energies
lower than this maximum value are absorbed continuously.

In summary, at low photon energies, intraband transitions, if possible, are

the prevailing absorption mechanism. Intraband transitions are not quantized and
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1.6.

1.6.1.

occur essentially in metals only. Above a critical light energy interband transitions
predominate. Only certain energies or energy intervals are absorbed, dependent on
the energy difference between the bands involved. Interband transitions occur in
metals, semiconductors and insulators and are analogous to optical excitations in
solids with bound electrons. In an intermediate frequency range, both types of

transitions can occur simultaneously.®

Optical Spectra of Materials

Dispersion Relationships

The term dispersion was originally used to describe how far a prism of a
material will separate the extreme colors from the mean ray. Dispersion
relationships are used to describe the optical constants of a material and are simply
equations which give the values of n and k as functions of wavelength. Some of
these relationships are strictly empirical but most are based on physical principles.

The best-known dispersion relationship was developed by L. Cauchy
(1830). He observed that for most transparent materials, the index n decreased
with increasing wavelength in the visible range and could be expressed

approximately as

n(ﬂ,):nOJr%+n—2

/14
where no, N1 and n, are parameters known as the Cauchy coefficients. ng gives the
constant value at long wavelengths, nycontrols the curvature in the middle of the

visible spectrum and n; influences the spectrum to a greater extent at shorter
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wavelengths. The Cauchy relationship is usually used as an empirical method.
The extinction coefficient is usually described with a similar expression to n and
the coefficients are called the Cauchy extinction coefficients.

Another dispersion relationship frequently used is the oscillator model.
An example is the Lorentz oscillator model described in section 1.4. There are
several other mathematical descriptions that are frequently used to model
oscillators but the Lorentz model is the most commonly used and is useful to
illustrate the qualitative aspects of insulators, semiconductors and metals by
observing where the resonant frequency lies in the spectral range. Real materials
correspond to a collection of oscillators grouped together in the ultraviolet, visible

and/or infrared range.’

1.6.1.1. Dielectrics (Insulators)

The resonant frequency, o, is related to the bandgap energy, Eg, for the
material: Eq~ hwo. For materials considered as insulators or dielectrics, such as
Si0; and KClI, the value of the resonant frequency wo lies well into the ultraviolet
range, i.e., the band gap is high. If one is only observing the visible region, the
value of n decreases slightly as the wavelength increases and the value of k is
essentially zero. The dispersion of n can be modeled using a three parameter
Cauchy function in the visible region; if the ultraviolet range is included, this may
no longer be sufficient as the value of k may be no longer negligible. Figure 1.8

shows the optical functions for a typical insulator.
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Figure 1.8: Optical functions for a typical insulator

In the infrared region of the spectrum, another absorption mechanism,
caused by the light-induced vibrations of the lattice atoms, may occur. This is
termed phonon excitation and is the collective vibration of the lattice atoms about
their equilibrium locations. The situation can be modeled similarly to that of the
Lorentz oscillator, which describes the electron as being bound quasi-elastically to
the nucleus. In this case, the vibrations are damped due to interactions of the
phonons with lattice defects, the external surfaces of the crystal and with other
phonons. The oscillator possesses one or several resonance frequencies, which
depend on the mass of the atoms and the vibrational modes, as well as the
restoring force.*

1.6.1.2. Semiconductors

Intrinsic semiconductors have, at low temperatures, a completely filled

valence band and an empty conduction band. Consequently, no intraband

transition, or classical infrared absorption is possible. Semiconductors are usually
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modeled using oscillators; usually, as many as three are required to accurately
reproduce their optical behavior. The resonant frequency is close to, or in the
visible range since the band gap (0.2 — 3.5 eV) is smaller than it would be for an
insulator. The extinction coefficient is small but nonzero. Figure 1.9 shows the
optical spectra for a typical semiconductor.*

Indirect interband transitions may also be observed in semiconductor
spectra. As mentioned before, these are due to phonon-assisted transitions
between the top of the valence band and the bottom of the conduction band and are
generally very weak. Several other absorption mechanisms are possible: the most
important of these is the Frenkel exciton absorption. This is observed as
absorption slightly below the band gap energy. It is postulated that the photon is
able to excite an electron so that it remains in the vicinity of its nucleus, thus
forming an electron-hole pair, the exciton. The exciton is thought to be bound
together by electrostatic forces and revolve around their mutual centre of mass.
The exciton absorption is represented by introducing “exciton levels” into the band
gap region; they are separated from the conduction region by the binding energy,
which is usually quite small, around 0.01 eV. Exciton levels may be further

broadened by interactions with phonon or impurities.®
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Figure 1.9: Optical functions for a typical semiconductor

1.6.1.3. Metals

Metals can be described by the Drude model, which is a modification of
the Lorentz oscillator. Since the free electrons in a metal are not bound, the
restoring force is considered to be zero, which is equivalent to setting w to zero.
The damping force is still present and represents the ordinary scattering of
electrons associated with lattice collisions. This free electron model can
adequately describe the behavior of aluminum. For other metals, such as silver,
the optical spectra have to be explained using a combination of free and bound
electrons (classical approach) or interband and intraband transitions (quantum
mechanical approach). The dominant feature of the optical constant spectra is that
as the wavelength increases, the values of both n and k increase (Figure 1.10).
Additionally, as discussed earlier, most metals have some structure in the visible
range; some have indices of refraction that are less than 1.0 in part of the spectral

range.*
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1.7. Optical Properties of Solid Thin Films

1.7.1. Importance of Thin Films

A solid material is said to be in thin film form when it is built up, as a thin
layer on a solid support, called a substrate, by controlled condensation of the
individual atomic, molecular, or ionic species, either directly by a physical
process, or via a chemical and/or electrochemical reaction. It is not just simply the
small thickness that endows thin films with special and distinctive properties, but
rather the microstructure resulting from their unique formation process, that is, by
the addition of basic building blocks one by one. In thin films, deviations from the
properties of corresponding bulk materials because of their small thickness, large
surface-to-volume ratio, and unique physical structure is a direct consequence of
the growth process. Some of the phenomena arising as a natural consequence of
small thickness are optical interference, electronic tunneling through an insulating
layer, high resistivity and low temperature coefficient of resistance and planar

magnetization.’

1.7.2. Thin Film Optics

1.7.2.1. Reflection and Transmission of Light By A Single Film
As described earlier in Section 1.1, if a beam of light is incident at an
angle ¢; at a plane interface between two isotropic media of uniform refractive
indices ng and ny, and is refracted at an angle @q in the second medium, then the
ratios of the incident to reflected radiation (r1) and transmitted to incident radiation
(t1) amplitudes are given by the Fresnel coefficients (equation 1.4).
For a parallel-sided, isotropic film of refractive index n; between media of

27



indices ng and n, (Figure 1.11), the amplitude reflectance and transmittance may

be obtained by summing multiply-reflected beams. The resulting expression is:

_ L+ exp(—2|.§l) (1.21) and T tt, exp(—2|§1_)
1+r1,r,exp(-2id;) 1+r,r exp(-2io

(1.22)

where ry, 1, £, and f, are the Fresnel coefficients at the no/n; and ni/n;, interfaces,

01 = (2m/M)nst cos @; is the phase thickness of the film and A is the wavelength in
vacuo. Equation 1.21 and 1.22 are valid for either the p or s directions of
polarization provided that the correct values of r and t are used consistently.

The reflectivity and transmissivity are given by

12417 +21r, 008 26,
1+1’r} +2r,r,c0s 25,

R (1.23a)

_ n 0 f2I.2 t’\22

n, 1+ 2r,r, cos 25, + r’r;

(1.23b)
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Figure 1.11: Ray diagram of light interacting with a parallel-sided, isotropic film
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These general expressions can be written in terms of the refractive indices but are
extremely long and cumbersome; a manageable expression is obtained only for the
special case of normal incidence and transparent media, under which condition n is
real. The normal reflectance exhibits oscillatory variation as illustrated in Figure
1.12 by the plot of R vs. wavelength for two films of different thicknesses. The
reflectance at the maxima and minima are as follows:

For ng < nq; <ny,

2
n,—n
R =(MJ at A, = 2nyt (1.24a)
n, +n, m
and
n2—nyn, 4n,t
Ruin =| 5——— at Ay, =—— (1.24b)
n, +nyn, 2m+1

where m is an integer. If no < n; > ny, then the expression for Rmi, becomes the
expression for Ryax and vice versa. These expressions indicate that by a suitable
choice of the film index, we can either enhance (reflection coating) or diminish
(antireflection coating) the reflectance of a given substrate. Further, the oscillatory
behavior of R may be utilized as a spectrophotometric method for monitoring the
thickness of single or multilayer films during deposition, as well as for

determining the optical constants of thin films.
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Reflectance

Wavelength
Figure 1.12: Reflectance vs. wavelength for thinner (top) and thicker (bottom)
film of the same material
Equations 1.23a and 1.23b are general and valid for any type of film and

substrate media. The algebraic expressions are however cumbersome for different
combinations of absorbing (complex n) and non-absorbing (real n) media. A point
to note however is that the p and s components of a reflected beam, in general,
have different amplitudes for non-normal incidence. For reflection from a
transparent medium, the p component goes through a minimum of amplitude and a
phase change of @ at an angle of incidence greater than ¢p. This angle is called the
polarizing angle because unpolarized light will be reflected at this angle to become
plane-polarized. At this angle ¢p,

No = Ny tan ¢y (Brewster’s Law)
For reflection from an absorbing surface, both the amplitudes and the phases of the
s and p components are different; thus, the resultant reflected light is elliptically
polarized. The ratio of the amplitudes of reflectance of the p and s component can

be written in a generalized form as
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s
where A is the relative phase difference and v is the azimuth, the ratio of the
reflection amplitudes of the p and s components. Since A and v are related to the
optical constants, a measurement of y and A should in principle yield the value of
the constants — this is the basis of the spectroscopic ellipsometry technique, which

will be discussed in detail in chapter 3. 1°

1.7.2.2. Reflection and Transmission of Light by Multiple Layers

A multilayer film is a finite combination of single layers having different
optical constants and film thicknesses. Because a wide variety of applications of
thin film optics are based on a multilayer thin film, the calculations of reflection,
transmission and absorption properties of a multilayer as a function of wavelength
of light for any arbitrary angle of incidence is an important problem. The
treatment of such a problem is computationally tedious and various mathematical
formulations have been devised for computer computations.® Some of the most
widely used methods are those developed by P. Rouard, A.W. Crook and A.
Vasicek. A single film bounded by two surfaces possesses an effective reflection
coefficient and accompanying phase changes, and may be replaced by a single film
with these properties. Thus, starting with the film nearest the substrate (or the top
layer of the multilayer), and moving step by step through the intervening layers, an
expression for the reflectivity of the system may be obtained. Methods are also
available for dealing with multilayers of absorbing films at normal and non-normal

incidence: the latter can be treated with the method of Abeles.*
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CHAPTER 2: Synthesis, Structure and Fabrication of Thin Films

2.1. Introduction

Thin films first came to prominence as reflective and anti-reflective
coatings in optical devices. Since the development of vacuum evaporation systems,
the number and diversity of thin film applications have increased considerably.
These now include evaporated electrodes in electrical applications, electronic
components as layers of insulators, semiconductors and conductors to form
integrated circuits, and as multilayer filters: low and high pass, low-reflecting to
highly reflecting. Specialized filters, comprising many layers, can be fabricated to

specifications with little or no difficulty using modern deposition techniques.*™

2.2. Thin Film Growth Process

A thin film deposition process involves three main steps: (1) production of
the appropriate atomic, molecular, or ionic species, (2) their transport to the substrate
through a medium, and (3) condensation on the substrate, either directly or via a
chemical and/or electrochemical reaction, to form a solid deposit. Formation of a
thin film takes place via nucleation and growth processes. From various
experimental and theoretical studies, the process can be outlined as follows:

1. The chemical species, on impinging the substrate, lose their velocity component
normal to the substrate and are physically adsorbed on the substrate surface.
2. The adsorbed species are not in thermal equilibrium with the substrate initially

and move over the surface. During this process, they interact with each other,
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forming bigger clusters. The clusters, or nuclei as they are called, are
thermodynamically unstable and tend to desorb in a time depending on the
deposition parameters. If the deposition parameters are such that a cluster collides
with other adsorbed species before getting desorbed, it starts growing in size. After
a certain critical size is reached, the cluster becomes thermodynamically stable and
the nucleation barrier is said to have been overcome. This step involving the
formation of stable, chemisorbed, critical-sized nuclei is called the nucleation stage.
3. The critical nuclei grow in number as well as in size until a saturation nucleation
density is reached. The nucleation density and the average nucleus size depend on a
number of parameters such as the energy of the impinging species, the rate of
impingement, the activation energies of adsorption, desorption and thermal
diffusion, and the temperature, topography and chemical nature of the substrate. A
nucleus can grow both parallel to the substrate by surface diffusion of the adsorbed
species, as well as perpendicular to it by direct impingement of the incident species.
In general, however, the rate of lateral growth at this stage is much higher than the
perpendicular growth. The grown nuclei are called islands.

4. The next stage in the process of film formation is the coalescence stage, in which
the islands start coalescing with each other in an attempt to reduce the surface area.
This tendency to form bigger islands is called agglomeration and is enhanced by
increasing the surface mobility of the adsorbed species, as for example, by
increasing the substrate temperature. In some cases, formation of new nuclei may
occur on the areas freshly exposed as a consequence of coalescence.

5. Larger islands grow together, leaving channels and holes of uncovered substrate.
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The structure of the films at this stage changes from discontinuous island type to
porous network type. A completely continuous film is formed by filling of the
channels and holes.?

The growth process may thus be summarized as consisting of a statistical
process of nucleation, surface-diffusion controlled growth of the three-dimensional
nuclei, and formation of a network structure and its subsequent filling to give a
continuous film. Depending on the thermodynamic parameters of the deposit and
the substrate surface, the initial nucleation and growth stages may be described as a
layer type, island type or mixed type (called Stranski-Krastanov type). In almost all

practical cases, the growth takes place by island formation.?

2.3. Physical Structure of Thin Films

The microstructural and topographical details of a thin film of a given
material depend on the kinetics of growth and hence on the substrate temperature,
source temperature, chemical nature and topography of the substrate and gas
ambients. The parameters influence the surface mobility of the adsorbed species,
kinetic energy of the incident species, deposition rate, vapor pressure and solution
concentration required for condensation to the solid phase under thermodynamic
equilibrium conditions, the condensation or sticking coefficient and the level of

impurities. Each of these parameters affects the physical structure of the film.?

2.3.1.Crystallographic Orientation
Except under special conditions, the crystallographic orientation and the

topographical details of different islands are randomly distributed, such that when
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they touch each other during growth, grain boundaries and various point and line
defects are incorporated into the film due to mismatch of geometrical configurations
and crystallographic orientations. If the grains are randomly oriented, the films
show a ring-type diffraction pattern indicative of a polycrystalline structure. If the
grain size is small (< ~20 A), the films show halo-type diffraction patterns consistent
with highly disordered, amorphous structures. If the film consists of single-crystal
grains oriented parallel to each other and connected by low-angle grain boundaries
then the films shows a diffraction pattern similar to those of single crystals and are
called epitaxial or single-crystal films.?

Besides grain boundaries, dislocations of density are the most frequently
encountered defects in polycrystalline films and are largely incorporated during the
network and hole stages, due to orientation or displacement misfits between different
islands. Epitaxial films may contain structural defects such as dislocation lines,
stacking faults and minor defects caused by aggregation of point defects. Some
other mechanisms which may give rise to dislocations in thin films are lattice
mismatch between substrate and film, the presence of inherent large stresses in thin

films and incorporation of substrate defects into the growing film.?

2.3.2.Grain Size
After a continuous film is formed, the anisotropic growth takes place normal to the
substrate in the form of cylindrical columns. The lateral grain or crystallite size of a
film is largely determined by the initial nucleation density. The grain size normal to
the substrate is essentially equal to the film thickness for small (<1 pm) thicknesses.

For thicker films, re-nucleation takes place at the surface of the previously grown
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grains, and each vertical column grows multigranularly with possible deviations
from normal growth.

The lateral grain size is expected to increase with decreasing
supersaturation and increasing surface mobility of the adsorbed species. Therefore,
at high substrate and source temperatures, well-defined large grains are formed as a
result of high surface mobility under those conditions. However, increasing the
kinetic energy of the incident species is not without limit: at sufficiently high
energies, surface mobility is reduced due to the penetration into the substrate,
resulting in smaller grain size. The effect on grain size of increasing substrate
temperature and kinetic energy of impinging species is more pronounced for
relatively thicker films.

Grain size may also be modified by post-deposition annealing at
temperatures higher than the original deposition temperature. The higher the
annealing temperature, the larger the grain size obtained; again, the effect is more
pronounced for thicker films. The grain growth obtained is significantly reduced
from that which could be obtained during deposition at the annealing temperature;
this is due to the much higher energy activation process employed during post-

deposition annealing.?

2.3.3.Surface Roughness
Fine-grained, smooth deposits which become continuous at small
thicknesses are usually formed under conditions where there is a low nucleation
barrier and high supersaturation. This is due to the high initial nucleation density

and the small size of the critical nucleus. If the opposite situation exists, then large
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but few nuclei are formed which result in coarse-grained, rough films which only
become continuous at relatively large thicknesses. High surface mobility generally
increases surface smoothness by filling in the valleys except in special cases where
the material grows preferentially along certain crystal faces. A further enhancement
in surface roughness occurs in the impinging species are incident at oblique angles
instead of normally. This may be due to the shadowing effect of the neighboring

columns oriented towards the direction of the incident species.?

2.3.4.Density
It is generally observed that density decreases with decreasing film
thickness. Higher substrate temperatures result in the thin film density approaching
the bulk values more quickly. Again, the density values are very dependent on

deposition conditions.?

2.3.5.Metastable Structures

In general, departures from bulk values of lattice constants are found only
in ultrathin films. The lattice constants may increase or decrease, depending on
whether the surface energy is negative or positive, respectively. As the thickness of
the film increases, the lattice constants approach the corresponding bulk values.
A large number of materials exhibit new metastable structures, not found in the
corresponding bulk materials, when prepared as thin films. These new structures
may be either due purely to deposition conditions or may be impurity/substrate
stabilized. Some common examples of such abnormal structures found in thin films
are amorphous Si, Ge, Se, Te and As; face-centered cubic (fcc) Mo, Ta, W, Co due

to deposition conditions; fcc Cr/Ni and Co/Cu due to substrate influence. These
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abnormal metastable structures all transform to the stable, normal structures upon

annealing.”

2.3.6.Solubility Relaxation

Solubility relaxation is a phenomenon attributable to the thin film growth
process. The atomistic process of growth during co-deposition allows doping and
alloying of films. Since thin films are formed from individual atomic, ionic or
molecular species which have no solubility restrictions in the vapor phase, the
solubility conditions between different materials on co-deposition are considerably
relaxed. This allows the preparation of multi-component materials, such as alloys
and compounds, over an extended range of compositions as compared to the
corresponding bulk materials: it is thus possible to tailor-make materials for
technology applications. An example is the formation of hydrogenated silicon films
for use in solar cells: hydrogenation makes varying the band gap, as well as doping

of the material possible.’

2.4. Thin Film Technology
Thin films are usually formed by deposition — the main methods can be
classified as either physical or chemical deposition processes. Physical deposition

processes are much more widely used and will be considered in more detail.

2.4.1.Chemical Deposition
Here, a fluid precursor undergoes a chemical change at a solid surface,

leaving a solid layer. Since the fluid surrounds the solid object, deposition happens
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on every surface, with little regard to direction; thin films from chemical deposition
techniques tend to be conformal, rather than directional. This technique can be
further classified by the phase of the precursor.

(a) Plating — this process starts with liquid precursors, often an aqueous solution of a
salt of the metal to be deposited. This process can be reaction driven (for noble
metals) but commercially, electroplating is much more commonly used.

(b) Chemical vapor deposition (CVD) uses a gas-phase precursor, usually a halide or
hydride of the metal to be deposited.

(c) Plasma-enhanced CVD uses an ionized vapor or plasma as the precursor. The

plasma is generated by the use of an electric current or microwave excitation.* 2

2.4.2.Physical Deposition

The most important characteristic feature of this technique is that the
transport of vapors from the source to the substrate occurs by physical means. This
is achieved by carrying out the deposition in high vacuum conditions so that the
mean free path of the ambient gas molecules is greater than the dimensions of the
deposition chamber and the source to substrate distance. Under such low pressure
ambient conditions, the transport of the material from the source to the substrate
occurs by molecular beams.? Since particles tend to follow a straight path, films
deposited by physical means are commonly directional, rather than conformal.
Physical deposition uses mechanical (knocking out the atoms or molecules from the
surface by using energetic heavy particles) or thermodynamic (evaporation) means
to produce a thin film of solid. The latter is known as thermal evaporation and the

former as sputtering. These two will be considered in more detail.
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2.4.2.1. The Thermal Evaporation Process

This method has been extensively developed, mostly due to the ease of
control of the process. Films of high purity can be readily produced. The process is
not however universally applicable — for instance, high melting point materials
cannot readily be deposited without significant heating of the receiving substrate,
whose temperature during deposition significantly affects the resulting film
structure.”

The technique consists of vaporization of the solid material by heating it to
a sufficiently high temperature and then allowing it to condense onto a cooler
surface (the substrate) to form a film. Heating of the material can be carried out
directly or indirectly by a variety of methods. The simplest and most common
method is to support the material in a filament basket or boat which is then heated
electrically. If the material is available in the form of a thin foil, it may be supported
directly on the wire by wrapping. The use of the basket and wire-type sources is
only possible in cases where the material sublimes or wets the support in melted
form. Evaporation sources are usually made of refractory materials such as tungsten,
molybdenum, tantalum and niobium with or without a ceramic coating. Crucibles of
insulating materials such as quartz, graphite, alumina, berrylia and zirconia are
heated indirectly by supporting them in a metal cradle. The choice of the filament or
boat is determined by the evaporation temperature required and the resistance to
alloying and/or chemical reaction with the evaporant. Direct heating of the material
can be accomplished electrically or by focusing an electron or laser beam on it.?

The evaporated species, in the case of elements, consist of neutral single
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atoms except for sulfur, selenium, tellurium, bismuth and arsenic which vaporize in
the form of polyatomic clusters. In the case of alloys and compounds, vaporization
is usually accompanied by dissociation and/or decomposition because of differences
in the vapor pressures of the various constituents or because of thermal instability.

If the constituents are equally volatile, congruent evaporation occurs. The
compositions of the vapor and the condensate differ from that of the source is the
evaporation is not congruent — this difference is aggravated if the condensation
coefficients of the constituents differ from one another. The tendency to dissociate
is also increased at high evaporation temperatures and low pressures. Very few
compounds, such as magnesium fluoride, calcium fluoride, silicon oxide, germanium
oxide and tin (I1) oxide evaporate directly without dissociation.

According to the Langmuir-Dushman theory of the kinetics of
evaporation, the rate of free evaporation of atoms or molecules from a clean surface
of unit area in vacuum is given by

Ne = 3.513 x 10% pe (1/MT)" molecules cm?s™
where pe is the equilibrium vapor pressure in torr of the evaporant under saturated
vapor conditions at temperature T, and M is the molecular weight of the vapor
species. The rate of condensation (deposition rate) of the vapors depends not only
on the evaporation rate but also on the source geometry, its position relative to the
substrate and the condensation coefficient.?

Because of collisions with ambient gas molecules, a fraction of the vapors,
proportional to exp (-d/A), is scattered and hence randomized in direction within a

distance d during their transfer through the gas. The mean free path A for air at 25
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°C and pressures of 10 torr and 10°® torr is about 45 and 4500 cm respectively.
Thus, pressures lower than 10™ torr are necessary to ensure a straight line path for
most of the evaporated species and for substrate to source distances of
approximately 10 — 50 cm in a vacuum chamber.?

Good vacuum is also necessary to producing contamination-free films. A
parameter of interest in this regard is the impingement rate of the ambient gas
molecules. Besides the molecules of interest, the substrate is also impinged by the
ambient gas molecules. Studies of residual air show that at the vacuum conditions
(10° torr) and deposition rates (~ 1 A sec™) commonly employed, the impingement
rate of the ambient gas molecules is quite large, so that if the sticking coefficient of
the gas is relatively large, a significant amount of gas sorption could occur. It turns
out however that the sticking coefficient of the gas molecules at elevated
temperatures is negligibly small making it possible to deposit clean films under those
conditions with the exception of materials that are readily oxidizable, in which case,
better vacuum conditions are required.?

Other variations of the vacuum evaporation technique are flash
evaporation and molecular beam epitaxy (MBE). Flash evaporation is useful for
multi-component deposition of materials having widely different vapor pressures. A
single source is used at a temperature high enough to evaporate the least volatile
material: small amounts of the material are continuously dropped into the heated
source and evaporated discretely to completion. The net result is a vapor stream that
has uniform, identical composition to the evaporant. MBE involves growth of

epitaxial films by condensation of one or more controllably directed atomic or
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molecular beams each emerging from a point source in an ultrahigh vacuum system.
Because of the very slow deposition rates in this technique, epitaxial growth of high
perfection is achieved at relatively low substrate temperature and multilayer
structures of different materials in a predetermined sequence can be obtained. The
technique is particularly important for epitaxial growth studies of multi-component

materials such as 11-V1 and 111-V compound semiconductors.?

2.4.2.2. Sputtering
In this technique, vapor species are created by mechanically knocking out

the atoms or molecules from the surface of a solid material by bombarding it with
energetic, nonreactive ions. The ejection process, sputtering, occurs as a result of
momentum transfer between the impinging ions and the atoms of the target being
bombarded. The sputtered species, which are predominantly neutral, can then be
condensed on a substrate to form a thin film. The sputtering yield, defined as the
number of ejected species per incident ion, increases with the energy and mass of the
bombarding ions. The variation with energy shows a linear behavior in a small
region above a threshold value determined by the sublimation energy of the target
material. For higher energies, the yield approaches saturation, which occurs at
higher energies for heavier bombarding particles. For example, Xe* bombardment
shows saturation above 100 keV, whereas Ar” is saturated at less than 20 keV. At
very high energies of the bombarding ions, the yield decreases because of the
increasing penetration depth and hence increasing energy losses below the surface,
with the consequence that not all the affected atoms are able to reach the surface.

The sputtering process is very inefficient from an energy point of view
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because most of the energy is converted to heat, which becomes a serious limitation
at high deposition rates. If the surface of a multi-component target does not change
metallurgically by thermal diffusion, chemical reaction or back-sputtering processes,
the sputtering process ensures layer by layer ejection and hence a homogeneous film
of composition corresponding to that of the target. The high energy of the ejected
species and the attendant bombardment of the growing film (acting as an anode) by
electrons and negative ions have considerable influence on the growth of films and
yields highly adherent films.?

Despite being energy intensive, the sputtering process is best suited to
depositing adherent films of multi-component materials of any kind. lons for
sputtering may be produced either by using a glow discharge between the target and
substrate holder or by using a separate ion beam source. Depending on the geometry
of the target-substrate system and the mode of ion transport, a large number of
sputtering variants have been developed.

lon-Beam Sputtering. This technique produces ions in a high pressure
chamber and then extracts them into a differentially pumped vacuum chamber
through suitable apertures with the help of suitable electron and ion optics. A high
density beam of ions may thus be produced for sputtering in high vacuum.? The
yield is insensitive to the target temperature except at very high temperatures where
it shows an apparent rapid increase due to the accompanying thermal evaporation.?*

Glow-Discharge Sputtering. This is a cheap and simple means of
producing ions for sputtering. An electric field is applied between two electrodes in

a gas at low pressure. The gas breaks down to conduct electricity above a certain
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voltage. The cathode dark space, across which most of the applied voltage drops, is
the most important region for sputtering. lons and electrons created at breakdown
are accelerated across this region. The energetic positive gas ions strike the cathode
to produce sputtering and cause emission of secondary electrons which are essential
for sustaining the glow discharge. The accelerated electrons produce more ions by
collision with gas atoms in the negative-glow region lying adjacent to the cathode
dark space.

Radio-frequency (RF) sputtering. Sputtering sources are usually
magnetrons that utilize strong electric and magnetic fields to trap electrons close to
the surface of the magnetron, which is known as the target. The electrons follow
helical paths around the magnetic field lines undergoing more ionizing collisions
with gaseous neutrals near the target surface than would otherwise occur. The sputter
gas is inert, typically argon. The extra argon ions created as a result of these
collisions leads to a higher deposition rate. It also means that the plasma can be
sustained at a lower pressure. The sputtered atoms are neutrally charged and so are
unaffected by the magnetic trap. Charge build-up on insulating targets can be
avoided with the use of RF sputtering where the sign of the anode-cathode bias is
varied at a high rate. RF sputtering works well to produce highly insulating oxide
films but only with the added expense of RF power supplies and impedance
matching networks. Stray magnetic fields leaking from ferromagnetic targets also
disturb the sputtering process. Specially designed sputter guns with unusually strong

permanent magnets must often be used in compensation.
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CHAPTER 3: Reflectometry and Ellipsometry

3.1 Introduction

Reflectometry and spectroscopic ellipsometry (SE) are techniques that
measure the changes in the properties of light when it interacts with a sample. In the
case of reflectometry, the measured property is the change in intensity upon
reflection from the sample surface. In the case of ellipsometry, the change in
polarized light upon reflection from or transmission through the sample is the
property of interest. The light is usually elliptically polarized upon reflection, hence
the name “ellipsometry”.*

Reflectometry has been used since the time of Sir Isaac Newton in
academic and research laboratories; however, commercial instruments did not appear
until the late 1970°s.> The basic principles of ellipsometry were established more
than 100 years ago by Paul Drude (1887) but the technique was not widely used
because of the time consuming nature of the technique. However, rapid advances in
computer technology since the 1990°s has allowed for the automation of both the
instruments and data analysis, and this has led to a large increase in the use of the

technique.>® In the year 2000 for example, over 600 research papers were published

with ellipsometry in the title, compared with less than 100 in 1990.*
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3.2 Applications of Reflectometry and Spectroscopic

Ellipsometry

Reflectometry and SE are mainly used to obtain the optical constants and
thicknesses of thin films after their preparation. From measurements in the
ultraviolet/visible region, SE is also able to characterize interband transitions and
yield bandgap information. Since bandgap structure varies with surface
temperature, alloy composition, phase structure and crystal grain size, these
properties can be obtained from the analysis of optical constant spectra. In the
infrared region, at high enough carrier concentration, electrical properties can be
obtained; moreover, lattice vibration modes and local atomic structures can be
studied." Recent advances have also seen SE used for real-time, in-situ monitoring
of film growth and process control.>® From real-time monitoring, initial growth
processes as well as interface structures can be studied and enable reaction rate
characterization during processing. Both techniques have been used widely: in the
semiconductor industry for the analysis of substrates, thin films and gate
dielectrics; in chemistry for studying polymer films, self-assembled monolayers,
proteins and DNA; in display applications such as the characterization of TFT
films, transparent conductive oxides and organic LEDs and in the production of
high and low dielectrics for anti-reflection coatings.™ *°

SE offers several advantages: first, it is a high precision technique with
thickness sensitivity of approximately 0.1 A in even the most conventional
instruments.! SE and reflectometry are more comprehensive than any other tools:

optical, electrical, physical (or structural) and chemical (composition, bonding)
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information may be obtained from only one measurement. They are fast
(measurements require only a few seconds), nondestructive and non-contact: no
pattern is needed compared with a stylus profilometer for thickness. Ellipsometry
is an absolute technique (no need of reference or standards) and in addition, as
ellipsometry measures the polarization state and not the intensity, it is less sensitive
to light intensity fluctuations. The phase information from ellipsometry is very
sensitive to surface layers making it the best non-destructive technique for thin film
characterization. Additionally, there is no vacuum requirement compared with all
electron-beam or ion-beam based instruments. % °

The main disadvantage of reflectometry and SE are that they are indirect
methods: an optical model is required for interpretation of the data. This can lead
to the necessity for complicated data analysis. Also, since the spot size of the light
beam probe is usually several millimeters, this leads to low spatial resolution.
There is also difficulty in the characterization of materials with low absorption
coefficients (a < 100 cm™).!

For layers that are well understood and a few hundred to a few thousands
of angstroms thick, reflectometry has the advantage of speed. The primary strength
of SE is the ability to analyze multiple layers and to determine the optical constant
dispersion relationship.? The combination of reflectometry with SE on a single
instrument thus provides the best of both worlds: speed and sensitivity.
Additionally, the analysis of multiple data sets ensures that systematic errors can be

minimized.
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3.3 Principles of Reflectometry and Ellipsometry

3.3.1 Reflectometry Principles

The basic principle of reflectometry is the measurement of the intensity of
a light beam before and after reflection from a sample. The ratio of the intensity of
the reflected beam to that of the incident beam is called the absolute reflectance of
the sample. In practice, since it is difficult to measure the intensity of the beam
before it strikes the sample, a relative intensity is instead measured. In this case, the
intensity of the light beam reflected from the sample is divided by the intensity of the
same light beam reflected from a standard. The absolute reflectance of the unknown
sample can be calculated as long as the absolute reflectance of the standard is
known. A bare, crystalline silicon wafer is usually used since the optical properties
of silicon are well understood and so the absolute reflectance can be readily

calculated from these optical constants.’ 2

3.3.2 Reflectometry Instrumentation
The basic reflectometry instrumentation consists of a light source, a
reflection and a detector. For spectroscopic reflectometry, either the light source or
the detector is able to separate the light into the various wavelengths. In this system,
a light beam from the light source is incident on the sample at normal incidence (0°)
and 70°. A halogen lamp is used in tandem with a deuterium source to provide
illumination over a broad spectral range (240 — 920 nm). The detector system is

used simultaneously for the ellipsometry measurement and is described below.
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3.3.3 Ellipsometry Principles

Ellipsometry consists of the measurement of the change in polarization
state of a beam of light upon reflection from (or transmission through) the sample of
interest. Specifically, p- and s-polarized light waves are irradiated onto a sample and
the optical constants and film thickness of the sample are measured from the change
in polarization state by light reflection or transmission. When the measurement is
performed as a function of wavelength, as it was in this study, the technique is called
spectroscopic ellipsometry.> The amplitude reflection coefficients for p- and
s-polarizations differ significantly due to the difference in electric dipole radiation.
Thus, upon light reflection from a sample, p- and s-polarizations show different
changes in amplitude and phase. Ellipsometry measures the two values (v, A) that
express the amplitude ratio and phase difference between p- and s-polarizations
respectively. In ellipsometry, therefore, the variation of light reflection with p- and
s-polarizations is measured as the change in polarization state. In particular, when a
sample structure is simple, the amplitude ratio y is characterized by the refractive
index n, while A represents light absorption described by the extinction coefficient k.
In this case, the two values (n, k) can be determined directly from the two
ellipsometry parameters (y, A) obtained from a measurement by using the Fresnel
equations.t % °

The (v, A) measured from ellipsometry are defined from the ratio of the

amplitude reflection coefficients for p- and s-polarizations:

=<

£ (3.1)

= T

p = tan y exp(iA)
As described in Chapter 1, rp and rs are originally defined by the ratios of
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reflected electric fields to incident reflected fields, and tan y exp(iA) is defined
further by the ratio of ry to rs. In Figure 3.2 therefore, y represents the angle
determined from the amplitude ratio between the reflected p- and s-polarizations,

while A expresses the phase difference between reflected p- and s-polarizations.

Sample

ink)

Figure 3.2: Measurement principle of ellipsometry.
From Spectroscopic Ellipsometry Principles and Applications,
Hiroyuki Fujiwara, 2007, Copyright John Wiley and Sons Ltd. Reproduced
with permission.

3.3.4 Ellipsometry Instrumentation

Rotating
Light ) sample com pEI"ISEItOI'
source polarizer
detector
ﬁ-
analyzer

Figure 3.3: Optical configuration of the rotating compensator ellipsometer used in
this study
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The optical configuration of a rotating compensator ellipsometer (RCE) is
shown in Figure 3.2 above. A halogen lamp is used in tandem with a deuterium
source to provide illumination over a broad spectral range (240 — 920 nm). The state
of polarization of the incident light beam is usually set by a polarizer, which is an
optical system that converts a beam of light of any polarization state into a light
beam with a single known polarization state. The polarizer yields a linearly
polarized beam upon transmission through the polarizer. The analyzer is also a
polarizer: it is used to resolve the polarization state of the light beam after reflection
from the sample.? The compensator is an optical element that alters the phase of one
polarization component of a light beam with respect to the other: it is often
employed to convert linear polarization to circular polarization and vice-versa.! In
the RCE design, all the Stokes parameters (vectors which describe the polarization
state of electromagnetic radiation) can be obtained in a single measurement and thus
the measurement ranges for (y, A) are not restricted but can be measured over the
full range with uniform sensitivity.! The detectors use a fixed grating with a silicon

CCD array to allow for fast data collection.

3.4 Data Analysis

In order to evaluate the optical constants and thickness of samples from
reflectometry and SE, data analysis must be performed. This analysis consists of
three main parts: dielectric function modeling, construction of an optical model,

and fitting to the measured (y, A) and reflectometry spectra.
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3.4.1

3.4.2

3.4.3

Dielectric Function Modeling

In the analysis of reflectometry and SE data, the dielectric function
of a sample is required: if it is unknown, modeling of the dielectric function is
necessary. In this study, the SCI™ dispersion model was used. It is a modified
Lorentz oscillator model, which allows for coupling between the oscillators.’
(The Lorentz oscillator model is described in chapter 1.) In the limit as the
damping coefficient goes to zero, the SCI model converges to the Lorentz

oscillator model.

Optical Model

The construction of the optical model is one of the most important
steps in ellipsometry data analysis. The model is built using an estimated film
thickness and the material optical characteristics. The resulting parameters are
then considered to be the best estimate of the physical parameters, film thickness
and material optical constants for each layer in the structure. The optical models
used for the materials in this study are described in the experimental section of

each chapter.

Data Analysis

Data analysis is performed using linear regression analysis and
optical constants and film structure are determined by minimizing fitting errors
calculated from a fitting error function. Figure 3.3 below shows the steps in the
data analysis procedure.

First, an optical model corresponding to the sample is constructed and then
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the dielectric functions of each layer are selected using a dielectric function
model. Using analytical parameters, such as the high frequency dielectric
constant, the damping coefficient, the center energy of each oscillator, the
amplitude of each oscillator and the oscillator vibration (broadening) frequency,
the calculated reflectance and (y, A) spectra are fitted to the experimental spectra.
In the next step, the fitting error (called the root mean square error or RMSE) is
evaluated. If it istoo large, the analytical parameters are optimized and
adjustments made to the optical model as necessary. Finally, from the optical
model and analytical parameters that minimize the RMSE, the optical constants
and thickness of each layer are determined. The quality of the fits was
determined using the root mean square error (RMSE) which is calculated using

the following formula:

Z [(Ytarget,j - Ycalculated,j )2 X Welght 12]
RMSE= | (3.2)

n
weight §
=1

The parameters are as follows: n is the number of selected targets, Yiarget is the
target value, Ycaculated 1S the calculated (predicted) value, and weight is the
standard deviation at each target point.” The weighting of each data point by its
standard deviation ensures that noisy data points do not skew the results of the fit.
Noisy data points will have larger standard deviation values so that their
contribution to the RMSE tends to be smaller.? The smaller the RMSE value, the
better the fit, with a perfect fit having an RMSE value of 0, i.e., no difference

between the measured and simulated data.
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Figure 3.3: Flow chart showing the steps in the analysis of

reflectometry and SE data.

It is important to evaluate the obtained results for reasonableness.
An optical model approximates the sample structure and the obtained results are
not necessarily correct even when the fit is good® (small RMSE values). If
possible, the ellipsometry results can be validated using other measurement
techniques such as scanning electron microscopy (SEM) and atomic force
microscopy (AFM). An example of this approach is demonstrated with the

analysis of zinc oxide thin films in chapter 4 of this study.
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CHAPTER 4: Optical Properties of Zinc Oxide Thin Films

4.1. Introduction

There has been great interest in thin film piezoelectric materials such as
zinc oxide for wide ranging applications such as thin film resonators in wireless
communication devices," as ultraviolet light emitting devices,** as material for thin
film solar cells® and as optical coatings,® to give a few examples. Precise knowledge
of the optical properties is crucial for designing modern optical and optoelectronic
devices but so far, only a few studies have been done on the optical properties of
ZnO crystals and films and many discrepancies remain among the various studies.***
Additionally, research in this area has focused on films grown by molecular beam
epitaxy (MBE) and pulsed laser deposition (PLD). Sputtering as an alternative
deposition method offers several advantages: low deposition temperatures are
possible, high deposition rates on amorphous substrates, preferred orientation of the
materials deposited and large deposition areas.'? Films grown by sputtering therefore
could potentially be used for large scale applications,™ such as solar cells, if their
optical properties were well understood. Previous studies have concluded that the
structure, surface morphology, composition and optical properties of thin films are
strongly dependent on substrate temperature. Thus a study of optical properties with
varying substrate temperature will add important information to the body of
knowledge in this field.

Reflectometry and spectroscopic ellipsometry (SE) are fast, non-contact,

non-destructive tools which are very sensitive to surface layers and thus ideal for
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analyzing thin films. Ellipsometry is widely used in the semiconductor industry for
example, for process control: pairing the technique with reflectometry results in far
fewer systematic errors and thus more reliable results than could be obtained using
SE only.

We report for the first time the optical properties of zinc oxide thin films
deposited at varying substrate temperatures analyzed by spectroscopic ellipsometry
and reflectometry using a coupled Lorentz oscillator model which is able to fit the
experimental data both above and below the band gap of the material. The films
were deposited by radio frequency (RF) magnetron sputtering on silicon and

platinum-coated silicon substrates.
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4.2. Structure and Properties of Zinc Oxide

Zinc oxide (ZnO) is a member of the wurtzite family whose characteristic
features include a non-centrosymmetric structure and polar crystallographic
surfaces. The structure may be described as a number of hexagonal alternating
planes composed of tetrahedrally coordinated O% and Zn?* ions stacked

alternately along the c-axis (Figure 4.1).

b | c

Figure 4.1: Structure of Zinc Oxide (a) ball-and-stick representation; (b) polyhedral
representation (c) ball-and-stick representation showing hexagonal structure

Zn0 exhibits a number of interesting properties which makes it an excellent
candidate for applications in diverse fields. It is a multifunctional I1-V1, n-type,
direct-gap semiconductor with wide bandgap energy (3.37 eV) and a high
excitonic binding energy (60 meV).'*** These properties make it of considerable
interest for both electrical and optical applications: Bagnall et al® and Tang et al®
have demonstrated optically pumped ultraviolet lasing at room temperature from
ZnO films grown by molecular beam epitaxy. It is also an important transparent
conductive oxide, exhibiting high transmittance in the visible region (~85%)*3
and low electrical resistivity (10 — 10 Q cm),*® making it an ideal material for

solar cells and flat panel displays.® Due to the non-centrosymmetric structure,
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ZnO is piezoelectric, a key property in making it useful for electromechanical

coupled sensors and transducers.™
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4.3.

Experimental

4.3.1. Preparation of Zinc Oxide Thin Films

ZnO films were deposited using radio frequency (RF) planar magnetron
sputtering equipment (ANELVA SPF-332H) a schematic of which is shown in
Figure 4.2. This system consists of a cryogenic vacuum pump which achieves a
base pressure of less than 5 x 10’ torr, a RF power supply (13.56 MHz) with a
matching unit, a 3 inch diameter coaxial planar magnetron under the target holder,
argon (Ar) and oxygen (O,) gas inlets and quartz lamps for substrate heating. A 3
inch diameter Zn target (99.995% Pure Tech Inc. 0.125 inch thickness) was
reactively sputtered in an Ar-O; (1:1) plasma discharge at 5 sccm flow rates for
each gas with varying chamber pressures. A 4-inch main butterfly valve controls
the total pressure in the system during deposition. High purity gases (Ar and O,)
were premixed and introduced into the system. The flow rates were adjusted by
manual leak valves and measured using Matheson flow meters. The total working
pressure in the system was measured with a MKS Baratron capacitance gauge.

Two types of substrates were used in this process: Si (100) wafers bearing
a native oxide layer and Pt (111) on Si. Before deposition onto the substrates, the
target was pre-sputtered for 10 minutes. During this period, the deposition of
ZnO on the substrate was prevented by the presence of a shutter. After pre-
sputtering, the shutter removal changed the plasma impedance, requiring the
retuning of the RF power source from the matching unit to optimize the sputtering
process. During sputtering, the substrates were placed parallel to the target surface

in a sputter-down geometry. The substrates were either intentionally heated with

63



a quartz lamp to temperatures varying from 300 — 700 °C, or unintentionally
heated to a temperature ranging from 45 — 65 °C due to energetic particle

bombardment. The substrate temperature was measured by a thermocouple

situated below and in contact with the substrate. The target substrate distance was

9.5 mm.
RF
| -
1
1 1
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4 " Sinch target
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to vacuum
Heater
(0]}

Figure 4.2: Schematic of the Anelva SPF-332H sputtering system

4.3.2. Determination of Optical Properties
The optical properties of the films were measured by multi-angle
spectroscopic reflectometry and spectroscopic ellipsometry on a FilmTek ™
3000SE optical thin film metrology system (Scientific Computing International).

Details of the experimental setup and procedure are given in chapter 3.
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4.4. Results

4.4.1. Reflectometry and Ellipsometry Data
4.4.1.1. Film Structure and Model Parameters.

The film deposited on silicon was modeled as three layers consisting of
the substrate (silicon), a zinc oxide layer and a zinc oxide/void EMA layer to
account for any surface roughness (Figure 4.3A(i)). The film deposited on
platinum was modeled as three layers consisting of the substrate (platinum), a zinc
oxide layer and a graded zinc oxide/void EMA layer to account for any surface
roughness (Figure 4.3A(ii)). The zinc oxide layer was modeled using the SCI™
dispersion model which is a generalized Lorentz oscillator model which allows for
coupling between the oscillators. In the limit as the damping coefficient goes to
zero, the SCI model converges to the Lorentz oscillator model. The zinc
oxide/void layer was modeled using an effective medium approximation (EMA)
using the Bruggeman model. This model is based on the self-consistent choice that
the dielectric function of the total system equals the dielectric function of the host

material which in this case is zinc oxide.!’

= =J¢— EMA layer (ZnO + void) — > ==
«—— Zinc oxide film ~0.65 um — "]

Platinum substrate ~0.2 um —

ﬁ <— Silicon substrate ~ pm ——
(i) (i)
Figure 4.3A: Optical model used in analysis of (i) ZnO on Si and (ii) ZnO on Pt thin
films
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(i) (i)

Figure 4.3B: Optical Model of EMA layer for film deposited on Si with ZnO: void =
50:50 (i) and Pt with graded model (ii). Black spheres represent ZnO

The reflectometry and SE data was then analyzed using a multiple parameter
regression analysis. The model used two oscillators for the films deposited on
silicon and three oscillators for the films deposited on platinum and varied the
following parameters: the high frequency dielectric constant; the damping
coefficient; the center energy of each oscillator; the amplitude of each oscillator

and the oscillator vibration (broadening) frequency.

4.4.1.2. Sample Reflectance and Ellipsometric Data and Dispersion Spectra

Figure 4.4 (a —d) shows typical measured and simulated reflectometry and
ellipsometry data for a zinc oxide film grown on a silicon substrate at a deposition
temperature of 500°C, as well as the refractive index and extinction coefficient
dispersion spectra determined using the SCI ™ model. Table 4.1 shows the values
of the fitted parameters as well as the thickness, refractive index and extinction
coefficient obtained at 632 nm and the RMSE value of the data fits. A summary of
the results obtained for the analyzed films is shown in Tables 4.2 and 4.3 below.

Appendix A contains all the data sets analyzed in this manuscript.
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Figure 4.4: (a) Measured (violet) and simulated (blue) 0° and measured (green) and simulated (yellow)
70° reflectance (b) Measured (violet) and simulated (blue) psi (y) (c) Measured (violet) and

simulated (blue) delta (A) (d) index of refraction (n) and extinction coefficient (k) dispersion
spectra for 0.675 um ZnO film deposited at 550°C on Si substrate
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Table 4.1: Regression Parameter Data and Extracted Optical Constants
for fits shown in Figure 4.4

Layer #1 Material Coefficient Table

Number of Oscillators 2

High Frequency Dielectric Constant 3.201437
Damping Coefficient 2.434038
Amplitude (1) 0.512585
Center Energy (1) 3.321930
Vibrational Frequency (1) 0.107968
Amplitude (2) 1.406792
Center Energy (2) 3.695282
Vibrational Frequency (2) 1.115256

Layer #2 Material Coefficient Table

EMA Screening 0.3333

EMA Type Bruggeman
Number of Materials 2

% Same As Layer #1 50.0000

% VOID 50.0000
Extracted Data

Thickness Layer 1 675.18 nm = 0.05 nm
Thickness Layer 2 20.57 nm + 0.05 nm
Refractive Index @ 632 nm 2.03348 + 0.00020
Extinction coefficient @ 632 nm 0.0000

RMSE 1.590

Table 4.2: Summary of Data for ZnO Thin Films on Silicon Substrate

Thickness Thickness | Refractive Index,
Deposition Layer 1/nm | Layer 2/nm n @632 nm

Sample ID | Temperature/°C | +0.05nm +0.05 nm + 0.00020 RMSE
GM30-a 100 671.46 16.94 1.98328 1.277
GM13-g 400 402.28 12.93 2.01218 0.974
GM29-3 450 646.95 12.47 2.02177 1.449
GM17’-a 550 675.18 20.57 2.03348 1.590
GM25-2 600 643.34 14.61 2.03629 1.473

Note: k =0 at 632 nm for all films
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Figure 4.5: (Top) Measured and simulated 0°, 70°, reflectance , psi (y) and delta (A) data
(Bottom) index of refraction (n) and extinction coefficient (k) dispersion spectra
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Table 4.3: Regression Parameter Data and Extracted Optical Constants

for fits shown in Figure 4.5.

Layer #1 Material Coefficient Table

Number of Oscillators 3

High Frequency Dielectric Constant 1.000000
Damping Coefficient 0.886088
Amplitude( 1) 14.251682
Center Energy( 1) 9.532871
Vibrational Frequency ( 1) 22.709711
Amplitude( 2) 0.994141
Center Energy( 2) 3.356137
Vibrational Frequency ( 2) 0.119004
Amplitude( 3) 2.023066
Center Energy( 3) 3.667778
Vibrational Frequency ( 3) 0.970417

Layer #2 Material Coefficient Table

EMA Screening 0.3333

EMA Type Landau-Lifshitz
Number Nodes 3

HOST MATERIAL Same As Layer #1
Material #2 VOID

% POSITION NODE #1 0.00

% POSITION NODE #2 50.00

% POSITION NODE #3 100.00

% FRACTION VOID NODE #1 0.0000

% FRACTION VOID NODE #2 79.3708

% FRACTION VOID NODE #3 67.0000

Table 4.4: Summary of Data for ZnO Thin Films on Platinum Substrates

Thickness
Sample ID | Deposition Thickness ZnO | Graded EMA | Refractive RMSE

Temperature | layer /nm layer /nm Index, n

/°C + 0.05 nm +0.05 nm + 0.00020
GM30a 100 653.46 61.69 1.94547 2.828
GM11b 400 623.67 62.66 1.95369 3.463
GM10b 500 413.34 55.25 1.95766 1.994
GM17a 550 636.24 63.21 1.97558 3.726
GM19c 650 875.80 35.31 1.97995 4.063
GM20r 700 685.61 49.44 1.99080 3.980

Note: k = 0 at 632 nm for all films
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Table 4.5: Comparison of RMSE Values for Various Models used to fit ZnO

Thin Films on Platinum Substrates

Sample ID ?gﬁqﬁ:ﬁgre /°C Root Mean Square Error, RMSE
EMA EMA estimated
50:50 ZnO: void by AFM Graded Model
GM30a 100 3.886 7.498 2.828
GM11b 400 3.479 7.177 3.463
GM10b 500 2.541 4.775 1.994
GM17a 550 5.825 6.639 3.726
GM19c 650 4.039 4.392 4.063
GM20r 700 4.116 7.055 3.980

4.4.2. Atomic Force Microscopy

Microscopes™ Explorer AFM instrument scanning in contact mode using a

Atomic Force Microscopy (AFM) images were collected on a Thermo-

silicon nitride tip with a nominal radius of 20 nm. Images were processed by two-

dimensional, second order leveling and analyzed to obtain area roughness, line

roughness and peak-valley height measurements using the instrument software

(ThermoMicroscopes™ SPMLab Version 5.01).
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Figure 4.6: AFM images (left: 5 um? and right: 1 pm?) of ZnO thin films on Pt
at deposition temperature (A) 100 °C; (B) 550 °C; (C) 650 °C.
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Table 4.6: AFM Analysis: Roughness, R; and Averaged Peak-Valley Height

for imaaes
Deposition Temperature / °C
AFM Analysis Type

100 550 650
1 pm? 6.29 14.42 6.04

Line R,/ nm
5 pm? 5.08 11.63 8.35
1 pm? 8.21 14.32 8.83

Area R,/ nm
5 pm? 6.16 11.97 9.26

2

Average Peak-Valley 1 pm 13.62 17.83 12.41
Height/ nm 5 pm? 9.12 18.16 12.95

R, is the roughness average and is the arithmetic average of the absolute values of

the measured profile height deviation calculated as follows:

R, =1

n

iz - Z|
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4.4.3. Scanning Electron Microscopy (SEM) Images

Scanning Electron Microscopy (SEM) images were collected on a Digital

Scanning Microscope, DSM 940 (Zeiss) at a voltage of 15 kV and a working

distance of 11 mm.

Figure 4.7: SEM Images of ZnO Thin Films on Pt at deposition temperatures of
(A) 100 °C; (B) 550 °C; (C) 650 °C
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4.5. Discussion

The quality of the fit of the data to the model used is amply demonstrated
by the close match of the simulated data to the measured spectra: the RMSE
obtained for the fits in Figure 4.4 was 1.437 over all four data sets, both above and
below the ZnO band edge. The average RMSE for the fits on silicon was 1.353
(five films), while the average for the fits on platinum was 3.342 (six films). As a
comparison, the best fits obtained for SiO, on Si, one of the best understood
systems in terms of optical behavior, is between 0.5 — 1.0. Average RMSE values
of 1.353 and 3.342 therefore amply demonstrate the excellent fitting capabilities of
the model.

The optical spectra show strong interference oscillations below the band
edge (~375 nm) due to multiple internal reflections between the film and the
substrate. Above the band edge (wavelengths below 375 nm), no oscillations are
seen due to light absorption resulting from the ZnO interband transition. The n and
k spectra show strong peaks which may be attributed to ZnO interband transitions
(375 nm) as well as a smaller, broadened peak (338 nm) attributed to exciton-
phonon complex transitions.* The value of the extinction coefficient is seen to be
zero between 400 — 920 nm, indicating that the ZnO film is transparent in this
spectral region. Therefore, in this region, the refractive index of ZnO can be

modeled using the simple empirical Cauchy dispersion model:

The dispersion obtained for the index of refraction is typical of semiconductors,

showing n decreasing with increasing wavelength and a resonant frequency close
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to the visible region (370 nm).** Similar behavior is observed for films deposited
on platinum.

Figure 4.8 below shows a plot of (a) refractive index versus deposition
temperature and (b) EMA layer thickness versus deposition temperature for films
deposited on silicon substrates. The films have a zinc oxide layer thickness of 650
nm = 30 nm (with the exception of one film). The results indicate a general trend
of n increasing with increasing deposition temperature. Since n is an indicator of
packing density,"* it may be surmised that increasing substrate temperatures result
in the increased mobility of species impinging on the surface. As such, the atoms
have sufficient energy to assemble into a regular lattice structure and thus
increasing deposition temperatures result in a lattice structure that approaches that
of the bulk material."**® Refractive index can also be used as an indicator of film
stoichiometry: index increases with an increase in the O/Zn ratio. Since electrical
measurements also indicate that the films are nearly insulating, this trend indicates
that the film stoichiometry is close to ZnO, i.e. 1:1 ratio of Zn to O and therefore
little interstitial zinc which would give rise to n-type conductivity in the films.
EMA thicknesses show no correlation to temperature. As discussed later in this
manuscript with respect to the films deposited on platinum, while it may be
expected that at higher deposition temperatures the roughness of the films would
increase, the values obtained from the reflectometry/SE analysis are consistent
with the physical estimates obtained from AFM measurements. Additionally, the
film deposited at 550 °C on platinum showed faceting'® and this is the film on

silicon for which the highest EMA value is obtained.
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Figure 4.9 shows a plot of refractive index versus deposition temperature
and (b) EMA layer thickness versus deposition temperature for films deposited on
platinum substrates. Four of the films on platinum have a zinc oxide thickness of
approximately 650 nm; the remaining two have thicknesses of 413 and 875 nm.
The ellipsometry-reflectometry model appears to overestimate the thickness of the
EMA layer based on the evidence of field effect scanning electron microscopy
(FESEM) images'® and scanning electron microscopy (SEM) images (Figure 4.7).
Both types of imaging indicate that the films deposited at low temperatures (below
300 °C) are relatively smooth and that faceting occurs on the platinum-substrate
films at 550 °C resulting in much greater roughness in films deposited at
temperatures above 500 °C. To obtain a physical estimate of the film roughness,
atomic force microscopy (AFM) imaging of the films were carried out in contact
mode using 20 nm silicon nitride tips. The images of the films deposited at 100,
550 and 650 °C are shown in Figure 6 along with area and line roughness values
(Ra) as well as average peak-valley heights in Table 4.6. Figure 4.10 below plots
the roughness values versus deposition temperature: it is immediately obvious that
the film deposited at 550 °C is much rougher than the ones deposited at 100 and
650 °C which have similar roughness. This result correlates well with what is
observed visually from the FESEM and SEM data.

The average peak-valley height measurement was first used as a physical
estimate of the film roughness and input as a non-varying parameter in the

ellipsometry-reflectometry analysis. However, this approach yielded
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Figure 4.10: Roughness average, R, vs. deposition temperature (°C) for ZnO
films on platinum

unsatisfactory fits and refractive index values. Closer inspection of the AFM
images revealed why this might be so: the zinc oxide material is not uniformly
distributed throughout the roughness layer, as is assumed by the Bruggeman EMA.
Instead, the proportion of ZnO decreases and the proportion of void increases as
we move from the bottom of the EMA layer toward the top, as illustrated in Figure
4.3B. Based on this observation, a graded index was used to describe the EMA
layer in the reflectometry-ellipsometry model.

The graded material model is similar to the EMA in that it is a mixture of
two materials. However, in the graded model, the mixture ratio is specified at
different depths within the layer (i.e., models an inhomogeneous layer) and the
index of refraction is graded in the direction perpendicular to the surface of the
film. The mixture ratio is assumed to be a linear interpolation of the mixture ratios
at the specified nodes.!” Using this approach the data obtained and the RMSE of

the fits are shown in Table 4.4. Excellent fits were obtained using the graded
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model compared with a simple EMA (50:50 ratio of ZnO: void distributed
homogeneously throughout the layer) or fixing the EMA layer thickness based on
the AFM as a non-varying parameter in the model. The RMSE of all three
approaches are summarized in Table 4.5. As can be seen from the data in the
table, the graded EMA consistently gives better RMSE values than the other two
models, indicating better fits of the measured to simulated data. The EMA
thicknesses obtained from the graded model are also consistent with the AFM data:
for example, for the sample deposited at 100°C, the AFM gives values of 61.06 hm
and 76.11 nm for the 1 pm? and 5 um? scan areas respectively, which compares
very well with 61.69 nm from the reflectometry-ellipsometry model.

As with the films deposited on silicon, the films deposited on platinum
show an increase in the refractive index with increasing deposition temperature.
The same arguments can be made to explain this trend. A survey of the literature
reveals many reports that show that the crystallinity of zinc oxide thin films
increase with increasing substrate temperatures. Cetinérgii et al*® studied films
deposited by filtered vacuum arc deposition (FVAD) on microscope glass and UV-
fused silica and concluded that the film grown at a substrate temperature of 400 °C
was more crystalline, had larger grain sizes, higher surface roughness and higher
resistivity than films grown at room temperature based on XRD, AFM and X-ray
photoelectron spectroscopy (XPS) measurements. Transmission and SE
measurements found that the optical transmission of the films were also increased
at higher substrate temperatures, however, the refractive index of the film

deposited at 400 °C was 10 % lower than that deposited at room temperature.
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Kang and Joung*? studied films deposited on Pt/TiO,/SiO/Si by RF magnetron
sputtering at substrate temperatures varying from 100 — 400 °C. Their study found
that the film deposited at 200 °C had the highest crystallinity based on full width at
half maximum (FWHM) of the XRD peaks, AFM and SEM measurements. Using
transmittance and reflectance data, they also concluded that the more crystalline
film had a higher index of refraction. Hu et al® studied ZnO films deposited on o-
SiO, substrate by PLD at substrate temperatures ranging from 225 — 500 °C.
Unlike Kang and Joung’s study, they found a decrease in FWHM values,
indicating higher crystallinity with increasing substrate temperatures, albeit using
different deposition methods. While transmittance measurements were used to
determine the refractive index of the film deposited at 425 °C, no comparison of n
was made at the various deposition temperatures. Similarly, Heitsch et al,*® Kim et
al®® and Singh and Major? all observed an increase in grain size and crystallinity
with increasing substrate temperature using different deposition techniques (PLD,
MOCVD and RFMS respectively) on different substrates (Si (111 and 100), SiO,
and fused quartz respectively) using a variety of measurement techniques (XRD,
SEM, AFM and Raman).

However, no studies have explicitly examined the relationship between
substrate temperature and refractive index on any substrate using SE or, as in our
case, the combination of reflectometry and SE. Table 4.7 summarizes previous
studies carried out on the optical properties of ZnO crystals and thin films using
spectroscopic or transmission ellipsometry. The studies by Washington* and Hu®

used the Sellmeier and Cauchy models respectively but were only able to fit below

82



the band gap of ZnO. Liu®** and Dumont’ were able to fit over the whole range
but only by using one of the above two models below the band gap and using more
complex computational methods above the band gap. Rebien™ did not specify the
optical model used to fit their data: the emphasis of the study was to compare sol-
gel deposited films to sputtered films. Additionally, all the studies cited deposited
the film at only one substrate temperature with the exception of Hu, who deposited
over the temperature range of 225 — 500 °C. However, Hu’s study only measured
the refractive index for the deposition temperature that was determined to give the
most crystalline material (425 °C). Only the studies by Jellison® (on ZnO single
crystal) and Hu gave quantitative values for the refractive index: all the other
studies presented the dispersion spectra obtained and compared them qualitatively
to other published work or to ZnO bulk values.

This study has therefore been able to accomplish two things. First, we
have developed an optical model that has been able to give excellent fits to the
measured data both above and below the band gap without resorting to more
complex computational or point-by-point fitting methodology. Secondly, we have
determined the refractive index for films deposited over a wide range of substrate
temperatures. Thus we have been able to demonstrate that the correlation between
substrate temperature and crystallinity also extends to refractive index and that the
refractive index of ZnO for optoelectronic applications can be tailored by substrate

temperature selection.
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Crystals such as zinc oxide with a hexagonal structure are said to be
optically anisotropic. Because of the particular arrangement of the atoms in the
crystal, light generally propagates at a speed depending on the orientation of its
plane of polarization relative to the crystal structure. In tetragonal and hexagonal
crystals, a light ray traveling parallel to the c-axis encounters an isotropic
structure, since a; = a; in these crystals. A light ray travelling in any other
direction however encounters an anisotropic structure and so travels with a
different velocity. The c-axis is therefore an optically unique axis in these
crystals and is called the optic axis: for this direction, the speed of propagation is
independent of the orientation of the plane of polarization of the light ray. In
substances such as calcite (CaCO3) and zinc oxide there is only one such axis and
the crystal is termed uniaxial.

When a ray of plane-polarized light traverses a uniaxial crystal parallel to
the optic axis, regardless of the vibration direction of the electric field, the index
of refraction is the same and is usually denoted n,. When a ray traverses the
crystal along a direction which is normal to the optic axis, the index of refraction
depends on the vibration direction of the electric field. If the vibration direction is
also normal to the optic axis, then the index is also n,. When the vibration
direction is parallel to the optic axis, the index of refraction is different and is now
denoted n.. When the vibration direction lies between these two directions, then
the light ray is split into two components, called the ordinary and extraordinary
ray, whose electric fields are constrained to vibrate in directions respectively

parallel and normal to the optic axis. The two indices of refraction n, and n, are
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called the principal indices of refraction of a uniaxial crystal corresponding to the
ordinary and extraordinary rays respectively.*2

In an anisotropic material the refractive indices can be illustrated by a
representation surface - the optical indicatrix (Figure 4.11). For each (orthogonal)
principal direction in the anisotropic material, there is an associated principal
refractive index. The variation of the refractive index with the plane of the
wavefront can be represented by an ellipsoid. The semi-axes of this optical
indicatrix are directly proportional to the principal refractive indices. Uniaxial

crystals have two principal refractive indices and one optic axis parallel to the

symmetry axis (z) and so perpendicular to the circular section.

Optical axis (c-axis)

Figure 4.11: The optical indicatrix for a positive, uniaxial crystal such as ZnO

In general, the electric field of a light wave experiences two permitted vibration
directions, known as the fast and slow directions, both in the plane of the
wavefront, and determined by the shape of the indicatrix. Consider a section
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passing through the origin of the indicatrix for a uniaxial crystal, and orientated
parallel to the wavefronts, as shown by the dotted line in Figure 4.11 above. The
two permitted vibration directions are given by the major and minor axes of this
section. The corresponding refractive indices are the lengths of these axes. The
section will be elliptical unless the light is travelling along the optic axis so that
the plane of the wavefront coincides with the circular section of the ellipsoid. The
ordinary vibration direction lies in the circular section of the indicatrix (i.e.
perpendicular to the optic axis) with refractive index n,. Light travelling along the
optic axis experiences just this refractive index - the ordinary refractive index.
The extraordinary vibration direction lies in the plane of the wavefront and
perpendicular to the ordinary vibration direction, and has refractive index n'e. The
value of n'¢ is determined from the ordinary refractive index and the principal
extraordinary refractive index ne.*?

SE measurements detect both the ordinary and extraordinary ray; however,
the measurement is dominated by the ordinary component.*** Further, based on
the measurements of other researchers, no noticeable variation is obtained in
measurements on samples rotated with respect to the surface normal and with
different angles of incidence;* our measurements similarly show no major
variations in the index obtained upon rotation of the samples. This indicates that
the optical c-axis of the zinc oxide crystal is oriented perpendicular to the
substrate surface. This conclusion is borne out by X-ray diffraction data.
Numerous studies of ZnO deposited on various substrates also have shown that

ZnO is preferentially deposited with the c-axis oriented perpendicular to the
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surface. Hence, measurements of sputtered zinc oxide thin films can be compared
with the ordinary refractive index of bulk zinc oxide. The bulk refractive index
(ordinary ray) of zinc oxide single crystal is 1.9985 at 600 nm;* the values
measured reach a maximum value of 2.027 at a deposition temperature of 600 °C
on silicon and 1.991 on platinum, almost identical to the single crystal values.

Figure 10.11 shows the comparison of the refractive index values obtained
for films deposited on silicon and those deposited on platinum. The presence of a
native, amorphous silicon dioxide layer on silicon substrates leads to the

expectation that more crystalline films should be grown on platinum substrates.

205 ==Platinum
=—@=Silicon

2.04

2.03 ~

1.95 y—

0 200 400 600 800

Deposition temperature (°C)

Figure 4.12: Comparison of refractive index n, vs. deposition temperature for ZnO films
on silicon and platinum substrates
This is because Pt presents a hexagonal (111) surface, devoid of any oxide layer
and should therefore provide a better surface for nucleation. Additionally, the
small lattice mismatch between ZnO (3.42 A) and Pt (3.92 A) also supports

deposition of textured films. This expectation is confirmed by comparing the
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4.5.

intensities of the (002) peaks in the X-ray diffraction spectra of films deposited at
the same temperatures.” This would then lead to an expectation of higher
refractive indices for films deposited on platinum compared to those on silicon at
the same substrate deposition temperature. This is not observed in this study. We
believe this may be due to a systematic error which would require a further
careful study to elucidate. Nonetheless, we have demonstrated that increased
substrate deposition temperatures lead to greater crystallinity and higher refractive

indices in the temperature range studied.

Conclusions

We have successfully developed a reliable optical model based on the Lorentz
oscillator for ZnO thin films on silicon and platinum substrates. This model is
able to fit the data both above and below the band gap for ZnO and from it, we
determined the refractive index and extinction coefficient for the thin films in the
spectral range 240 — 920 nm. Additionally, we have demonstrated that the
refractive index of the films increases with substrate deposition temperatures.
Since previous research has shown that the film crystallinity increases with
increasing substrate deposition temperatures, we can therefore conclude that the

refractive index also increases with the crystallinity of the films.
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Chapter 5: Optical Properties of Strontium Titanate Thin Films

5.1 Introduction

Strontium titanate (SrTiO3; or STO) possesses several interesting
properties that have made the material of great interest for various potential
applications. Non-stoichiometric or doped n-type semiconducting SrTiO3 may be
applicable as dielectric and photoelectric material. Thin films may find
applications in microelectronics, solar and sensor technology™: a potential
application is as charge storage material in high density dynamic random access
memory (DRAM). As an incipient ferroelectric that has low dielectric loss and
large dielectric non-linearity at cryogenic temperatures, it is an ideal candidate for
tunable microwave devices with high temperature semiconductors. Thin films have
potential to compete with GaAs-based Schottky diodes in microwave varactor
technology.? Most studies of STO thin films have focused on materials grown by
molecular beam epitaxy (MBE) and pulsed laser deposition (PLD);** however,
materials grown by cheaper or other methods such as radio frequency (RF)
magnetron sputtering are poised to become good alternatives in technological
applications once their quality can be confirmed and their optical properties well
understood. Techniques such as spectroscopic ellipsometry and reflectometry are
excellent tools for studying the optical properties of materials grown by this
method. We report here an analysis of the optical properties of STO thin films
grown on silicon and platinum substrates at varying deposition temperatures.

Our results also show that the film crystallinity is dependent on the deposition
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5.2

temperatures and substrate and that this relationship can be quantified using the
refractive index (n) determined by ellipsometric methods. Additionally, our results
show that the STO thin films thus prepared exhibit a graded index of refraction
when the films are deposited above 300 °C and show no interfacial layer formed

between the substrate and film.

Structure and Properties of Strontium Titanate

Strontium titanate, SrTiOg, is an incipient ferroelectric (i.e., it behaves like
a ferroelectric material in the paraelectric phase®) and member of the perovskite
family of compounds (Figure 5.1). Unstrained and at room temperature it has a
cubic perovskite structure and undergoes a phase transition to a tetragonal structure
when cooled to 110 K. When this occurs, the Ti atoms are slightly displaced and
the structure becomes non-centrosymmetric: the material thus has the potential to
exhibit ferroelectric and piezoelectric behavior. Ferroelectric materials are good
capacitors and thus can be used as computer memory since in one polarized state or
another they can act as binary systems. SrTiOj3 is an insulator transparent to visible
light. The fundamental band gap for the bulk is 3.22 eV which is generally
believed to be due to transitions from 2p oxygen states to 3d titanium states.’

Epitaxial films of STO are of interest as high-« gate dielectrics because of
the potential for higher uniformity, lower defect density and lower leakage current

relative to polycrystalline metal oxides or amorphous silicon dioxide films.*
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Figure 5.1: Crystal Structure of Strontium Titanate
http://www.camsoft.co.kr/CrystalMaker/graphics/resources/hires/perovskite.jpg

Epitaxial STO also has potential use as an intermediate layer between a
ferroelectric thin film and silicon substrate in a metal-ferroelectric-insulator-
semiconductor field-effect transistor (MFIS FET) to prevent reaction and

interdiffusion between the ferroelectric and silicon.’
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5.3 Experimental

5.3.1 Preparation of Strontium Titanate Thin Films

Strontium titanate films were deposited by radio frequency planar
magnetron sputtering in an ANELVA SPF-332H system, a schematic of which is
shown in Chapter 4 (figure 2). This system consists of a cryogenic vacuum pump
which achieves a base pressure of less than 5 x 10’ torr, a RF power supply (13.56
MHz) with a matching unit, a 3 inch diameter coaxial planar magnetron under the
target holder, argon (Ar) and oxygen (O,) gas inlets and quartz lamps for substrate
heating. A SrTiOs target (3.0 inch diameter, 0.25 inch thickness, 99.9% purity,
Sputtering Target Manufacturing Co.) was sputtered in an Ar-O; (4:1) plasma
discharge at 5 sccm flow rates for each gas with varying chamber pressures.
A 4-inch main butterfly valve controls the total pressure in the system during
deposition. High purity gases (Ar and O;) were premixed and introduced into the
system. The flow rates were adjusted by manual leak valves and measured using
Matheson flow meters. The total working pressure in the system was measured
with a MKS Baratron capacitance gauge.

Two types of substrates were used in this process: Si (100) wafers bearing
a native oxide layer and Pt (111) deposited on Si. Before deposition onto the
substrates, the target was presputtered for 10 minutes. During this period, the
deposition of strontium titanate on the substrate was prevented by the presence of
a shutter. After presputtering, the shutter removal changed the plasma impedance,
requiring the retuning of the RF power source from the matching unit to optimize

the sputtering process. During sputtering, the substrates were placed parallel to
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5.3.2

the target surface in a sputter-down geometry. The substrates were either
intentionally heated with a quartz lamp to temperatures varying from 300 —

700 °C, or unintentionally heated to a temperature varying from 45 to 65 °C due
to energetic particle bombardment. The substrate temperature was measured by a
thermocouple situated below and in contact with the substrate. The target

substrate distance was 95 mm.

Determination of the Optical Properties

Multi-angle reflectometry measurements on the films were carried out on
a Film Tek™ 3000SE metrology system (Scientific Computing International
(SCI)). The reflectance measurements were carried out at normal incidence and
polarized 70° incidence over the wavelength range 240 — 920 nm using a
deuterium-halogen light source. Details of the experimental setup and procedure

are given in chapter 3.
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5.4 Results

5.4.1 Description of Model

The films were analyzed with multi-angle reflectometry because at larger
film thicknesses (approximately 1 micron), ellipsometric data is less reliable and so
were omitted from the measurement. The film on silicon was modeled as two-
layers consisting of the substrate, and a strontium titanate graded layer. The
strontium titanate graded layer was modeled using a graded material model similar
to an effective medium approximation (EMA), except that the mixture ratio is
specified at different depths within the layer. The mixture ratio throughout the
graded layer is assumed to be a linear interpolation of the mixture ratio at the
specified nodes. The strontium titanate layer was modeled using a two-oscillator
SCI™ dispersion model which is a generalized Lorentz oscillator model which
allows for coupling between the oscillators. In the limit as the damping coefficient
goes to zero, the SCI™ model converges to the Lorentz oscillator model.® The
following parameters were varied: the high frequency dielectric constant; the
damping coefficient; the center energy of each oscillator, the amplitude of each
oscillator and the oscillator vibration (broadening) frequency. The reflectometry
data was then analyzed using a multiple parameter regression analysis in the
wavelength range 400 — 920 nm, the region in which the film is transparent. The
films on platinum were modeled as two layers consisting of the substrate and a
strontium titanate layer. The strontium titanate layer was modeled using a three-
oscillator SCI™ dispersion model which is a generalized Lorentz oscillator model
that allows for coupling between the oscillators. In the limit as the damping
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coefficient goes to zero, the SCI™ model converges to the Lorentz oscillator model.
The following parameters were varied: the high frequency dielectric constant; the
damping coefficient; the center energy of each oscillator, the amplitude of each
oscillator and the oscillator vibration (broadening) frequency. The data was then
analyzed using a multiple parameter regression analysis in the wavelength range

240 — 920 nm.

5.4.2 Sample Reflectometry Data
Figures 5.2A and 5.3A show typical measured and simulated
spectroscopic reflectometry data for a strontium titanate film grown on a silicon
substrate at a deposition temperature of 700°C and platinum substrate at 500 °C
respectively, as well as the graded refractive index and extinction coefficient

I ™ model. Table 5.1 shows the values

dispersion spectra determined using the SC
of the regression parameters for the film deposited on silicon while Table 5.3 gives
those for the film on platinum. A summary of the results obtained for the analyzed

films is shown in Tables 5.2 and 5.4 below. Appendix B contains all the data sets

analyzed in this manuscript.
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5.4.2.1 STO Thin Fi
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Figure 5.2: A. Measured and simulated multi-angle reflection spectra for STO on silicon
(deposition temperature 700°C).
B. Graded refractive index (n) and extinction coefficient (k) dispersion spectra
for the film in A.
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Table 5.1: Regression Parameter Data and Extracted Optical Constants for
fits shown in Figure 5.2,

Layer #1Material Coefficients Table

EMA Screening

0.3333

EMA Type

Landau-Lifshitz

Number of Nodes

Host Material

Same As Layer #2

Material #2 Same As Layer #3
% POSITION NODE #1 0.00

% POSITION NODE #2 0.00

% POSITION NODE #3 100.00

% FRACTION NODE #1 0.0000

% FRACTION NODE #2 87.8428

% FRACTION NODE #3 100.0000

Extracted Data

Thickness Layer 1 (STO)

564.88 nm + 0.05 nm

Maximum Refractive Index @ 632 nm 2.32958 + 0.00010
Extinction coefficient @ 632 nm 0.0000
RMSE 1.638
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Table 5.2 Summary of Data for Strontium Titanate Films on Silicon Substrate

Sample ID Deposition Thickness Refractive Extinction RMSE
Temperature (nm) Index (n)t Coefficient
°C) k)t
+ 0.05 nm 1+ 0.00010
DK15 RT* 1650 1.84401 0 4,962
DK17 300 1580 1.98940 0 6.415
DK19 400 858 2.27359 0 2.325
DK14 500 1370 2.30412 0 2.255
DN64 500 1181 2.28078 0 2.002
DNG6 700 810 2.36684 0 2.618
DNG3 700 565 2.32958 0 1.638
DNG7 800 660 2.38458 0 2.561

T Measured at 632.8 nm

*RT = room temperature i.e., no external heating of substrate
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5.4.1.2 STO Thin Film on Platinum Substrate

A Simulated @ 70973 Measared @ 70.97%
— Simulated & 0 — Measared @ F
10 T T T T T T T
Ol s
S .
E
TJ i -
=
]
s w0F 1
L
wk h
30 pa s o Lo oo o B oo o g g Ve oo s N s s o b oo s o i 1y o o 5 g g g
100 300 400 500 500 T 300 S0 1000
Wavelength (nm})
B Layer #1
N K
-"-5 [ LILELEL | LEBLELEL | LELELIL | LILELEL | LEBLELIL | LILELEL | LILELEL | LEL LI 15
[ H4 14
3.4 n
[ 412 -
z a2 f <
z i 41 £
2 r 2
— - !2
E °F Jos I
s o
o~ [ =
5 *F 1 £
g z
= Jo04 E
E 15 ?
- :JJ =
14 -
—— =10
23 1 L Ll ol gl 1 L L 01
200 300 400 500 600 T 800 200 1000
Wavelength (nm)
Figure 5.3 STO on Pt substrate (500°C) A. Reflectometry data (measured
and simulated)
B. Refractive index (n) and extinction coefficient (k) dispersion
spectra
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Table 5.3: Regression Parameter Data and Extracted Optical Constants for
fits shown in Figure 5.3

Layer #1 Material Coefficient Table

Number of Oscillators 3

HF Dielectric Constant 1.744346
Damping Coefficient 1.251767
Amplitude ( 1) 1.289897
Center Energy ( 1) 4.399506
Vibrational Frequency ( 1) 0.398148
Amplitude ( 2) 4.696470
Center Energy ( 2) 4.664757
Vibrational Frequency ( 2) 1.154658
Amplitude ( 3) 3.006969
Center Energy ( 3) 3.653673
Vibrational Frequency ( 3) 4.878242

Extracted Data

Thickness Layer 1 (STO) 601.02 nm £ 0.05 nm

Maximum Refractive Index @ 632.8 nm | 2.28980 + 0.00010

Extinction coefficient @ 632.8 nm 0.0112

RMSE 2.164
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Table 5.4 Summary of Data for Strontium Titanate Films on Platinum Substrate

Sample ID | Deposition | Thickness Refractive | Extinction RMSE

Temperature (nm) Index (n) § | Coefficient

(°C) k)t
1+ 0.05 1+ 0.00010

nm £0.00010
DK15_2 100 1350 2.03065 0 6.721
DK17_1 300 1264 2.19165 0 6.286
DK19_1 400 762 2.38630 0.00683 4.272
DK9 2 500 562 2.35717 0 2.432
DK29 2R 600 830 2.33335 0.00823 3.081
DN66_2R 700 578 2.33400 0 6.727

+ Measured at 632.8 nm
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5.4.3 X-Ray Diffraction Data
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Figure 5.4: X-Ray diffraction spectra for Si substrate (top) and STO on silicon

substrate at deposition temperature (a) 100 °C and (b) 700 °C
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Figure 5.5: X-ray diffraction spectra for Si substrate (top), STO on Si (middle) and Pt
(bottom ) substrate (deposition temperature 700°C)
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5.5 Discussion

Figures 5.2 and 5.3 show typical measured and simulated multi-angle
reflection data for the strontium titanate thin films measured at 0 and 70.775
degrees. Tables 5.1 and 5.3 list the regression parameters used in the analysis and
optical data obtained. The quality of the fits of the data to the models used is
amply demonstrated by the close match of the simulated data to the measured
spectra: the average RMSE obtained for these fits was 3.097 in the spectral region
400- 920 nm for films deposited on silicon, and 4.920 over the spectral range 240 —
920 nm for films deposited on platinum. These values demonstrate the excellent
fitting capabilities of the models (the best understood material, SiO, on Si, typically
gives fits of between 0.5 — 1.0). The results also indicate that the films are smooth
since no effective medium approximation (EMA) layer, which accounts for surface
roughness in the films, was required to obtain good fits.

The reflectance spectra show strong interference oscillations due to
multiple internal reflections between the film and the substrate. The refractive
index dispersion spectrum shows the typical semiconductor dispersion, that is, n
decreases with increasing wavelength as well as the typical shape near an electronic
interband transition. Band structure calculations show that STO has an indirect gap
at about 3.2 eV and a direct gap at about 3.4 eV usually attributed to interband
transitions from the oxygen 2p states to titanium 3d states.” There are also other
features at 3.8, 4.3, 4.8, 6.2 and 8.5 eV known as van Hove singularities or critical
points, related to optical interband transitions from the highest valence bands to the

lowest conduction bands at various points in the Brillouin zone.” *° Figure 5.6
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shows a comparison of the dispersion spectra for single crystal strontium titanate
(data from reference 6) and that obtained for our film with a substrate deposition

temperature of 500 °C.
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Figure 5.6: Comparison of Optical Constant Dispersion of STO thin film (this work)
and single crystal (data from ref. 6) for (a) refractive index, n and
(b) extinction coefficient, k.

The data shows that the shape of the dispersion spectra is very similar to that
obtained for single crystal STO; however, the band edge in the k spectrum is shown

to be shifted from 365 nm to about 320 nm. For the film with substrate deposition
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temperature of 700 °C, the band edge shows a shift to about 360 nm, approaching
the direct band edge value for single crystal material, a consequence of the
enhanced refractive index as will be discussed later. Ma and colleagues® deposited
STO films on vitreous silica substrate by RF magnetron sputtering and measured
their optical properties by transmittance measurements. Zhang and colleagues™*
deposited STO on fused-quartz substrates by pulsed laser deposition and also used
transmittance measurements to study their optical properties. Both groups saw a
shift in the band gap energy to higher energies which was attributed to thermal
stress in the film exerted by the substrate due to their different expansion
coefficients. This could possibly be a contributing factor in our case, although we
believe the effect is also due to the imperfect texture in the films.

Both substrates show a trend of increasing refractive index, n with
increasing substrate deposition temperature, as shown in Table 5.2 and Table 5.4.
Figure 5.7 below for films on silicon substrate demonstrates this trend graphically.
The refractive index is an indicator of packing density: thus the increase in n with
temperature can be understood as due to the increased packing density of the film at
higher temperatures. As the deposition temperature increases, the atomic species
impinging on the substrate surface have increased kinetic energy and thus higher
surface diffusion. This consequently leads to better film crystallinity as the atoms
have sufficient energy to assemble into a more regular structure. Thus increased
packing density, as evidenced by higher n values, indicate a more crystalline film

than those obtained at lower substrate temperatures. This observation was also
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Figure 5.7: Refractive index vs. substrate deposition temperature for STO film on silicon
substrate

studied by X-ray diffraction. Figures 5.4 show X-ray diffraction patterns for films
deposited at 100° and 700°C compared with data for strontium titanate single
crystal. The film deposited at 100°C shows only the STO <110> characteristic
reflection shifted to a higher value of 26, indicating a non-ideal stoichiometry. In
comparison, the film deposited at the higher temperature show all but one of the
characteristic STO reflections.

The effect of the substrate on the resulting film was also studied. Figure
5.8 below compares the refractive index of the film on silicon with those on
platinum at similar substrate deposition temperatures. The results show that overall
higher refractive indices result for films deposited on platinum, suggesting that
these films have greater crystallinity. This result can be understood by considering

the nature of the substrates: silicon possesses an amorphous, native oxide layer
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whereas platinum is a non-oxide forming metal with a hexagonal <111> surface.
Films deposited on silicon are presented with an amorphous surface and thus have

to self-nucleate.

Platinum ==w=Silicon

Refractive Index, n

0 200 400 600 800

Deposition temperature (“C)

Figure 5.8: Refractive index, n vs. substrate deposition temperature
for films on silicon and platinum substrate

The analysis of the ellipsometry data indicates a graded refractive index on silicon:
the index increases linearly in the normal direction, reaching a maximum at the
sample surface (Figure 5.2b). It seems likely that the initial layers of STO are not
as well organized because of the lattice mismatch with the amorphous surface but
subsequent layers become increasingly textured as the layers beneath provide a
nucleation surface. Figure 5.9 shows a schematic representation of the graded
index. The appearance of the graded index appears in films with substrate

deposition temperatures above 300°C and is also accompanied by a large
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Figure 5.9: Schematic of STO film structure showing gradation in refractive
index with film depth

increase in the measured index. Again, this can be rationalized on the basis of atom
mobility: at temperatures above 300°C the atoms apparently have greater than the
minimum energy and thus packing density and packing efficiency shows a large
increase as typified by the increase in n (1.989 at 300 °C to 2.274 at 400°C).

Several research groups have reported the need to include an interfacial
layer in the optical model for STO films on silicon.* %2 %* Qur analysis yields
excellent fits without needing to do so; indeed, the fits are actually worsened by
doing so. We believe that the need for an interfacial layer is due to simplistic
modeling of the data. Initially, films were modeled as a single layer using single
wavelength data (single wavelength ellipsometry, SWE). With the advent of SE,
the analysis improved somewhat by using multi-wavelength data, but the optical
model was still single-layered. While multi-layer, multi-wavelength analysis is
now being used, we believe that our approach of using a graded model represents
the next level of sophistication, and will lead to a dramatic impact on the
understanding of thin films of these materials.

Films deposited on platinum by comparison show no graded index — the

data can be fitted with a 3-oscillator, single-layer model. As mentioned earlier,
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platinum presents a hexagonal <111> textured surface with a lattice parameter of
3.923 A% This is very close to the bulk lattice parameter of STO which is
3.905 A; therefore platinum offers a very good nucleation site for STO film growth.
X-ray diffraction data also provides evidence of this: Figure 5.4 shows X-ray data
for films grown on silicon and platinum under identical deposition conditions. The
data show that while both films have excellent texture, the film on platinum has
higher intensity in the characteristic reflections and also show more features in its
spectrum, again suggesting higher crystallinity in the films grown on platinum.
The bulk refractive index of SrTiOj is 2.385 at 632.8 nm;® the refractive
index of our films reached a maximum value of 2.385 and 2.386 on silicon and
platinum respectively which is very close to the bulk value, indicating very high

crystallinity and film quality.
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5.6 Conclusion

Multi-layer models of reflectometry data were successfully developed to
analyze the optical properties of strontium titanate thin films deposited on silicon
and platinum-coated silicon substrates. Specifically, a graded index model was
used to successfully fit the data for films grown on silicon. Our results show that
the crystallinity of the films increases with substrate deposition temperature, as
typified by an increase in the refractive index, which was attributed to better
packing density with increased atom mobility. We also showed that the films
deposited on platinum have greater crystallinity due to the better nucleation site
afforded by the textured platinum surface in comparison with the amorphous oxide
on the silicon substrate. Lastly, the refractive index of the thin films on silicon was
2.38458 at a deposition temperature of 800 °C and 2.33400 at a deposition
temperature of 700 °C on platinum, measured at 632.8 nm. These values closely

approach the bulk value of 2.389, indicating that good quality films were deposited.

119



References

1. Hubert, T.; Beck, U.; Kleinke, H., Amorphous and nanocrystalline SrTiOg thin films.
Journal of Non-Crystalline Solids 1996, 196, 150-154.

2. Taylor, T. R.; Hansen, P. J.; Pervez, N.; Acikel, B.; York, R. A.; Speck, J. S.,
Influence of stoichiometry on the dielectric properties of sputtered strontium titanate
thin films. Journal of Applied Physics 2003, 94, (5), 3390.

3. Du, Y. Zhang, M.-S.; Wu, J.; Kang, L.; Yang, S.; Wu, P.; Yin, Z., Optical properties
of SrTiO;3 thin films by pulsed laser deposition. Applied Physics A: Materials
Science & Processing 2003, 76, (7), 1105.

4. Goncharova, L. V.; Starodub, D. G.; Garfunkel, E.; Gustafsson, T.; Vaithyanathan,
V.; Lettieri, J.; Schlom, D. G., Interface structure and thermal stability of epitaxial
SrTiOs thin films on Si (001). Journal of Applied Physics 2006, 100, (1), 014912.

5. Ma,J. H.; Huang, Z. M.; Meng, X. J.; Liu, S. J.; Zhang, X. D.; Sun, J. L.; Xue, J. Q.;
Chu, J. H., Optical Properties of SrTiO3 thin films deposited by radio-frequency
magnetron sputtering at various substrate temperatures. Journal of Applied Physics
2006, 99, 033515 - 03315-5.

6. Palik, E. D., Handbook of Optical Constants of Solids 11. Academic Press, Inc.:
1991.

7. Jian-Hua, M.; Xiang-Jian, M.; Tie, L.; Shi-Jian, L.; Xiao-Dong, Z.; Jing-Lan, S.;
Jun-Hao, C., Structural and electrical properties of SrTiO<SUB>3 thin films as
insulator of metal-ferroelectric-insulator-semiconductor (MFIS) structures. Chinese
Physics 2005, 14, 2352-2359.

8. SCI, FilmTek (TM) 3000SE Operations Manual. Scientific Computing International:
2006.

9. Yu,P.Y.; Cardona, M., Fundamentals of Semiconductors. Springer, Berlin: 1996.
10. Zollner, S.; Demkov, A. A.; Liu, R.; Fejes, P. L.; Gregory, R. B.; Alluri, P.; Curless,

J. A.; Yu, Z.; Ramdani, J.; Droopad, R.; Tiwald, T. E.; Hilfiker, J. N.; Woolam, J.

120



11.

12.

13.

A., Optical properties of bulk and thin-film SrTiO3; on Si and Pt. J. Vac. Sci.
Technol. B 2000, 18, (4), 2242 - 2254.

Deng, Y.; Du, Y. L.; Zhang, M. S.; Han, J. H.; Yin, Z., Nonlinear optical properties
in SrTiO3 thin films by pulsed laser deposition. Solid State Communications 2005,
135, (4), 221-225.

Gaidi, M.; Stafford, L.; Amassian, A.; Chaker, M.; Margot, J.; Martinu, L.;
Kulishov, M., Influence of the microstructure on the optical characteristics of SrTiO3
thin films. Journal of Materials Research 2005, 20, 68 - 74.

Zollner, S.; Demkov, A. A.; Liu, R.; Curless, J. A.; Yu, Z.; Ramdani, J.; Droopad,
R., Optical Properties of Thin Film SrTiOzon Si Grown by MBE. Material Research
Society Symposium Proceedings - Recent Developments in Oxide and Metal Epitaxy:
Theory and Experiment 2000, 619, 161-171.

121



CHAPTER 6: Assessment of Morphological and Optical
Properties of Molecularly Mediated Thin Film Assembly

of Gold Nanoparticles
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6.1 Abstract

This paper reports the results of an investigation of the optical properties
of molecularly mediated thin film assemblies of nanoparticles. Thin film assemblies
of gold nanoparticles of different sizes that are linked by dithiols and carboxylic acid
functionalized thiols of different alkyl chain lengths are studied as a model system.
These thin films have been assembled on different substrates for the systematic
measurements of the morphological and optical properties. The correlation of the d-
spacing values between the experimental and theoretical results has revealed the
presence of ordered nanostructures in the thin film assemblies. The wavelength of the
surface plasmon resonance band of the nanoparticles in these thin film assemblies is
shown to be linearly dependent on the particle size and the interparticle linker chain
length. The analyses of the optical properties theoretically using Mie theory and

experimentally using reflectometry and spectroscopic ellipsometry have provided
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important information for the assessment of the optical constants for these
nanostructured thin films. Implications of the results to the understanding of the

interparticle structural properties are also discussed.

6.2 Introduction

The design and fabrication of nanoparticle-based materials have been
investigated in many cutting-edge areas of nanoscience and nanotechnology,
including microelectronics, molecular recognition, catalysis, and chemical/biological
sensing.’® Metallic nanoparticles such as gold, silver, and copper have attracted
widespread interest in these areas because of their unique optical and electronic
properties at the nanoscale dimension. These properties depend on the size, shape,
composition, interparticle, and surface properties.” We have demonstrated the
capabilities not only in synthesizing highly monodispersed gold nanoparticles but also
in assembling them into thin films via a mediation-templating route with electrical
and optical properties fine-tunable in terms of size, composition, and spatial
properties.>* A general strategy for the thin film assembly involves an initial
exchange of thiols with thiolates [e.g., decanethiolate (DT)-capped Au] in solution
followed by cross-linking via either intercore Au-S bonding [e.g., using alkyl chain
dithiol (ADT)] or intershell hydrogen-bonding (e.g., using acid-functionalized thiol).*

In contrast to the stepwise route,>” this assembly route is a simple one-step process
applicable to almost any substrate. The measurements of both the mass change and
the surface plasmon resonance band evolution® demonstrated that the thickness of the

film is characteristic of multilayer morphology and can be controlled by
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concentrations of the nanoparticles and assembling time. The film assemblies have
been shown to function as highly sensitive materials on chemiresistive or
piezoelectric platforms for chemical sensing.™

While the thin film assemblies have been shown to display thermally

activated electrical conductivity property,™ *?

which is tunable in terms of particle
size, chain length, and functionality, the study of the optical properties is rather
limited. The surface plasmon (SP) resonance band of gold nanoparticles is one
important phenomenon due to the collective oscillation of electrons confined in these
metallic nanoparticles.’*'* The exploitation of the optical properties has been reported
for chemical and biological applications.>*>*° For example, free-floating target DNA
strands can be detected by colorimetric detection with complementary DNA linked to
gold nanoparticles for specific DNA sequences.™ The target strands bind to the gold-
bound complementary strands and form an assembly of the gold nanoparticles, and
the change of the color serves as the means of detection.'®® This strategy has been
widely exploited for the development of DNA detection methods.™*® Gold
nanoparticle multilayers formed via step-by-step assembly of molecular linkers and
nanoparticles have also been shown to be useful for constructing thin films as optical
biosensors.>*°

Despite many promising applications demonstrated for various assemblies
of nanoparticles, the understanding of how the interparticle spatial parameters are
correlated with the SP band properties is limited, especially for molecularly mediated

thin film assemblies. One of the challenges is the lack of well-defined thin film

assembly of nanoparticles with controllable interparticle spatial properties. The recent
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demonstrations of the capabilities both in synthesizing highly monodispersed gold
and gold-silver nanoparticles and in assembling them into thin films of controlled
particle size and interparticle spatial properties®* "% have provided us the opportunity
to address this challenge. This report describes the findings of a systematic study of
the morphological and optical properties of the molecularly mediated thin film
assemblies of nanoparticles. This study focuses on the assessment of the correlation
of the optical parameters with the size of the nanoparticles and the chain length of the
linker molecules. It is important to emphasize that while the previous studies reported
the concept of controlling interparticle spacing using a similar linking mechanism, it
used an assembly method”® that is different from our one-step assembly
approach.>**'” There has been no systematic correlation between the surface
plasmon resonance band properties of such thin film assemblies as in our approach
and the interparticle chain length spacing or particle size. In this report, we used
several techniques to characterize the thin films assembled by our one-step assembly
approach and obtained new results that have not been reported previously in terms of

the systematic correlation.

6.3 Experimental
Chemicals. Hydrogen tetrachloroaurate trihydrate (HAuCI4.3H20, 99%),
tetraoctylammonium bromide (TOA+Br-, 99%), Decanethiol (DT, 96%), sodium
borohydride (NaBH4, 99%) were purchased from Aldrich. 11-mercaptoundecanoic
acid (MUA) and Alkyl dithiols (ADT, HS-(CH2)m-SH) included 1,3-propanedithiol

(PrDT, m=3, 99%), 1,5-pentanedithiol (PDT, m=5, 96%), 1,8-Octanedithiol (ODT,
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m=8, 97%), 1,9-nonanedithiol (NDT, m=9, 95%), which were purchased from
Aldrich and used as received. 1,10-decanedithiol (DDT, m=10, 90%) was purchased
from TCI and used as received. Solvents included hexane (99.9%) and toluene
(99.8%) from Fisher, and ethanol (99.9%) from Aldrich. Water was purified with a
Millipore Milli-Q water system.

Synthesis of Gold Nanoparticles (Aunm). Gold nanoparticles of 2 nm (Au2nm) core
size encapsulated with decanethiolate (DT) monolayer shells were synthesized by
two-phase reduction of AuCls- according to Brust’s method’ and a synthetic
modification.® Details for the synthesis of our gold nanoparticles (2.0 + 0.7 nm core
size) were previously described.? Gold nanoparticles with larger sizes were
synthesized by a thermally-activated processing route developed in our laboratory.®
The procedures include following solvent evaporation, the Au2nm-DT nanoparticles
and other reactants and products from the synthesis solution were dissolved
quantitatively in toluene giving a stock solution with known concentrations of
Au2nm-DT particles, free DT, and TOA-Br. The reaction container was placed in a
preheated oven set at 145 °C ~150 °C. After 1-hour thermal treatment, the container
removed from the oven and allowed to cool before dissolving the nanoparticles in the
mostly solid mixture in toluene. The products washed by ethanol and separated by
centrifuge. Finally products were re-dispersed in hexane. Gold nanoparticles of 4 nm,
5 nm, and 6nm are denoted as Au4nm, AuSnm, and Au6nm, respectively.
Preparation of Thin Film Assembly. The general preparation of the thin films
followed the one-step exchange-crosslinking-precipitation method reported for gold.

24 Briefly, it involved immersion of substrates (e.g., glass, electrodes etc.) into a
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mixture of hexane solution of DT-capped Aunm (30 uM) with hexane solution of
ADT (50 mM) or ethanol solution of MUA (20mM) for the thin film assembly. The
reaction was carried out at room temperature. ADT and MUA function as a mediator
or cross-linking agent. The mediator to nanoparticle ratio was controlled, typically
the Au nanoparticle to ADT ratio was about 1:50-500 (~1:50 for PrDT, 1:500 for
PDT, ODT, NDT, DDT) for 2.0 nm Au, and about 1:400 ~ 4000 (~1:400 for PrDT,
1:4000 for PDT, ODT, NDT, DDT) for larger sizes Au nanoparticle. Typical MUA to
nanoparticle ratios were 50-500. The pre-cleaned substrates (glass and silicon wafer)
were immersed vertically into the assembly solution to ensure that the film formed
was free of powder deposition. At a controlled immersion time, the film-deposited
substrates were immersed and immediately rinsed thoroughly with hexane and dried
under nitrogen before the characterization. The chain length for the thin films is
denoted according to the number of -CH,- units (m) in ADT. The films were uniform
and the thickness could be controlled.

Instrumentation and Measurements. A Multimode NanoScope lIlla (Digital
Instruments) was utilized for Atomic Force (AFM) imaging. The Tapping Mode
(TM)-AFM with standard silicon cantilevers (Nanoprobes) were used. The instrument
was calibrated by imaging standard grating samples. Transmission electron
microscopy (TEM) was performed on Hitachi H-7000 electron microscope (100 kV).
The nanoparticle samples dispersed in hexane solution were cast or assembled onto a
carbon-coated copper grid sample holder, followed by evaporation at room
temperature. X-ray Powder Diffraction (XRD) was studied on a Scintag XDS 2000

0-0 powder diffractometer equipped with a Ge (Li) solid-state detector (Cu Ka.
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radiation). The data were collected from 20 = 2-6° at a scan rate of 0.02° per step and
100 s per point. Grazing angle XRD data were obtained from Philips X'PERT-MRD
X-ray diffractometer with grazing angle capability for studying thin films. UV-Vis
spectra (UV-vis) were acquired with a HP 8453 spectrophotometer. The optical band
measured is characteristic of the surface plasmon resonance band of the nanoparticles
or nanoparticles thin films. Nanoparticle thin film samples were deposited on glass
slides (cover glass) and solution samples were prepared using hexane as solvent. Both
were measured in transmission mode and were collected over the range of 200-1100
nm. Reflectometry and spectroscopic ellipsometry were used to determine the optical
constants such as refractive index and extinction coefficient. The thin films were
assembled on silicon wafers bearing ~2000 A of silicon dioxide. The thin film
assemblies were analyzed by multiple angle reflectometry (0° and 70°) and
spectroscopic ellipsometry using a Scientific Computing International (SCI) FilmTek

3000SE.
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6.4 Results and Discussion

6.4.1 Morphological Properties

While the general morphological properties of some of the thin film
assemblies of gold nanoparticles were discussed previously,? * this section provides a
detailed discussion of the thin film uniformity and the crystalline structure based on
Tapping Mode (TM)-AFM and X-ray diffraction techniques. AFM allows imaging of
the thin film surface morphology with a minimum disruption of the nanostructures,
whereas XRD permits probing of the nanoparticle ordering in the thin film.

For the thin films studied in this work, a typical set of AFM images is
shown in the Figure 6.1 for NDT-Auzmm (A) and MUA-Augm films assembled on a
(B) gold coated mica and (C) silicon wafer substrate, respectively. While there are
domains of apparent inhomogeneity partly due to the surface roughness effect of
substrates, the overall surface morphology indicates a uniform and smooth feature.
The size of the nanoparticles determined from the x-y plane appears somewhat larger
than the core-shell nanoparticle size due to tip-sample convolution, but a cross-
section view reveals an average height closed to the expected particle sizes. For
NDT-Auzm thin film on gold-coated mica (Figure 6.1 (A)), the cross-section analysis
of vertical distance yields an average value of ~2.2 nm; for MUA-AUgnm thin film on
gold-coated mica (Figure 6.1 (B)), the cross-section analysis of vertical distance
yields an average value of ~7.3 nm; for MUA-AuUgm thin film on silicon (Figure 6.1
(C)), the cross-section analysis of vertical distance yields a value of ~ 4.3 nm. These
values are expected from a model analysis for the nanoparticle thin film assembly.

Similar surface morphology has also been observed for both NDT-Auz,m and MUA-
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AUgnm films.? 4 We note that the thickness of MUA-Augnm thin film on silicon for
AFM measurement was usually thicker than that for the reflectometry and

spectroscopic ellipsometry measurement as described in a late subsection.

Section Analysis

-100

(A) (B) ©)

Figure 6.1: AFM images of (A) NDT-Aua,, thin film on gold-coated mica, (B) MUA-
AUgnm thin film on gold-coated mica, and (C) MUA-AuUgny, thin film on silicon. The
bottom panels show the corresponding cross-section analysis results.

To determine the nanostructured ordering in the thin film assemblies, both
small angle and grazing angle XRD techniques were used. The thin films were
assembled on silicon wafer or glass substrates. The general patterns, as discussed in
the following descriptions of the results shown in Figure 6.2 confirm that the
assembled thin films by different linking molecules have ordered structures with
different d-space features. The results of the d-spacing (d) parameters for each of the
thin films obtained based on Bragg equation, 2dsin® = n A (A = 1.54056 A), are

summarized in Table 6.1.
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Figure 6.2: (1). Small angle XRD data for thin film assemblies of Auz,: MUA-Auz,
(red, solid line), DDT-AuU,ny, (green, dash line), NDT-Auznm (blue, dash-dot line), PDT-
Auym (pink, dash-dot-dot line); Insert: Plots of the calculated edge-to-edge distance (8)
based Chem. 3D (A) and based on XRD data (B) vs. the number of methylene groups
(m) in the alkyl chain of the linking molecules. Linear regression slope = 0.13 (R?*=1)
(A) and 0.16 (R*=0.99) (B). (I1) Small angle (A & B) and grazing angle (C) XRD
patterns for thin film assemblies of Au 5nm on glass substrates: (A) MUA-AuUsyy, thin
film measured by small angle XRD, (B) PDT-Au5nm measured by small angle XRD,

(C) MUA-AUs,,,, measured by grazing angle XRD; Insert: A close comparison of the
neak nositions (1 oa (Intensitv) as v axis).

Figure 6.2(1) and Table 6.1 show the data for thin film assemblies of
Auznm by ADT linkers of different chain lengths. Important information can be
extracted from the analysis of the peak shift and d-spacing data. The shift of the
XRD peaks shows that the increase in the chain length of the interparticle linking
molecule leads to decrease the 20 value, which is clear indication of the increase of
the d-space value. By comparing these ADT- linked thin films, it is remarkable that
the d-spacing value increases linearly with the number of methylene units in the alkyl
chains (Figure 6.2(1) insert). These thin film assemblies linked by ADTs clearly
exhibit certain ordering in the film in which the chain length of the linking molecules

plays an important role in the interparticle spatial properties. Interestingly, the data
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for the thin film assemblies linked by MUA (MUA-AuU2,m) do not fall in the same
linear trend as observed for the ADTSs, which likely reflects the interparticle structural
difference between these two types of thin film assemblies.? In addition, the XRD
peaks are found to be independent of the nature of the substrate. The d-spacing
values obtained for NDT-Auznm thin films on silicon substrate were basically identical
to those obtained with glass substrate (not shown in the Figure 6.2(1)), demonstrating
that the nanostructural ordering properties are characteristic of the thin film

assemblies of gold nanoparticles.

Table 6.1: XRD results of thin film assemblies of gold nanoparticles

d-space §fromcalc? & from TEM"
Sample 20 (nm) (nm) (nm)
PDT-Auy,’ 5.03 1.76 1.10
NDT-AUszqy,” 374 2.36 1.62
NDT-Augn’ 3.68 2.40 1.62
DDT-AUgm’ 3.40 2.60 1.75
MUA-AU," 3.15 2.80 3.15
PDT-Ausyy ** 19 4.64 1.10
PDT-Alsy™ 0.90 9.81 1.10
MUA-AUs," 1.72 5.13 3.15 12
MUA-AUs, 1.76 5.02 3.15 12
MUA-AUs,"" 0.82 10.8 3.15 1.2

20n glass. ” On silicon. Based on peak 1.  Based on peak 2. ¢ Based on grazing-angle
XRD, peak 1. " Based on grazing-angle XRD, peak 2. ¢ Edge-to-edge distance (3)
derived from calculation.”” " Edge-to-edge distance (5) measured from TEM data.

Figure 6.2(I1) and Table 6.1 shows a representative set of XRD data for
the thin film assemblies of Aus,m on the glass substrates, revealing several pieces of
information. First, for the same MUA-Aus,m, thin film, the relative intensity of the
two peaks (peaks at 26 = 0.82 and 1.76) observed from the small angle XRD (Figure

6.2(11)B) is smaller than those from the grazing angle XRD (Figure 6.2(I1)C). This is
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due to the difference of the two techniques. Second, the d-spacing value for MUA-
AuUspr, thin film from the small angle XRD is consistent with that from the grazing
angle XRD. This demonstrates that the d-spacing value is characteristic of the thin
film structure. Third, the d-spacing value for PDT-Ausny, thin film is smaller than that
of MUA-AuUsm thin film. This is consistent with the difference of chain length
between the two linker molecules.

In a previous TEM study of the thin film assembly,* a monolayer of
nanoparticles on the substrate was confirmed to exhibit close packed layer with well-
defined interparticle distance (5). Figure 6.3A shows a TEM image for a MUA-
Augnm assembly, in which both the first layer and the second layer of nanoparticles

can be clearly visualized.

3D-Multiplelayers
2D-Monolayer O

>

2
LTS
T |
>

Lbb%&hbnt&ﬁb,/"

(A) (B)
Figure 6.3: (A) TEM of a MUA-AuUgn, assembly. (B) Illustrations of idealized models for
2D and 3D packing of nanoparticles in the thin film assemblies. (B, top) Top view of hcp
and ccp close-packing; (B, bottom) particles positioning in between three particles.

On the basis of the dense-packing model, the layer-to-layer distance (d-spacing), the
edge-to-edge distance (8), and the particle radius (r), where 6 = 30°, can be related to
the center-to-center distance (s) of the nearest two particles in the two neighbored
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layers [((8/2 + r)/cos 8)* + d? = s?, where 6 = 30°]. Considering s = & +2r, the d-

spacing equation can be derived as

d= (5+2r)\E (6.1)

Table 6.2 compares the d-spacing values between those calculated from the packing
models and those from the XRD measurements. It is apparent that the d-spacing
values from the model-based calculation are generally larger than those determined
from XRD measurements. The exact origin for the deviation is not clear at this point.
There is possibly a compromised balance between the interparticle linking and the
interparticle templating interactions that may have played an important role in
producing a tighter packing than the packing in the idealized models. In our previous

reportS,ZC'loc'N

we discussed the interparticle spatial and structural effects on the
relative change of the electrical conductivity due to the relative length differences of
the interparticle -(CH,),- structures defined by both mediating (or linking) and
capping (or templating) molecules. When the linking molecular length falls in the
vicinity of the capping (e.g., DT), well-interdigitated mediating/capping alkyl
structures are expected. For shorter or longer linking molecules, the alkyl chains are
not expected to be well-interdigitated, and thus a difficult or loose interparticle chain-
chain cohesive interdigitation is possible.

The comparison of d-spacing values for MUA-Au5nm reveals that the d-
spacing value calculated from the packing models based on edge-to-edge distance &
determined from TEM measurement is quite close to that determined from the XRD
measurement. While a further in-depth delineation of these experimental and

theoretical d-spacing values is needed, the above results clearly demonstrate the
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presence of ordered nanostructures in the thin film assemblies.

Table 6.2: Comparison of d-spacing values

d-space (nm)

From Cal’d?

Sample RD Cal’d"
PDT-Alzny’ 1.76 2.53 -
NDT-Auzy” 2.36 2.95 -
NDT-Auzny* 2.40 2.95 -
DDT-AUzun’ 2.60 3.06 -
MUA-AU,* 2.80 4.20 -
PDT-Ausy,* 4.64 4.98 -
PDT-Ausy™ 9.81 - -
MUA-AUs,,? 5.13 6.65 5.06
MUA-AUs, 5.02 6.65 5.06
MUA-AUs,™" 10.8 - -

" See footnotes of Table 6.1. ¢ Based on eq. 1 using the & value obtained from Chem 3D
modeling.’® " Based on eq 1 using the & value obtained from the TEM data.”

6.4.2 Optical Properties
6.4.2.1 Dependence of Surface Plasmon Resonance Band on Interparticle Spatial
Properties

In our previous reports,?*°

the surface plasmon (SP) band of gold nanoparticles was
shown to exhibit a red shift upon assembly into a thin film. In the present paper, this
shift was systematically studied in detail, especially focusing on the dependencies of

the shift on the chain length of the linker molecules and the size of the particles.
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Figure 6.4 shows a representative set of UV-Vis spectra for the dependence of the SP

band shift on the size of the particles (A to D).
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Figure 6.4: UV-vis spectra of the thin film assemblies of gold nanoparticles of different sizes
on glass substrates: Ausum (A), AUsnm (B), Ausam (C), and Au-g,m (D). In each case, the spectra
were measured as a function of the chain length of the linker molecules: m=3 (pink), m=5 (light
blue), m=8 (dark red), m=9 (dark green), and m=10 (dark blue). The spectra for the
corresponding gold nanoparticles in hexane solution (red) were included for comparison.

In each case, the SP band was measured as a function of the chain length of the linker
molecules. It is evident that the shift of the peak maximum of the SP band (Amax) is
dependent on both the particle size and the interparticle spacing. Such dependencies
are plotted in Figure 6.5 for the comparison of the actual Anax Values. First, the SP
band is shown to increase with particle sizes (Fig 6.5b). Second, the SP band shift
exhibits a linear relation with the chain length for all particle sizes studied.

Remarkably, the slopes for these Amax-m and Amax-2r plots are quite similar for the
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thin film assemblies of different particle sizes with different linker lengths.
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Figure 6.5: (a) Plot of SP band A Vs. chain length (m) for thin films of four different
particle sizes: Au,ny, (A, light blue), Augm (B, pink), Aus., (C, green), and Augn, (D, dark
blue); (b) Plot of SP band Ana Vs. particle size (2r) for thin films with different linker chain
lengths.

To understand the correlation of the SP band evolution with particle size,
interparticle distance, and dielectric medium properties, Mie theory was considered as
a simple model to compare the SP spectra. The simulation of the extinction

coefficient (y) is based on the following equation for small spheres:*®

y 18ml? 8 &,
NV A (g, +2¢,) +&5

(6.2)

where N is the number of spheres per unit volume, V is the volume of each sphere,
NV is the volume concentration of the particles, A is the wavelength of light in a
vacuum, g, is the dielectric constant of the surrounding medium, and ¢; and & are the
real and complex parts of the dielectric function of Au. The dielectric medium
constant (g) is related to refractive index (n), i.e., (n+ ik)® = &, and the evolution of the
SP band is recently shown to increase with the refractive index for nanoparticles in
the assembly.®® We next examine how these changes in particle size and interparticle

distance are related to changes in the interparticle refractive index or dielectric
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medium constant.

In Figure 6.6A, the simulated absorbance spectra were compared for

ADT-Augnm films derived from different chain lengths. The spectra were simulated

based on Mie theory by changing the refractive index (n). In the simulation, the

general trend for the spectral shift is fitted to the experimentally observed spectra.

The change in n (4n) measures the difference of the refractive index between the

surrounding medium of the nanoparticles in the thin film assembly and that of the

solvent environment of the nanoparticles in the solution before the assembly. The

value of An was found to exhibit an approximate linear relationship with the chain

length (Figure 6.6B). An decreases with chain length. Remarkably, the linear

relationship displays similar slopes for the different particle sizes that have been

studied. The change in refractive index decreases with the interparticle spacing, and

increases with the particle size.
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Figure 6.6 (A) Simulation of SP band (based on Mie theory) for ADT-Augy, thin
film: m=3 (pink), m=5 (light blue), m=8 (dark red), m=9 (dark green), and m=10
(dark blue). (B) Simulation results: the change of refractive index (An) used in the
simulation vs. Amsx for ADT thin films of Au,ny, (A, light blue), Augm, (B, pink),
Aus,, (C, green), and Augnm, (D, dark blue).
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The experimentally obtained spectra were further analyzed using Mie theory in terms
of the dielectric constant (&) property. Figure 6.7A shows a set of simulation results
by directly applying equation 2 to fit the experimental data. In the simulation, the
spectral shift is fitted to the experimental observation using different € values. In
comparison with the linear relationship for the refractive index change, the value of ¢
was found to exhibit an exponential decay type of decrease with the chain length
(Figure 6.7A). Similarly, the value of € decreases with the interparticle spacing, and
increases with the particle size.

We also used a modified Mie theory® to analyze the data for assessing the
correlation of the interparticle dielectric medium constant properties with the

interparticle distance and particle size. In the modified Mie theory,”

(1-R)*+4Rsin’y

Tim = 2 (6.3)
R exp(—ad) +exp(ad) — 2R cos({ + 2y)
10 10
8+ 8
6 M 6
i v i
w® | 8 vy N
44 . 4, : 44 4 A A A
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Figure 6.7: (A) Simulation of SP band for ADT-Au,, thin film based equation 3:
AUy (dark square), Augm (red, circle), Aus,m, (green triangle up), and Aug,, (blue
triangle down). (B) Simulation of SP band for ADT-Aus,, thin film based
equation 6.3(closed triangle). The simulation data based on equation 6.2 are
included for comparison (open triangle).
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Tsim IS light transmission, R is the reflectance at normal incidence which is related to

the effective dielectric function (e,,) for the metal nanoparticles. The variates C, o
and  are related to &y, thickness of the nanoparticle ensemble (d) and A. g,y is
related to the €1, €;, €4, and the volume fraction of the particles (¢). Briefly, the light

transmission Ty IS related to €, d, and g,. The theoretical analysis of the SP band

data was recently shown to provide useful insights into the interparticle properties.”’
Figure 6.7B shows a set of simulation results by directly applying equation 6.3 to fit
the experimental data for ADT-Ausym thin films. In comparison with the simulation
data based on equation 6.2, a very similar trend was observed for the change of the

value of €. Similar results have also been obtained for the other particle sizes. It is

clear that the value of ¢ decreases with the interparticle spacing.

6.4.2.2 Optical Analysis by Ellipsometry and Reflectometry

To further assess the optical properties, the index of refraction and
extinction coefficient were measured by reflectometry and ellipsometry. The thin
films were assembled on silicon wafers bearing ~2000 A of silicon dioxide and were
analyzed by multiple angle reflectometry (0° and 70°) and spectroscopic ellipsometry.
Data were analyzed using a multiple parameter regression analysis based on a
coupled oscillator Lorentz model for gold. The analysis of the blank sample
(silicon/silicon dioxide substrate) gave the average thickness of the SiO, layer as
2074A and a refractive index, n of 1.4638 at 632 nm (2 spots measured).These values
were used as non-varying parameters in the film analysis. Fits to the data were
obtained with a root mean square error (RMSE) of 2.861 and 2.831
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A set of results of NDT-Ausnm and PDT-Auonm thin films is shown in

Table 6.3 and Figure 6.8. For NDT-Auznm thin film, two spots were measured and the

data analyzed over the spectral range of 420 — 920 nm. The model assumes an

average thickness over the entire probed area (spot size 1 x 3 mm). The results

indicate a film with an average thickness of approximately 33 nm; no effective

medium approximation (EMA) layer was used to evaluate roughness. For PDT-Auznm

thin film, three spots were measured and the data analyzed over a truncated range of

400 — 920 nm. All three spots have similar thickness, which implies that the film is

very uniform. These optical constants of the thin films were compared. The

refractive index (n) is found to increase with the thickness of the thin films with the

same linking molecule. A comparison of the results between NDT-Auz,m and PDT-

Auznm thin films shows that the thin film with short chain length has a higher

refractive index (n) and extinction coefficient (k) values than that with a long chain

length. This is true even though the PDT-Auz,m film is thinner than the NDT-Auznm

film.

Table 6.3: The Optical Data of NDT-Auzm and PDT-Augyy, Thin Films

Assemblies
Sample Thickness/ A N K Layers*
NDT-Alqm
Spot 1 576.87 1.82015  0.25080 24
Spot 2 695.63 1.86412  0.25589 29
Average 636.25 1.842135 0.256945  26.5
PDT-AUnm
Spot 1 322.57 1.90492  0.33330 18
Spot 2 327.29 1.90642  0.32422 18
Spot 3 336.94 1.92744  0.32035 19
Average 328.93 191293 0.32596  18.3

* Based on d-spacing value from XRD data in Table 6.1
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Figure 6.8: Plots of wavelength vs. refractive index and extinction coefficient for
(A) NDT-Auzym, and (B) PDT-Auym, thin films.

On average, the determined optical constants, n and k, are slightly larger for PDT-
Auznm film than those for NDT-Auanm film. This trend is qualitatively consistent with
the simulation results based on Mie theory.

We also note that there is some difficulty with the data fitting in the low
wavelength region for films whose average thickness was greater than approximately
20 nm. This difficulty may have been partly due to the roughness of the films and
partly due to the relatively high organic concentration of crosslinking molecules
which results in significant absorption in the low wavelength region. The model used
did not attempt to account for optical absorption of these species. In contrast to the
data for the PDT-Au,m film (Figure 8-10B), the increased film thickness and the
associated higher Au nanoparticle concentration could be responsible for the origin of
the peak observed in the k spectrum for the NDT-Auz.m film (Figure 8-10A), which
appears at a wavelength slightly lower that the surface plasmon resonance band of

gold nanoparticles (~ 490 nm).
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Figure 6.9: Plot of wavelength vs. refractive index and extinction
coefficient for MUA-Augm thin film.

For MUA-Aug,m thin film (Figure 6.9), the data fitting was obtained with a
RMSE of approximately 2, typical of an excellent fit. The average thickness of the
nanoparticle thin film was found to be 56.0 + 3.5 A with a refractive index, n of
1.4428 + 0.0200 and an extinction coefficient, k of 0.1076 + 0.0100 measured at 632
nm. The average thickness determined was somewhat below the diameter of the
nanoparticles which could reflect that part of the surface was not completely covered
with the thin film in this particular sample. There are several reports on the optical
constants of nanoparticle thin films prepared differently. For example, measurements
of the refractive index of gold nanocrystal (~10 nm size)/silica films (thickness 110-
150 nm) spin-coated onto Si wafers with different loading factors of gold have been
reported.?? The refractive index values were found to range from 1.46 to 1.70 with
increased loading factors. Spectroscopic ellipsometry has also been reported to
determine optical constants of colloidal gold films (colloid diameter ~ 13.2 nm) self-

assembled onto derivatized Si/SiO» substrates.? The refractive index values were
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found to range from approximately 1.09 to 1.21 for different surface coverages. We
note that the bulk value of the refractive index (n) of gold at 619.9 nm is 0.194 with
an extinction coefficient (k) of 3.15 at 652.6 nm.** However, thin films are known to
behave very differently from bulk samples, and many factors such as deposition
parameters, sample quality, etc. will affect the results obtained from different thin
films. In comparison with the values reported for the nanoparticle thin films, the fact
that the refractive index values determined for our thin films (1.4-1.9) were somewhat
higher could reflect the structural difference of our thin film assembly. One of the
unique aspects of our thin films is the interparticle molecular linkage and templating
interactions. The interparticle spatial properties defined by the linking/templating
molecules may have played an important role in increasing the overall refractive
index value, as supported by the simulation results based on Mie theory. Further
correlation between the refractive index and the interparticle structure is part of our

ongoing work.

6.5 Conclusion

In conclusion, the results of the systematic measurements of the
molecularly mediated assemblies of gold nanoparticles with different particle sizes
and different linker chain lengths on different substrates have provided new insights
into the understanding of the correlation between the interparticle spatial parameters
and the optical properties for the one-step-derived thin film assemblies. The
experimental-theoretical correlation of the interparticle d-spacing has revealed the

presence of ordered nanostructures in the thin film assemblies. The linear dependence
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of the SP band wavelength of the nanoparticles in the thin film assemblies on the
particle size and the interparticle distance has substantiated the control of the
interparticle spatial properties in terms of particle size and the molecular linker
length. This controllability is further supported by the analyses of the optical
properties theoretically using Mie theory and experimentally using reflectometry and
spectroscopic ellipsometry, which have provided additional information for the

assessment of the optical constants for these nanostructured thin films.
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Appendix A: Data for ZnO thin films analyzed in this
study

Al: ZnO on Silicon

GM30a
——— Simulated %Rs @ 70.973° ——— Measured %Rs @ 70.973°
—— Simulated Delta ——— Measured Delta
————— Simulated Psi Measured Psi
———— Simulated %Rs @ 0.000° ———— Measured %Rs @ 0.000°
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Obtained Data

Thickness Layer 1 671.46 nm
Thickness Layer 2 16.94 nm
Index @ 632 nm 1.98328
Extinction coefficient @ 632 nm 0.0000
RMSE 1.277
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GM13-g

Simulated %Rs @ 70.775° ————— Measured %Rs @ 70.775°
Simulated Delta ——— Measured Delta
Simulated Psi Measured Psi
Simulated %Rs @ 0.000° ——— Measured %Rs @ 0.000°
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Data Obtained

Thickness Layer 1 402.28 nm
Thickness Layer 2 12.93 nm
Index @ 632 nm 2.01218
Extinction coefficient @ 632 nm 0.0000
RMSE 0.974
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GM29_3

Simulated %Rs @ 70.973° ———— Measured %Rs @ 70.973°

Simulated Delta —— Measured Delta

Simulated Psi Measured Psi

Simulated %Rs @ 0.000° ——— Measured %Rs @ 0.000°
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Data Obtained

Thickness Layer 1 646.95 nm
Thickness Layer 2 12.47 nm
Index @ 632 nm 2.02177
Extinction coefficient @ 632 nm 0.0000
RMSE 1.449
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GM17’a

Simulated %Rs @ 70.973°
Simulated Delta
Simulated Psi

Simulated %Rs @ 0.000°

Measured %Rs @ 70.973°

Measured Delta
Measured Psi

Measured %Rs @ 0.000°
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Obtained Data

Thickness Layer 1 675.18 nm
Thickness Layer 2 20.57 nm
Index @ 632 nm 2.03348
Extinction coefficient @ 632 nm 0.0000
RMSE 1.590
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Vib. Freq.(1) = 22.392184

Amplitude( 2) = 0.853285

C. Energy( 2) = 3.297137

Vib. Freq.( 2) = 0.136982
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GM25_2

Simulated %Rs @ 70.973° ——— Measured %Rs @ 70.973°
Simulated Delta —— Measured Delta
Simulated Psi = Measured Psi
Simulated %Rs @ 0.000° —————— Measured %Rs @ 0.000°
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Data Obtained

Thickness Layer 1 643.34 nm
Thickness Layer 2 14.61 nm
Index @ 632 nm 2.03629
Extinction coefficient @ 632 nm 0.0000
RMSE 1.473
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A2: ZnO on Platinum
GM30a_100C

Simulated %Rs @ 70.775° ——— Measured %Rs @ 70.775°
Simulated Delta —— Measured Delta
Simulated Psi Measured Psi

Simulated %Rs @ 0.000° ———— Measured %Rs @ 0.000°
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Data Obtained

Thickness Layer 1 = 653.46 nm
Thickness Layer 2 = 61.69 nm

Index @ 632 nm = 1.92540

Extinction coefficient @ 632 nm =0.0028
RMSE = 2.828
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GM11b_400

Simulated %Rs @ 70.775° ———— Measured %Rs @ 70.775°
Simulated Delta ——— Measured Delta
Simulated Psi Measured Psi
Simulated %Rs @ 0.000° ————— Measured %Rs @ 0.000°
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Data Obtained

Thickness Layer 1 = 623.67 nm
Thickness Layer 2 = 62.66 nm

Index @ 632 nm = 1.95369

Extinction coefficient @ 632 nm =0.0021
RMSE = 3.463
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Amplitude( 2) = 0.988639
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GM17a_550

Simulated %Rs @ 70.775° ——— Measured %Rs @ 70.775°
Simulated Delta —— Measured Delta
Simulated Psi Measured Psi
Simulated %Rs @ 0.000° ——— Measured %Rs @ 0.000°
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Data Obtained

Thickness Layer 1 = 636.24 nm
Thickness Layer 2 = 63.21 nm

Index @ 632 nm = 1.95735

Extinction coefficient @ 632 nm =0.0044
RMSE = 3.726
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GM19c_650

Simulated %Rs @ 70.775° ————— Measured %Rs @ 70.775°
Simulated Delta —— Measured Delta
Simulated Psi = Measured Psi
Simulated %Rs @ 0.000° ————— Measured %Rs @ 0.000°
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Data Obtained

Thickness Layer 1 = 875.80 nm
Thickness Layer 2 = 35.31 nm

Index @ 632 nm = 1.97995

Extinction coefficient @ 632 nm =0.0000
RMSE = 4.063
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GM20r_700

Simulated %Rs @ 70.973° ——— Measured %Rs @ 70.973°
Simulated Delta —— Measured Delta
Simulated Psi Measured Psi
Simulated %Rs @ 0.000° ————— Measured %Rs @ 0.000°
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Data Obtained

Thickness Layer 1 = 685.61 nm
Thickness Layer 2 = 49.44 nm

Index @ 632 nm = 1.99080

Extinction coefficient @ 632 nm =0.0000
RMSE = 3.908

167



Layer #1

N K
2-9 T I LI B B I LI B B I LI I B I T I LI B B I T I LELEL I_ 0-8
[ 4 o7
27 ]
[ 406
z ] <
c 25 405 €
2 . 2
+— b (&)
8 Jos4 E
e i b B}
o 23 h o
o L . O
Y— 7] 03 c
] . 2
S 21 102 E’
3 21 02 £
= [ ] =
] ]
[ 4 o1
19 | ]
[ Jo
17 -I Ll I Ll 1 1 I Ll 1 1 I Ll L 1 I Ll Ll I Ll 1 1 I Ll Ll I Ll I: _01
200 300 400 500 600 700 800 900 1000
Wawelength (nm)
GM20r

Layer #1 Material Coefficient Table

Layer #2 Material Coefficient Table

Number of Oscillators = 3

EMA Screening = 0.3333
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EMA Type = Landau-Lifshitz

Damping Coef. = 0.922374

Number Nodes = 3

Amplitude( 1) = 15.472256

HOST MATERIAL = Same As Layer #1
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Material #2 = VOID
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Vib. Freq.( 2) = 0.118994
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3) =
C. Energy( 3) = 3.699844

% FRACTION VOID NODE #3 = 57.1457

Vib. Freq.( 3) = 1.011007
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Appendix B: Data for SrTiO3 (STO) thin films analyzed in
this study

B1: STO on Silicon

DK15_1

Simulated @ 70.775° Measured @ 70.775°

Simulated @ 0° Measured @ 0°
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Data Obtained

Thickness 1650.42 nm
Index @ 632 nm (max) 1.84401
Extinction coefficient @ 632 nm 0.0000
RMSE 4.962
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&—— Substrate

Thickness (nm)

1000 1200 1400 1600 1800
Surface ——>

K @ 632 nm (1x10 °)

Layer #1 Material Coefficient Table

EMA Screening 0.3333
EMA Type Landau-Lifshitz
Number Nodes 3

HOST MATERIAL

Same As Layer #2

Material #2 Same As Layer #3
% POSITION NODE #1 0.00

% POSITION NODE #2 99.13

% POSITION NODE #3 100.00

% FRACTION Same As Layer #3 NODE #1 0.0000

% FRACTION Same As Layer #3 NODE #2 0.0000

% FRACTION Same As Layer #3 NODE #3 100.0000
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DK17 2

Simulated @ 70.775° ————— Measured @ 70.775°
Simulated @ 0° ——— Measured @ 0°

100 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-
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% Reflection
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0:||||l||||l A R N

200 300 4000 5000 6000 7000 8000 9000 10000 1100.0
Wawelength (nm)

Data Obtained

Thickness 1579.94 nm
Index @ 632 nm (max) 1.98940
Extinction coefficient @ 632 nm 0.0000
RMSE 6.415
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Layer #1

N K
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-200 0 200 400 600 800
&——— Substrate

Thickness (nm)

1200 1400 1600 1800

Surface ——>

K @ 632 nm (1x10 %)

Layer #1 Material Coefficient Table

EMA Screening 0.3333
EMA Type Landau-Lifshitz
Number Nodes 3

HOST MATERIAL

Same As Layer #2

Material #2 Same As Layer #3
% POSITION NODE #1 0.00

% POSITION NODE #2 78.38

% POSITION NODE #3 100.00

% FRACTION Same As Layer #3 NODE #1 0.0000

% FRACTION Same As Layer #3 NODE #2 40.0223

% FRACTION Same As Layer #3 NODE #3 100.0000
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DK19 1

Simulated @ 70.775° —————— Measured @ 70.775°
Simulated @ 0° ——— Measured @ 0°

110-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-

70 F

30 F

% Reflection

10 F

ok ]

200 300 4000 5000 6000 7000 8000 900.0 10000 1100.0
Wawelength (nm)

-30

Data Obtained

Thickness 858.24 nm
Index @ 632 nm (max) 2.27359
Extinction coefficient @ 632 nm 0.0000
RMSE 2.325
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Layer #1

N K
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225 |
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N @ 632 nm
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Thickness (nm)

&——— Substrate

600 800 1000
Surface ——>

K @ 632 nm (1x10 °)

Layer #1 Material Coefficient Table

EMA Screening

0.3333

EMA Type

Landau-Lifshitz

Number Nodes

3

HOST MATERIAL

Same As Layer #2

Material #2 Same As Layer #3
% POSITION NODE #1 0.00

% POSITION NODE #2 27.30

% POSITION NODE #3 100.00

% FRACTION Same As Layer #3 NODE #1 0.0000

% FRACTION Same As Layer #3 NODE #2 100.0000

% FRACTION Same As Layer #3 NODE #3 100.0000
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DK14 1

Simulated @ 70.775° ~—————— Measured @ 70.775°
Simulated @ 0° ———— Measured @ 0°
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% Reflection

40 F
30 F I
20 F '

10 F

200 300 4000 5000 6000 7000 8000 9000 10000 1100.0
Wawelength (nm)

Data Obtained

Thickness 1370.12 nm
Index @ 632 nm (max) 2.30412
Extinction coefficient @ 632 nm 0.0000
RMSE 2.553
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Layer #1

N K
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N @ 632 nm
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&——— Substrate

Thickness (nm)

1000 1200 1400 1600

Surface ——>

K @ 632 nm (1x10 )

Layer #1 Material Coefficient Table

EMA Screening

0.3333

EMA Type

Landau-Lifshitz

Number Nodes

3

HOST MATERIAL

Same As Layer #2

Material #2 Same As Layer #3
% POSITION NODE #1 0.00

% POSITION NODE #2 25.22

% POSITION NODE #3 100.00

% FRACTION Same As Layer #3 NODE #1 0.0000

% FRACTION Same As Layer #3 NODE #2 100.0000

% FRACTION Same As Layer #3 NODE #3 100.0000
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DN64_1

Simulated @ 70.775° ———— Measured @ 70.775°
Simulated @ 0° ——— Measured @ 0°

110-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-

70 F

% Reflection

0 F

200 300 4000 5000 6000 7000 8000 900.0 10000 11000
Wawelength (nm)

Data Obtained

Thickness 1180.97 nm
Index @ 632 nm (max) 2.28078
Extinction coefficient @ 632 nm 0.0000
RMSE 2.003
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N @ 632 nm

Layer #1

N K
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¢&—— Substrate .
Thickness (hm)

1000 1200 1400
Surface ——>

K @ 632 nm (1x10 )

Layer #1 Material Coefficient Table

EMA Screening

0.3333

EMA Type

Landau-Lifshitz

Number Nodes

3

HOST MATERIAL

Same As Layer #2

Material #2

Same As Layer #3

% POSITION NODE #1

0.00

% POSITION NODE #2 1.85

% POSITION NODE #3 100.00
% FRACTION Same As Layer #3 NODE #1 | 0.0000
% FRACTION Same As Layer #3 NODE #2 | 99.9994
% FRACTION Same As Layer #3 NODE #3 | 100.0000
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DN66_1

Simulated @ 70.775° Measured @ 70.775°
Simulated @ 0° ——— Measured @ 0°

110-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-
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200 300 4000 5000 6000 7000 800.0 9000 10000 1100.0
Wawelength (nm)

Data Obtained

Thickness 810.12 nm
Index @ 632 nm (max) 2.36684
Extinction coefficient @ 632 nm 0.0000
RMSE 2.618
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Layer #1

N K
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Thickness (nm)

600 700 800 900
Surface ——m

K @ 632 nm (1x10 )

Layer #1 Material Coefficient Table

EMA Screening

0.3333

EMA Type

Landau-Lifshitz

Number Nodes

3

HOST MATERIAL

Same As Layer #2

Material #2

Same As Layer #3

% POSITION NODE #1

0.00

% POSITION NODE #2 0.00

% POSITION NODE #3 100.00
% FRACTION Same As Layer #3 NODE #1 0.0000
% FRACTION Same As Layer #3 NODE #2 | 92.3816
% FRACTION Same As Layer #3 NODE #3 | 100.0000
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DN63_1

Simulated @ 70.775° Measured @ 70.775°
Simulated @ 0° ———— Measured @ 0°

110-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-
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% Reflection
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Y h

200 300 4000 5000 6000 7000 8000 9000 10000 1100.0
Wawelength (nm)

-30

Data Obtained

Thickness 564.88 nm
Index @ 632 nm (max) 2.32958
Extinction coefficient @ 632 nm 0.0000
RMSE 1.638
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Layer #1
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300

Thickness (nm)
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Surface ——m

K @ 632 nm (1x10 °)

Layer #1 Material Coefficient Table

EMA Screening

0.3333

EMA Type

Landau-Lifshitz

Number Nodes

3

HOST MATERIAL

Same As Layer #2

Material #2

Same As Layer #3

% POSITION NODE #1

0.00

% POSITION NODE #2 0.00

% POSITION NODE #3 100.00
% FRACTION Same As Layer #3 NODE #1 0.0000
% FRACTION Same As Layer #3 NODE #2 87.8428
% FRACTION Same As Layer #3 NODE #3 100.0000
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DN67_1

Simulated @ 70.775° Measured @ 70.775°
Simulated @ 0° ———— Measured @ 0°
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200 300 4000 5000 6000 7000 800.0 9000 10000 1100.0
Wawelength (nm)

Data Obtained

Thickness 660.52 nm
Index @ 632 nm (max) 2.38458
Extinction coefficient @ 632 nm 0.0000
RMSE 2.561
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Thickness (nm)
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Surface ——>

K @ 632 nm (1x10 °)

Layer #1 Material Coefficient Table

EMA Screening 0.3333
EMA Type Landau-Lifshitz
Number Nodes 3

HOST MATERIAL

Same As Layer #2

Material #2 Same As Layer #3
% POSITION NODE #1 0.00

% POSITION NODE #2 0.00

% POSITION NODE #3 100.00

% FRACTION Same As Layer #3 NODE #1 0.0000

% FRACTION Same As Layer #3 NODE #2 90.9855

% FRACTION Same As Layer #3 NODE #3 100.0000
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B2: STO on Platinum

DK17 1

Simulated @ 70.973° Measured @ 70.973°
Simulated @ 0° Measured @ 0°

110-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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Y h
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200 300 400 500 600 700 800 900 1000
Wawelength (nm)

Data Obtained

Thickness Layer 1 1263.73 nm
Index @ 632 nm 2.19165
Extinction coefficient @ 632 nm 0.0000
RMSE 6.286
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Wawelength (nm)

Layer #1 Material Coefficient Table

Number of Oscillators 3

HF Diel. Const. 1.870243
Damping Coef. 1.416726
Amplitude( 1) 1.340045
C. Energy( 1) 3.899847
Vib. Freq.( 1) 0.432933
Amplitude( 2) 4.633465
C. Energy( 2) 5.062884
Vib. Freq.( 2) 1.565297
Amplitude( 3) 2.316636
C. Energy( 3) 3.593737
Vib. Freq.( 3) 4.462680

Extinction Coefficient (K)
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DK19 1

Simulated @ 70.973° Measured @ 70.973°
Simulated @ 0° ——— Measured @ 0°
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1000

Data Obtained

Thickness Layer 1 761.95 nm
Index @ 632 nm 2.38630
Extinction coefficient @ 632 nm 0.0068
RMSE 4.272
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Wawelength (nm)

Layer #1 Material Coefficient Table

Number of Oscillators 3

HF Diel. Const. 2.085630
Damping Coef. 1.311789
Amplitude( 1) 1.838130
C. Energy( 1) 4.251272
Vib. Freq.( 1) 0.506801
Amplitude( 2) 4.740899
C. Energy( 2) 4.926421
Vib. Freq.( 2) 1.342757
Amplitude( 3) 2.310264
C. Energy( 3) 3.571693
Vib. Freq.( 3) 4.742648

Extinction Coefficient (K)
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DK29 2

Simulated @ 70.973° ————— Measured @ 70.973°
Simulated @ 0° ——— Measured @ 0°
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Wawelength (nm)

Obtained Data

Thickness Layer 1 830.07 nm
Index @ 632 nm 2.33335
Extinction coefficient @ 632 nm 0.0082
RMSE 3.082
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Wawelength (nm)

Layer #1 Material Coefficient Table

Number of Oscillators 3

HF Diel. Const. 2.046745
Damping Coef. 1.246549
Amplitude( 1) 1.860763
C. Energy( 1) 4.215465
Vib. Freq.( 1) 0.396009
Amplitude( 2) 4.479463
C. Energy( 2) 4.831295
Vib. Freq.( 2) 1.123487
Amplitude( 3) 2.350674
C. Energy( 3) 3.748690
Vib. Freq.( 3) 4.680787
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DN66_2

Simulated @ 70.973° Measured @ 70.973°

Simulated @ 0° ———— Measured @ 0°
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Data Obtained

Thickness Layer 1 578.01 nm
Index @ 632 nm 2.33400
Extinction coefficient @ 632 nm 0.0204
RMSE 6.727
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Index Of Refraction (N)
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Wawelength (nm)
Layer #1 Material Coefficient Table
Number of Oscillators 3
HF Diel. Const. 2.017232
Damping Coef. 1.246507
Amplitude( 1) 1.534128
C. Energy( 1) 3.791492
Vib. Freq.( 1) 0.492150
Amplitude( 2) 4.555559
C. Energy( 2) 4.788460
Vib. Freq.( 2) 1.691983
Amplitude( 3) 2.163097
C. Energy( 3) 3.365806
Vib. Freq.( 3) 4.404778
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