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Absfract

The first part of this thesis describes a new methodology bas;ed on a novel
combination of x-ray reflectivity and small-angle neutron scattering to evaluate the
structural properties of porous silica thin films about one micrometer thick supported on
silicon wafer substrates. To complement these results, film composition was.determined
by high-energy ion scattering techniques. For the sample thin film presented here, the
overall film density was found to be (0.55 + 0.01) g/cm’ with a pore wall density of (1.16
+ 0.05) g/cm’ and a porosity of (53 + 1) %. The average dimension for the pores was
found to be (65 £ 1) A. It was determined that (22.1 + 0.5) % of the pores had connective
paths to the free surface. The mass fraction of water absorption was (3.0 + 0.5) % and
the coefficient of thermal expansion was (60 £ 20) x 10°%/°C from room temperature to
175 °C.

In the second part of this thesis, we elucidate the structure of a small molecule liquid
crystal/polymer interface using specular neutron reflectivity. More specifically, we
examined the interfacial transition zone width of a small molecule liquid crystal/polymer
interface as a function of increasing temperature. We found that the interface between a
thin film (~ 1000 A thick) of the liquid crystal 4'-n-octyl-4-cyanobiphenyl (8CB) and a
thin film (= 800 A thick) of deuterated poly(methy] methacrylate) (d-PMMA) is broad
and broadens with increasing temperature. It is also observed that the thin film geometry
influences the mixing behavior of the PMMA/8CB system. These results may have
implications on current theories of liquid crystal disi)lay devices that are formed by the

phase separation of liquid crystal polymer mixtures.
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Chapter 1
The Study of Advanced Matgrials Using Neutrons
The purpose of this chapter is to give the reader a brief introduction into one of
nature’s most fundamental particles, the neutron. The introduction includes historical and
background information. Some specific examples of how neutrons are used to study the
structure of matter are also discussed. Most important, the question of why one should
use neutrons as an experimental tool is answered.
1.1
Introduction
The discovery of neutrons is credited to James Chadwick of Cambridge [1], who in
1932 observed a penetrating radiation composed of particles of finite mass and no electric
charge. Bothe and Becker also observed this radiation in 1930, but it was Chadwick who
elucidated its nature [2]. Irene Curie and Frederic Joliot also observed the same
penetrating radiation in 1932 [3], but they believed the radiation to be high-energy gamma
particles, at that time the only known uncharged radiation. Curie and J. oﬁot were the first
to observe that when it passed through a hydrogenous media, this radiation created
recoiled protons that could be detected in an ionization chamber. Chadwick proved that
the energies of the recoil protons were of such a value that the radiation must be
composed of particles with masses comparable to protons, and called them neutrons. In
these experiments, neutrons were produced in nuclear reactions when boron or beryllium
nuclei were bombarded by alpha particles.

94Be + 42:[']:6 - 126C + 1()Il



“5B + 42He - 147N + lon

From these reaction schemes it is evident that the neutrons must be fundamental particles
of a nucleus because the loss of a neutron changes its mass. Earlier attempts were also
made by Lord Emest Rutherford to describe this type of behavior [4]. Lord Rutherford
had speculated that these interactions were due to the formation of a neutral bound pair
containing a proton and electron and that this bound pair resided in the nuclei. This model
turned out to be vﬁong. Later it was shown that the de Broglie wavelength of electrons is
so much larger than nuclear dimensions that this light particle can not reside in a nucleus.
Despite the fact that Rutherford’s model was wrong,‘ he did correctly predict some
properties of neutrons.
1.2
Properties of Neutrons

The mass of a neutron is 1.675 x 1077

kg, while the de Broglie wavelength of neutrons
is on the order of interatomic distances in solids and liquids. This implies that interference
effects between scattered neutrons can occur which yield information on the structure of
the scattering system. This property of neutrons is addressed and further detail is given in
Appendix A of this thesis. The neutron has a charge of zero, which means not only that it
can penetrate deeply into a sample, but also that it comes close to the nuclei because there
is no Coulombic barrier. This means that neutrons can be scattered by nuclear forces,

more specifically via the strong nuclear force. Some nuclides do scatter neutrons more

strongly than others do. The interaction of neutrons with nuclei varies randomly with



atomic number [5]. The strength of this interaction is characterized by a parameter known

as the scattering length. Hydrogen and one of its isotopes, deuterium, have very different
scattering lengths. Because of this difference, molecules can be labeled by substituting
hydrogen for deuterium, which essentially highlights certain molecules or parts of
molecules. However, one must be careful and remember that the thermodynamics of the
system may change after the chemical substitution of deuterium for hydrogen. High
labeling concentrations coupled vﬁth high molecular weights may cause phase separation
ﬁ polymer blends. A polymer that is labeled with deuterium has a greater excluded
volume; also smaller entropy of mixing results and the polymers can phase separate [55].
Neutrons also have a magnetic dipole moment (u, = -1.913 py) with spin of l/z [5], which
means that neufrons can interéct with unpaired electrons via magnetié forces. Therefore
neutrons can interact with matter in one of two ways, either with nuclei via the strong
nuclear force or with unpaired electrons via the magnetic force. Now that some of the
historical background and the fundamental interactions of neutrons have been discussed,
the rest of this chapter is devoted to providing examples of how neutrons can be used to
probe matter.
1.3
Examples Using Neutrons
The ability to characterize ultra-thin polymer films at interfaces and surfaces is
important to a large number of industrial applications. Electronic packaging, dielectric
layers, coatings, composites, lubrication and biocompatible materials are just a few of

these applications [6]. For example, in a composite material, if there is poor adhesion



between the polymer and filler material or if the polymer does not wet the filler material,

the desired properties of the composite can not be obtained. In order for polymers to be
used in biocompatible applications such as implants, the material must retain mechanical
strength and at the same time, the surface must be compatible with human tissue.

It is usually the interfacial behavior of an ultra-thin polymer film that determines its end
use in microelectronics [7]. In applications for microelectronics, multiple layers of
polymeric materials are typically used. If these multiple layers consist of different
polymers, the individual layers must adhere to each other, or peeling would occur and
multi-layering would not be possible. Thermal stability is also a major issue for ultra-thin
polymer films in microelectronics since processing involves large thermal variations and
cycling. For instance, does the glass transition temperature of polymer thin films differ
from polymers in the bulk? This is one unresolved problem that exists in the physics of
polymer interfaces. An important question then becomes: what techniques can one use to
elucidate the structure and physics of polymer interfaces?

Numerous techniques have been used to examine the interface and surface behavior of
polymers. Optical methods such as ellipsometry [8] and second harmonic generation |
(SHG) [9,10] have been used. One advantage of optical methods is thgt they are readily
available and can be assembled on a lab bench top. However, there are two major
disadvantages: a.) The wavelength of visible light is on the orderv of several hundreds of
nanometers (nm) so one can only resolve spatial resolutions down to several tenths of a
micron (pm), b.) In a multi-component system, there must be sufficient difference in the

refractive indices of the individual components to provide sufficient contrast.




Ton-beam techniques that include Rutherford back-scattering spectrometry (RBS)
[11,12], forward recoil elastic spectrometry (FRES) [13-15] and secondary ion mass
spectrometry (SIMS) [16-18] are also useful to ipvestigate polymer interfaces. These ion
beam methods can measure the polymer composition profile normal to the surface with
spatial resolutions down to 10 nm. A disadvantage to these methods is that the ion beam
degrades the samples. Thus one must use several samples to study kinetic behavior of a
particular system. Ion beam experiments are also carried out in high vacuum, which
precludes the use of liquid samples. Despite these drawbacks, advances have been made
in understanding the adhesion [19] and diffusion [11-15] of polymers and the ordering of
thin films of block copolymers [16,17] using ion beam techniques.

Transmission electron microscopy (TEM) [20?21] can image a thin film polymer
surface down to 1 nm. It has been used t.o—study the effects of surfaces on thin films of
block copolymers. But again, there are some drawbacks to the procedure. Sample
preparation can be difficult in that the thin film must be stained in order to provide
sufficient contrast. Like the ion beam methods, the sample may be damaged by the beam
during the experiment. Benefits include the fact that detail in thin ﬁlms can be seen with
excellent depth resolution to depths of well over 100nm, and the direct observation of
morphologies is possible.

X-ray photoelectron spectroscopy (XPS), an important tool for surface science, can
also determine the -thin film polymer composition profile at the vacuum / sample interface.
XPS can penetrate polymer sample surfaces down to 7nm with a spatial resolution of

0.1nm [22-25]. Again, a major disadvantage is that the X-ray beam destroys the sample



so that repetitive measurements cannot be made on the same sample.

A promising technique to study polymer surfaces and buried interfaces is neutron
reflectivity. Neutron reflectivity can be considered a subset of small-angle neutron
scattering. Specular reflectivity is the special condition when the angle of detection is
equal to the angle of incident neutrons. This technique is superior to optical methods and
ion beam techniques in measuring properties of thin films, and can yield information on
variation in composition normal to a surface. Unlike other measurement techniques such
as ion-beam scattering, neutron reflectivity is a nondestructive probe; therefore repetitive
measurements can be made on the same sample. Other advantages include a spatial
resolution down to 10 angstroms (A) and a penetration depth of more than 1000 A [26].
Examples of parameterg that can be determined by neutron reflectivity include overall
thickness of a thin film and the thickness of individual layers if the thin film consists of
multiple layers [26]. The interfacial and surface roughness of the thin film can also be
measured, where the interfacial roughness is the gradient in the density between
consecutive layers [26]. The variation in neutron scattering length density normal to the
surface is the quantity that is determined in neutron reflectivity. Contrast in a multi-
component system can therefore be obtained by selective deuteration of an individual
component. Based on these attributes, neutron reflectivity has clearly many advantages
when it comes to investigating thin polymer films. To support this claim, it is best to look
at a few examples.

Neutron reﬂectivfty is well suited for studying the interdiffusion of two thin film

polymers. Stamm et al. studied two thin poly(styrene) (PS) films on a glass substrate in



which the lower film was protonated and the upper film was deuterated [27,28] to yield a

pronounced contrast in the scattering length density. The contrast would be zero for the
case of X-rays. They observed that after annealing at 120 °C, the scattering length density
profile is changed due to interdiffusion of the polymers at the protonated polymer /
deuterated polymer interface. Protonated polymer chains at the interface do not hinder the
mobility of deuterated chain segments for short annealing times. They observed that the
reflectivity is only changed at larger wavevector transfers and attributes this to the fact
that only the relatively short chain lengths are involved in a random walk type of
movement. After very long annealing times, whole-deuterated chains start to move into
channels, which‘are formed from the diffusion of the protonated chains. This reptation
behavior predicts that the reflectivity will be changed for smaller wavevector transfers, and .
this is exactly what was observed by Stamm ef al. .‘

Wu et al. have used neutron reflectivity to measure the density profiles of poly(methyl
methacrylate) (PMMA) thin films on silicon (111) single crystal wafers [29]. They found
a 45A thick layer at the free polymer surface that has a density about half the value of bulk
PMMA for a film with a iotal thickness of 700A. After heating above the glass transition
temperature, the diffuse layer disappeared and the thin film density profile was
transformed to one with a sharp free polymer surface. This is a prime example of how
reflectivity can measure the composition of thin films normal to the surface.

Wallace ez al. studied the thermal expansion of poly(styrene) (PS) thin films supported
on hydrogen terminated silicon substrates using reflectivity [30]. They obéerved that films

on the order of 400 A and thinner show no glass transition temperature up to at least 60



°C (160 °C), above the bulk transition temperature of 100 °C. They used reflectivity to -
measure the thickness of the films while increasing the temperature of the sample. A
break in the thickness versus temperature curve signals’the glass transition and the onset
of bulk behavior, which was observed in films thicker than 400 A. Orts et al. have also
studied thin films of PS using reflectivity [91]. Measuring the thickness versus
temperature for PS thin films around 400 A supported on silicon with a native oxide
surface, they saw the glass transition temperature decrease by as much as 30 °C. These
two experiments illustrate the importance that the character of the interface between a
polymer and solid substrate has on the glass transition temperature of the polymer. These
two exﬁeriments also show the importance of measuring spatial resolution on thin film
thickness and that reflectivity is the best technique for doing so. Can neutron reflectivity
be used to'study other thin film materials besides polymers? |

Neutron reflectivity is also a powei'ful tool for studying thin films of liquid crystals.
Olbrich et al. used reflectivity to investigate the smectic order and the smectic-A to
smectic-C; phase transition thin films of a chiral ferroelectric liquid crystal mixture
[31,32]. Tﬁe liquid crystal thin films were between 150 and 600 A thick. They
demonstrated that it is possible to extract the tilt angle in ferroelectric liquid crystals from
reflectivity measurements of thin films. The authors went on to show that smectic-A to
smectic-C" phase transition temperature and the temperature dependence of the tilt angle
in the smectic-C” phase are almost independent of the film thickness down to 200 A and
are similar to those in the bulk.

Phillips ef al. using neutron reflectivity [33] studied the porosity and surface roughness



of three different liquid crystal alignment layers. The authors used a contrast variation

method by measuring the scattering length density profile of absorbed hexane into
alignment layel;s of liquid crystal. Two different surfaces were used to align the liquid
crystals, a rubbed polyimide surface and a silicon oxide surface. They observed that the
alignment layers of thelliquid crystal were smooth and impervious to hexane for the
polyimide surface. The silicon oxide surface produced a rough and porous character for
the liquid crystal alignment layers.

By this point, I believe the importance of neutron reflectivity is evident. Neutron
reflectivity is a superior method for characterizing thin film materials, including not only
polymer thin films, but also liquid crystal thin films. Phenomena such as polymer
diffusion, the glass transition temperature and density profile in polymer thin films and
phase transitions and alignment of liquid cryétal thin films are readily observed using
neutron reflectivity. quever, neutron reﬂectiyity is just one of many expeﬁmental
techniques that uses neutrons.

Small-angle neutron scattering is another method which uses neutrons. In general,
small-angle scattering is used to study the structure of matter. As was mentioned earlier in
section 1.2, it is the de Broglie wavelength of neutrons, which is on the order of
interatomic distances, that leads neutrons to be useful in studying the structure of matter.
Neutrons can scatter in one of several ways. The type of neutron scattering depends on
the incident wave frequency and the scatterefl wave frequency. The scattering event itself
may or may not involve an energy change. If there is no change in energy upon scattering,

then the scattering is elastic. Inelastic scattering occurs when there is a change in the



energy of the scattering event. The total scattering signal constitutes both coherent and

incoherent scattering. Coherent scattering contributions are from structural spatial
correlations between scattering centers. If the scattering centers are randomly distributed
with no set correlation, then the scattering is incoherent. In this manuscript, it is relevant
to discuss coherent elastic scattering of neutrons. Coherent elastic scattering of neutrons
measures the correlations of scattering centers within a medium providing information
about the structure. A more detailed analysis of small-angle neutron scattering is given in
chapter 2. Why is the structure of matter s§ important?

In polymer sciénce, the structure of polyrhers in various environments is an extremely
important topic. The size and s}1ape of polymers in solution determine their viscosity,
which is a key property in processing [34]. The degree of crystallinity in polymer fibers
determines their end use applications [34]. The structure of polymers under a shearing
force can predict complications or the ease of melt extruding [34]. Structural biology is
one of the most important fields in the life sciences. Hydrogen atoms and water molecules
around DNA and proteins play an important role in many physiological functions [35]. It
is the size and surface area of pores in porous media that leads these media to be useful in
certain chemical separation processes [36]. For the remainder of this chapter, some
specific examples of small-angle neutron scattering will be given.

For a long time, the experimental determination of the conformation of a linear
polymer chain in its melt was unsolved [37]. It was first thought that the polymer chains
were one of three different cc;nfonnations: the chains are randomly interpenetrated and

each one adopts a random coil conformation, the chains are collapsed onto themselves or

10



the chains are partially aligned in a way similar to that of crystalline polymers. Due to

their incompressibility, homogenous polymer melts do not readily scatter radiation;
basically, contrast does not exist. However, if one or a few of the chains could be labeled
in such a way as to distinguish them from the rest, one should observe a scattering pattern.
The labeling method for light or X-rays scattering involves a mixture of polymers of
different chemical species. But labeling chains in this way usually results in phase
separation of the polymer mixture. Thus, the only feasible solution is isotopic substitution,
which is used in small-angle neutron scattering. Lieser et al. [38] used this isotopic
labeling technique to look at poly(styrene) in the melt while Wignall ez al. [39], Kirste et
al. [40] and Cotton et al. [41] used the same method to study poly(methyl methacrylate)
and poly(ethylene). They all found that the values for the radius of gyration of the chain
vary as it would for a chain in its theta solvent. A polymer chain in its theta solvent
assumes an unperturbed chain dimension and is recognized to be ideal. Thus in a melt,
polymerychains are ideal. This is a consequence of a balance between intermolecular and
intramolecular interactions, which was predicted by Flory [42]. Flory predicted that a
polymer chain in the melt should be ideal, however, it was not until the advent of using
neutrons in small-angle scattering that Flory could be proved or disproved.

Scattering may be used to study the thermodynamics of polymers in solution. In
particular, the second virial coefficient can be measured. The second virial coefficient is
related to the Flory-Huggins interaction parameter . The interaction parameter is the
difference in energy between a solvent molecule when it is immersed in pure polymer and

when in pure solvent. Light scattering techniques are able to measure the second virial
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coefficient, however, the advantage in using small-angle neutron scattering is that it is
possible to measure the second virial coefficient in semidilute and concentrated polymer
solutions. Cotton ef al. were able to measure the second virial coefficient and the
screening length for semidilute solutions of poly(styrene) in deuterated hexane [43]. The
screening length is the maximum distance between two monomers for which significant
'interactions exist between them. At distances greater than the screening length, the
excluded volume has no inﬂuénce and the chain behaves like a Gaussian chain.

Small-angle neutron scattering can also be used to measure the structure in two and
three phase systems. Wignall e al. were able to elucidate the structure and volume
composition in carbon black filled poly(ethylene) composite materials using small-angle
neutron scattering [44]. Carbon black is often used as a filler material to modify the
electrical and mechanical properties of polymers. The end use properties of the polymer
composite depend on the size and shape of the carbon black particles. It is an advantage if
one could know the size of carbon black agglomerates and volume fraction in the
composite material.

A brief historical background and discussion of the fundamental properties of neutrons
has been given. The advantages of neutrons for probing matter have also been addressed.
Two specific techniques in neutron science, neutron reflectivity and small-angle neutron
scattering have been given as examples for what one might use. As one can see, there are
many applications for which neutrons are best suited. In chapter two, a more detailed

' explanation of small-angle neutron scattering will be discussed and how we used it to

determine the structure of nanoporous silica thin films. The technique of neutron

12



reflectivity is discussed in chapter three and how it was used to probe the interface

between a small molecule liquid crystal and a polymer.
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Chapter 2

Small-Angle Neutron Scattering of Nanoporous Silica Thin Films

Included in this chapter is a description of how we used neutrons in combination with
ion beam scattering and X-ray reflectivity as analytical tools to characterize spin-on
nanoporous silica thin films. Section 2.1 is an introduction and outline for our motivation
followed by the experimental set up in section 2.2. A discussion of our results is given in
section 2.3. The work in chapter two is a project developed in conjunction with Dr. Wen-
li Wu, leader of the Electronics Applications Group, Polymers Division at the National
Institute of Standards and Technologies. |

2.1
Introduction
Increasing microprocessor performance is a field of study that has gained much

importance in science and technology. In order to continue improvement of
microprocessor performance, it is necessary to decrease the size of the very-large-scale-
integrated circuits (VLSI) that make up a microprocessor chip. These circuits are used to
build up application-specific-integrated circuits (ASIC). These ASIC act as functional
blocks, such as cache control, within the microprocessor chip. Decreasing the size of the
VLSI allows for faster microprocessor chips, an increase in the number of functions of a

single chip and an increase in packing density of the VLSI. In addition, VLSI can be

arranged in a multilevel structure so that the area of the silicon wafer, on which the
circuits are produced, can be preserved. Figure 2.1 is a schematic diagram of the cross

section of a typical VLSI multilevel interconnect system. As one can see, this system is

14



Figure 2.1. Cross section of a typical VLSI multilevel interconnect system
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made from various numbered layers composed of metal interconnects (M), separated by
an interlevel dielectric material (ILD), and tungsten contacts (W). The interlevel
dielectric material serves as an insulator to isolate the current in the metal interconnects.
By decreasing the size of the VLSI, the distance that the current must travel through the
metal interconnect lines is decreased, therefore increasing the speed of the device.
However, complications arise with an increase in packing density of the VLSI. The
number of interconnects is increased, which in turn increases the capacitance between the
interconnect lines. Undesired effects from an increased capacitance include propagation
delay and crosstalk noise. Although decreasing the size will improve the speed and
performance, the problem of increasing capacitance between interconnects limits the
current technology. In order to get past this limitation, new materials must be designed
for interlevel dielectric materials (ILD) in VLSI that provide the insulation properties.
New materials that are to be designed for ILD applications must meet stringent
requirements. An exacting combination of electrical, thermal, mechanical and chemical
properties must be met (see Table 2.1) [45]. These properties must also be accomplished -
at a submicron length scale and remain uniform over the entire area of the device. In
order to keep up with an increasing packing density of VLSI, the ILD material must have
a dielectric constant (k) of 2 or less. Another material requirement of ILD is a low
coefficient of thermal expansion (CTE) in order to prevent fractures in VLSI. Aluminum
alloys are typically used as the metal interconnects. VLSI are processed at high
temperatures and if the ILD material expands faster than the aluminum alloy, the device
can fracture. Low moisturé abéorption is another important factor when designing these
ILD materials. The various levels in VLSI (See Figure 2.1) are typically planarized in a
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Table 2.1. Necessary material properties for ILD applications

Electrical Thermal Chemical Mechanical

Dielectric constant ~ High thermal Chemical resistance  Thickness

less than 2 stability uniformity

Low charge High thermal Low moisture Good adhesion

trapping conductivity absorption

Low leakage current Low coefficient of  High purity Crack resistance
thermal expansion

High reliability Low thermal Long storage life Low stress
shrinkage ‘
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chemical-mechanical polishing (CMP) slurry. During the CMP process, the ILD material
is exposed to vx;ater. Even the smallest amount of moisture absorbed by the ILD material
can cause the VLSI to short.

Leading candidates for next-generation low-dielectric-constant material to be used in
ILD applications are porous silica thin films [46]. The dielectric constant for pure silica
is around 4. The dielectric constant for air is 1. The introduction of pores or voids will
thus lower the dielectric constant of the base silica material. When the film porosity
reaches three-qué,rters by volume, the dielectric constant can effectively be lowered to 2
[47]. This lowered diélectric constant has the effect of increa§ing signal propagation
speed, decreasing the minimum energy needed to propagate a signal and decreasing the
crosstalk between adjacent cénductors. Another advantage to using porous silica thin
films as interlevel dielectric material is that industry already has the process conditions in
place for using silicon. -Switching over to new silica based technologies would be an
economical and easy transition. A major disadvantage in using porous silica films for
ILD materials is that a high degree of porosity causes the films to have low mechanical
strength. CMP processing can break apart the films if they are too porous. However, by
optimizing the porosity, one can achieve the necessary balance between a low dielectric
constant, moisture absorption, CTE, and high strength.

There exist numerous techniques to characterize the performance properties of
interlevel dielectric thin films such as X-ray photoelectron spectroscopy (XPS) [48].

XPS can determine the composition profile at a vacuum / sample interface and give an
estimate of the pore density. However, few techniques exist to measure structural
properties such as porosity and pore size of porous films less than 1 micron thick. As one
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might guess, the porosity and pore size are intimately related to the performance of the
material. Armed with a priori knowiedge of porosity and pore size, the chemical
composition and processing conditions could be varied to achieve the desired
performance properties. In order to advance the technology, suitable measurement
techniques must be developed to characterize these porous silica thin films.

Thé purpose of this work is to develop a methodology to characterize porous thin
films which are about 1 micron thick and supported on silic;,on wafers. The porous thin
films are generally too fragile to remove from the silicon substrate, so the
characterization must be accomplished while the films remain adhered to the substrate.
Additionally, these porous thin films are usually processed on the substrate and their
properties may differ from that in the bulk state. Therefore, it is important to characterize
these thin films while attached to the silicon substrate. The structural properties to be
measured include the overall film density, pore-wall density, porosity, average pore size,
and pore connectivity. The parameters of overall film density, pore-wall density,
porosity and average pore size are important for correlating observed thermomechanical
behavior with structure so that improvements in material selection and/or material
processing may be optimized. The parameter of pore connectivity is important in cases
when the thin films are exposed to wet environments such as in chemical-mechanical
polishing processes. In theory, a thin film that has pores connected fo the surface may
result in an uncontrolled increase in the dielectric constant or leakage current due to
penetration of contaminant materials such as water or chemicals from the polishing
process. In addition to the structural properties to be measured, the out of plane
coefficient of thermal expansion (CTE) will be determined. As was mentioned earlier,
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the CTE is an important material parameter. If a mismatch exists between the CTEs of
the ILD material and the metal interconnect fracture in the VLSI can occur.

The key measurement techniques used in this work are specular X-ray reflectivity [52-
54] and small-angle neutron scattering (SANS) [55]. Reflectivity will be discussed in
detail in chapter three, and SANS will be discussed in detail in section 2.3. The novelty
of this work is based on the use of a new high resolution X-ray reflectometer to
accurately measure film thicknesses greater than one micron, and the treatment of
complementary data obtained from both X-ray reflectivity and SANS as a set of
simultaneous equations to quantitatively determine the structural parameters of the
porous thin films. The methodology and results for a 900nm thick porous silica (xerogel)
thin film test sample, Allied Signal Nanoglass™ K2.2-A10B, will be reported to
exemplify the technique which was then used to also characterize 20 porous silica thin
films provided by E. Todd Ryan and Huei-Min Ho at International Semiconductor
Manufacturing Technology (SEMATECH). The Nanoglass sample was prepared by spin
coating on silicon wafer (8-inch diameter, 1/16-inch thick) using sol-gel methods.

For this work, we used the simplest description of a porous material; a two-phase
model where one phase comprises the voids and the connecting material is the other
phase. The connecting material between the voids, i.e. the pore wall material, is assumed
to have a uniform density. Assuming uniform density results in two unknowns, the
porosity, P, which is the volume percentage of the pores, and the pore wall density, py.
These two variables cannot be solved from either X-ray reflectivity or SANS data alone.
Therefore, we performed both measurements on the same sample. By solving two

equations involving the variables P and pu, the values of P and py, can be determined. In
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order to solve these two equations simultaneously, we must also know the thin film
chemical composition. Thin film chemical composition was measured using a
combination of Rutherford backscattering spectrometry (RBS) for silicon, oxysgen,
carbon, and forward recoil elastic scattering (FRES) for hydrogen. The thin film
chemical composition is used to convert the electron density to mass density in the X-ray
reflectivity data analysis, and to determine the scattering contrast between the pore wall
material and pores in the SANS analysis.

Questions of pore conneétivity and moisture uptake are addressed by conducting
SANS measurements on the sample immersed in either a deuterated organic solvent or
deuterated water. If the sample has channels that are connected to the surface, solvents
with low interfacial tension can readily fill and wet these pores. Deuterated toluene is
such a solvent-and spreads readily on the surfaces of all samples tested. The contact
angle measured was usually less than 5°. Deuterated water was found to have a much
higher contact angle, typically aroun;i 90°, and consequeﬁtly not found to fill the pores of
the sample. If the pores are filled with a deuterated solvent, the scattering contrast
changes notably depending on the neutron scattering length of the deuterated solvent
used. The percentage of the pores filled by solvent or water is, therefore, estimated from
the difference in SANS intensity between thin films before and after immersion.

The out of plane coefficient of thermal expansion normal to the sample surface is
calculated using film thickness information from the spacing of the interference fringes in

the X-ray reflectivity data as a function of temperature.
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2.2
Experimental

X-ray Reflectivity

At an X-ray wavelength of a few tenths of a nanometer, the refractive index of most
materials is less than one. Hence, there exists a critical angle below which total external (
reflection of the radiation occurs. This critical angle, 6., can be approximated by
(preA*/m)"2, where p is the electron density or the number of electrons per unit volume of
the material, r. is the classical electron radius which is equal to 2.818 fm, and A is the X-
ray wavelength. All the angles used within the context of X-ray reflectivity are defined
as grazing angles measured from the surface parallel. At any incident angle below €.,
total reflection occurs. .In a typical X—ray reﬂe;:tivity measurement, the reflected intensity
is collected as a function of the incident angle as it is continuously varied through the
critical angle. By modeling the reflectivity result with a one-dimension Schrédinger
equation, the details of the electron density profile normal to the surface can be deduced
[58]. Free-surface roughness, interfacial roughness and density variations in the
thickness direction of the sample can also be determined by using computer modeling
procedures to create electron density depth profiles that best fit the experimental data.
The information reported here from the X-ray reflectivity is an average over a lateral
dimension of a few micrometers as dictated by the coherence length of the X-ray beam.

The X-ray reflectivity results are specular data collected with the grazing incident
angle equal to the detector angle. The angle ranged from 0.05° to 0.6°. The X-ray
reflectivity measurements were conducted in a 0-26 configuration with a fine- focus

copper X-ray tube. The incident beam was conditioned with a four-bounce germanium
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[220] mono-chromator. The beam was further conditioned with a three-bounce

germanium [220] channel cut crystal situated before the detector. This configuration
results in a copper K,; beam with a fractional wavelength spread, AMA, of 1.3 x 10 and
an angular divergence of 12 arcsec. A closed-loop active servomechanism controls
motion of the goniometer with an angular reproducibility of 0.0001°. Without these high
precision settings in both the-X-ray optics and the goniometer control, it would be
impossible to detect the very narrowly spaced interference fringes from films on the order
of 1 micron thick. Thus, it would not be possible to determine accurately the thickness of
the thin films.
Small-Angle Neutron Scattering

The SANS measurements were conducted on the NG1 8-Meter instrument at the
National Center for Neutron Research at the National Institute of Standards and‘
Technology. Scattering was performed on thin film samples with the beam incident
along the surface normal. A wavelength, A, of 6 A was used with a wavelength spread,
AMM, of 0.25. A distance of 3.6 meters was the sample to detector distance. The detector
was offset by 3.5° from the incident beam in order to increase the observed angular
range. The resultant scattering vector, q (where q = (4n/A) sin (6/2) and 6 is the
scattering angle from the incident beam path), ranged from 0.01 t0 0.18 A", The SANS
results and the structural parameters deduced from them are quantities averaged over the
scattering volume of approximately 1 cm” x 5 um. The sample was prepared by cleaving
the silicon wafer with the thin film attached into 4mm x 1Imm pieces. These pieces were
then stacked, six or more at a time, in a rectangular quartz cell. In this way, the signal

from the scattering intensity may be enhanced. This is a well-documented method for the
23



study of thin films on silicon substrates by SANS [59]. The scattering intensities in the
small-angle region (less than 5°) are exclusively from the porous thin film. The silicon
wafers themselves are practically transparent to neutrons and the wafer does not cause
any scattering in this small-angle region, as verified by measurement of the scattering
from a stack of six bare silicon wafers. Two-dimensional scattering intehsity data were
collected from each thin film sample stack and were corrected for the empty quartz cell
scattering, background counts, detector uniformity and sample thickness. The scattering
intensity data were reduced to an absolute scale by using a 1.0-mm thick water sample as
a standard. The two-dimensional data were circularly averaged to produce one-
dimensional scattering intensity profiles. The scattering length contrast arises from the
difference in the neutron scattering of the connecting pore wall material and the pores
themselves. The neutron scattering length of the pores or voids is taken to be zero.

For the porous thin films studied, three different SANS samples were prepared; one in
air, one with the sample immersed in deuterated toluene (d-toluene) and one with the
sample in deuterated water (D»0). Samples were immersed in the solvents for at least 24
hours prior to measurement. All of the SANS measurements were conducted at room
temperature and atmospheric pressure. SANS results for the samples in air are used in
conjunction with the X-ray reflectivity results in order to determine wall material density,
Pw, porosity, P, and the size of the pores, as was previously discussed. SANS results
from the d-toluene immersed samples were analyzed to determine the pore connectivity.
The moisture uptake of the samples was determined from the SANS results of the sample

in D;O.
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Ion Beam Scattering

High-energy ion beam scattering techniques were used to determine the chemical
composition of the thin film samples [60]. Professor Russ Composto and Howard Wang
performed the ion scattering work reported here at the Surface and Thin Film Analysis
Facility at thé University of Pennsylvania, Philadelphia. A mono-energetic beam of a
particles is directed toward the thin film sample held in a vacuum. The scattered energy
of the o particles is proportional to the mass of each target species. In our case the target
atoms are silicon, oxygen, and carbon atoms. By detecting the relative ﬁumber of
scattered o particles as a function of energy, and applying the well-known scattering
cross-section for each element, direct integration or computer modeling of the scattering
peaks gives the relative abundance of each element.  This technique is generally termed
Rutherford backscattering épectrometry (RBS). Hydrogen will not show a backscatteriné
peak since it is lighter than the o particles used. Instead, it is forward recoiled upon
impact with an incoming o particle. By directing the a. particle beam at grazing
incidence to the sample surface, in this case 15°, hydrogen atoms in the sample can be
forward fecoiled to a detector. Chemical composition analysis is performed in t.he same
way as with RBS. This technique is termed forward recoil elastic scattering (FRES) or
elastic recoil detection (ERD).

23
Results and Discussion
Film Composition
The first task in analyzing the ion beam écattering data was to subtract out the silicon

substrate. In order to do this, the beam was held at a grazing incidence angle of 15° from
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the sample surface with an o particle beam energy of 1.8 MeV. After identifying the
plateau due to the substrate, the substrate background was subtracted out using a spline
fit. The sample was then positioned normal to the beam with an energy of 3.4 MeV. A
RBS spectrum was collected and the data fitted to determine the amount of carbon,
oxygen and silicon in the thin film. FRES was then uséd to measure the amount of
hydrogen in the porous thin film. From direct peak integration of the FRES signal, the
thin film was found to contain 33 % hydrogen. The RBS signals were computer modeled
to reveal a thin film composition of 19 % silicon, 34 % oxygen and 14 % carbon. The
detection limit is on the order of 5% for each element.
Overall Film Density

Figu.re‘ 2.2 shows the X-ray reflectivity results for the Nanoglass sample. The dashed
line indicates the data while the solid line is the best fit to the data. The results are
presented as the logaﬁthm of the ratio of the reflected beam intgnsity, I, to the incident
beam intensity, Ip, versus Q,. Q is the magnitude of X-ray momentum transfer normal to
the sample surface and is defined as (4n/A) sin® (where A is the copper K,; wavelength of
0.15406nm and 6 is the grazing incidence angle). Inspection of Figure 2.2 shows that
there are two critical angles, one at Q,= (0.0155 = 0.0003) A™ and‘the.other at Q=
(0.0320 + 0.0006) A™'. The critical angle at Q, = 0.0155 A™ is attributed to the porous
silica thin film and the position can be related to the mean electron density of the film.
The critical angle at Q, = 0.0320 A corresponds to that of the silicon wafer. Q. is equal
to (4n/A) sind, so using Q, = 0.0155 A™, one determines 6, which is the critical angle for

the porous silica thin film. Once the critical angle is known, the electron density is
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Figure 2.2. X-ray reflectivity result for the sample
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calculated from 6.= (preA2/m)"2. Using Q, = 0.0155 A™, an electron density of 1.693 x
10® &”/cm® for the porous silica thin film is calculated. 1.693 x 10% ¢/cm® is the

mean electron density for the overall film thickness, which includes the pores, and pore
wﬁll material. Given the chemical composition of the film from the ion beam scattering
measurements, the mean electron density can easily be converted to a mass density. For
this particular Allied Signal Nanoglass™ sample, the mass density is calculated to be
(0.55 + 0.01) g/em’.

(0.55 £ 0.01) g/cm? is the mass density for the overall film. As of right now, we do
not have independent information for the pore wall material density, pw, or for the
porosity, P. P can be estimated if we assume that py, =225 g/cm®, which is the mass
density of a typical thermal oxide, then the corresponding porosity is 75.6% by volume.
Another hypothesis might be that the pore wall material is hydrogen silsesquioxane
(HSQ), a spin-on silica based glass material with a mass density of 2.00 g/cm’, then the
porosity would be 72.6% by volume. However, our film is not purely silica. It contains a
significant fraction of hydrocarbons as revealed by the chemical composition analysis, so
pw for our film should differ from that of thg thermal oxide or the HSQ. In addition, the
density for a thermal oxide or HSQ can vary dramaticaliy since both are dependent on
processing conditions [61].

One might think that measurements of 75.6% or 72.6% might be sufficiently accurate
as a measure of the porosity. However, industry needs an even more accurate
measurement of the porosity because the dielectric constant can change by as much as a
tenth between 75.6% and 72.6%. Using a complementary experimental technique, we

can test the validity of our wall density assumptions. According to our two-phase model,
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if P is the volume fraction occupied by the pores, then (1 — P) is the volume fraction
occupied by the pore wall material. The overall thin film mass density, which ag:«;in
includes the pores and pore wall material, is simply the product of the pore wall material
density and 'Fhe volume fraction occupied by the pore wall material, pw(1 — P). We have
thus far determined only the overall thin film mass density from X-ray reflectivity and
composition data. A second independent technique is needed to obtain another
measurable quantity that is related to both py and P. Right now, we have two unknowns
with only one equation. We need a second equation to solve for the two unknowns.
With two independent measurements that contaiﬁ both p and P in different forms, we
can solve the equations simultaneously to get the values of our two unknowns py and P.
SANS is the experimental technique we chose to fulfill this need. SANS results can also
provide informatiqn related to the size of the pores.
Pore Wall Density and Pore Structure

Debye et al. [62] developed a density correlation function for a random two-phase
structure which is y(r) = exp(-1/E) where exp is the equnential function, r is an arbitrary
distance, and & is the correlation length of the two-phase system. The corrélation length

4

is a measure of the distance over which the concentration fluctuations remain correlated,

and is defined as

& =4[V/SInM(Bp)"),  (2.1)
where V is the scattering volume, S is the total surface area of the boundaries between the
two phases, (n?) is the mean square of the fluctuations and Ap, is the‘ difference in

neutron scattering length density between the two phases. The ratio V/S has dimension
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of length (volume/area) and can be regarded as the length scale that characterizes the
structure. Details on the mean square of the fluctuations are provided in Section 1 of the
Appendix (A.1). Substituting (n>) = (Ap)*$1d, from Equation A.1.17 into Equation 2.1,
the correlation length is | |
§=4[V/S][p1¢2], (22)

where ¢ and ¢ are the volume fractions of phases 1 and 2. The average dimension of
phase 1 and phase 2 are related to V/S by |

(L) = 4(V/S)d and (Lo} = 4(V/S)b2.  (23)
For our two-phase system, ¢; =P and ¢, = (1 - P). If¢ is the correlation length for the
two-phase system, theﬁ £/(1-P) is the average dimension of the pores and &/P is the
average dimension of the pore wall material. Figure 2.3 shows a schematic of the
correlation length, average dimension of the pores and pore wall material. One can think
of a density correlation like this: If we have two distinct phases r; and r; with densities p;
and p,, and if we start at a point in r; with a density of p;, what is the probability that we
will encounter an;)ther point r distance away with the same density p;? According to
Debye’s density correlation function, this probability not only becomes smaller the
farther the distance r from a point, but this probability also decays exponentially. Since
these silica thin films are composed of pores with a high volume content, the Debye
density correlation function is a suitable model to describe the structure that we are
dealing witﬁ in our silica fhin films. The scattered intensity based on this model takes the
form of

I(q) = 87P(1-P)Ap, > / (1+¢%E%?,  (2.4)
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where Ap, is the neutron scattering length contrast between two phases. The derivation
of Equation 2.4 from first principles of scattering is included in Section A.1 of this thesis.
For our case, the neutron scattering length contrast, Ap,, is simply the neutrc;n scattering
length of the pore wall material because the neutron scattering length of the pores is zero.
More explicitly, Ap,equals pwn, the neutron scattering length of the pore wall material. -
Pun is equal to (Zn;b/Xnim;)pw, where n; is the atomic fraction of element i, b; is the
neutron scattering length of element i, m; is the atomic weight of that element and p, is
the mass density of the pore wall material. Given this relatioﬁship and the chemical
composition from ion scattering measurements, only pw, a parameter of interest, is
unknown. In other words, the neutron scattering length contrast, Apy, is the neutron
scattering length of the pore wall material, pws, which in turn can easily be converted to
the mass density of the pore wall material, py, if the chemical composition of the pore
wall material is known. So the question becomes, how do we obtain py from the SANS
intensity? In order to extract information from the SANS experimental data, Equation
2.4 is rearranged to get:
VI(Q)Y? = 1/(cE?)!2 + E3q¥(cED2,  (2.5)

where ¢ is defined as 8nP(1-P)Ap,’. Equation 2.5 is in the form of a straight line (y = mx
+b) where y = 1/1(q)"2, x = q% m = E%/(c&®)" and b = 1/(ct*)"2. The two quantitiés, c
and &, from Equation 2.5 can be cietermined from the slope (E¥/(cE*)') and the zero q

- intercept (1/(c&*)"?) from a straight line fit of the SANS data plotted as I(q)™ vs. ¢>. The

12

correlation length, €, is equal to (slope/intercept) . Once € is known, the quantity c is

calculated from the intercept and €. The quantity c is related to both P and py, by
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87P(1 — P)p..%, since Ap, can be converted to pw from the composition analysis. In the
previous section, the overall thin film mass density is given by pw(1 — P), and has already
been measured using X-ray reflectivity. We have our two independent equations from
two different measurements.

Figure 2.4 shows a plot of the SANS data as I(q)™/ vs. q2‘ and the straight line fit. As
can be seen from Figure 2.4, Equation 2.5 seems valid except in the low q region. We
believe that the observed scattering in the low q region may be associated with a
nonuniform distribution of the pores, or with larger length scale heterogeneities, e.g.,
clustering of the pores. Therefore, one's selection of the q region in which to fit a straight
line becomes important. The q region must be éelected so as not to fit a straight line
where the signal is dominated by larger length scale heterogeneities. Likewise, if one fits
a straight line in the higher q region, the signal is dominated by local structure and the
results will be erroneous. The slope and q =0 intércept of the straight-line fit in Figure
2.4 are calculated to Be (163.2 £ 0.9) cmm'A2 and (0.175 + 0.002) cm. Given the slope
and intercept of the straight line fit ﬁom tﬁe SANS data, the correlation length, £, is 30.5
A (€ =[163.2/0.175]"*) and c is 1.15 x 10*! cm™ (c = {[1/intercept]"*/£*}). The fact that
we obtain a correlation length of 30.5 A verifies that we are fitting in the correct q region.
Correlation lengths of 3.05 A or 305 A are not physically possible for the size of the
pores. The quantity c is also equal to 87P(1 - P)p,,®>. Dividing ¢ by 87pw>, one obtains
P(1 ~P), where pw is the scattering length density of the material with composition as
measured from the ion beam scattering. The overall thin film mass density from the X-

ray reflectivity data is 0.55 g/cm®, which is also equal to pw(1 - P).
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Figure 2.4. Debye plot for the sample in air
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The density of the pore wall material, pw, is (1.16 + 0.05) g/cm’. The volume fraction

occupied by the pore wall material iéfeduai fo Pw(l —P)/ pw. Once the volume fraction of
the pore wall material is known, then the porosity is just 1 — (1 —P). The porosity, P, for
our sample is determined to be (53 + 1) % with an average dimension of the pores as (65
+ 1) A (¢/P).
Pore Interconnectivity

If a large fraction of pores have passage to the exterior surface, then the probabiiity of
contamination during the CMP process is greater. Therefore, it is advantageous to know
the pore interconnectivity. After determining the porosity and pore wall density from the
SANS data for the sample in air, we would like to determine the intefconne?:tivity of the
pores. What fraction of the pores have passage to the exterior surface of the film? SANS
measurements were conducted on the same thin film sample except now the sample was
immersed in d-toluene, as d-toluene completely wets the film. If all the pores are filled
with the d-toluene, then this SANS intensity is easily related to the SANS intensity for
the sample in air. The SANS intensity at q =0, (I(q = 0)), is equal to 1/(c£*)>. The
quantity ¢ is also equal to 8nP(1 — P)Ap,’, so the intensity at q - 0 gives the contrast
factor which is related to the density of the material. The SANS contrast facto; in
Equation 2.4, Ap,Z, for the sample in air, is the difference in neutron scattering length of
the pore wall material and air. If all the pores were filled with d-toluene, then the
contrast factor is the difference in neutron scattering length of the d-toluene and pore wall
material (Paiol — Ppwm)>. Since d-toluene has a higher neutron scattering cross-section than

air, the contrast should be enhanced. In fact, given the scattering length density of d-
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toluene, the contrast factor should increase by a factor of 18.3 over air. However, Figure
2.5 shows that this is not the case, and the increase in intensity is less than a factor of
18.3. Furthermore, the average pore size calculated for the d-toluene immersed éample
differs from that of the sample in air. The reason for this may be that not all the pores are
being filled by the d-toluene, and that only a select population of pores is being filled.
This select population will be the pores connected to the surface of the film. If only a
fraction of the pores is being filled, then what is that fraction? In order to estimate the
fraction of filled pores, we decided to use a two-layer model. We assume that the film
immersed in d-toluene is made up of two layers. One layer is wetted with the d-toluene
and all the pores are filled. The other layer is dry and none of the pores are filled. An
alternative model for a partially filled system might be a random model in which all the
filled and unfilled pores are intermixed and randomly distributed. We chose not to use
the random model because in the random model, an empty pore adjacent to a filled pore
has a greater probability of also being filled. Now that we have settled on what we
believe to be an appropriate model for our system, how can we equate the model to the
measured scattering intensity? Our scattering intensity will come from a combination of
the dry layer plus the wet layer, or in other words, the unfilled pores plus the filled pores.
If we let ® be equal to the volume fraction of the thin film wetted layer, then (1 — ®) will
be the volume fraction of the dry layer. The scattering intensity at q = O for the sample

immersed in toluene is thus,

Loi(q = 0) = (1 — ®)ppwm’P(1 = P) + D(Patoi-Ppwm) P(1 = P),  (2.6)

36



T ¥ T T T T

0.002 0.004 0.0006 0.0008 0001 00012 0.0014
&

Figure 2.5. Debye plot for the sample in d-toluene
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where paio1 is the neutron scattering length of toluene. P is the volume fraction of the
unfilled pores, (1 — P) is the volume fraction of the pore wall material and ppum is the
neutron scattering length for the pore wall material. The first term in Equation 2.6 is for
the dry layer. Note that the quantity ppwmzP(l —P) is the same as for the sample in air as
in Equation 2.4. As was mentioned earlier, p,,wm2 is the same as Ap,” because the
scattering length of air is zero. Following this analysis, the sample consists of two layers;
the total scattering from the unfilled pores is the product of the fraction of unfilled pores,
(1 - ®), and ppwm’P(1 — P), while the contrast factor for the wet layer is the difference of
the d-toluene scattering length, paol, and the pore wall material scattering length, ppwm.
This contrast factdr, (pdtol'.— Ppwm)’, is multiplied I;y ®P(1-P) to account for the pore
fraction that is filled by the d-toluene. If ali the pores were filled by d-toluene, then the
predicted intercept, Lio(0) = [L;,(O)][(pdt°1¥ ppwm)z]/ ppwmz, where Li(0) is the intensity at
q = 0 for the sample in air. The fraction of pores filled by d-toluene is then equal to
[measured Iso(0) — Li(0)}/[predicted Lioi(0) ~ Li(0)]. For this sample, the value of @,
the volume fraction of pores filled by d-toluene, was calculated to be (22.1 + 0.05) %.
Thus, 22.1 % of the pores are interconnected with access to the exterior surface of the
film.
Moisture Uptake

In order to estimate the moisture uptake of the thin .ﬁlm, anew saniple was placed in
D;0 for 24 hours at room temperature. The same two-layer model as in the d-toluene
case was used to analyze the SANS data for the sample in D,O. Again, the intensity at q

= 0 and Equation 2.6 is utilized to determine the value @ with the substitution of the
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scattering length of D20, pp2o, for pawi. In this manner, @ is the volume fraction of pores

that are filled with D;0. Compared to the d-toluene sample, the sample immersed in DO
did not result in signiﬁcant increases in the SANS intensities from the sample in air (see
Figure 2.6). This result was not surprising since the films are macroscopically
hydrophobic. A drop of distilled water on the surface of the film displays a rather large
contact angle. Quantitative analysis of the SANS data reveals that (3.10 + 0.05) % of the
pore volume inside the film was filled with D,0.
Coefficient of Thermal Expansion

Specular X-ray reflectivity data is an excellent technique for measuring the out of
plane coefficient of thermal expansion (CTE). The thickness of a film is readily
determined from the spacing of the interference fringes in a reflectivity spectrum. Details
of this fact will be elucidated in section 2 of the appendix. The porous film was placed in
a vacuum in a specially designed chamber and the film thickness was measured at
different temperatures. The reflectivity measurements were conducted under vacuum in
order to minimize thermal degradation or oxidation of the film. Before each
measurement, the sample was held at the measurement temperature for at least 1 hour in
order to ensure thermal equilibrium. The thin film CTE is determined by the dependence
of the film thickness with temperature. In the X-ray reflectivity data shown of Figure 2.2,
many oscillations occur between the two critical angles or Q, (0.0155 < Q,(A™) <
0.0320). These oscillations are a manifestation of optical coupling. At certain incident
angles, the thin porous film acts as a X-ray wave-guide. The incident beam travels within
the film with little intensity escaping from the film. This phenomenon causes the minima

in the reflected intensity in the wave-guide region. At angles greater than the critical
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angle or critical Q, (0.0320 A™) of the silicon substrate, the oscillations are due to the
interference of radiation reflected from the air / film and film / silicon substrate
interfaces. In the low Q, region or region close to the critical Q, of the silicon substrate,
the relationship between film thickness and spacing of the fringes is not strictly true due
to multiple scattering. Therefore, the film thickness is best determined from the
periodicity of the interference fringes in the high Q, region. For our work, we defined the
start of the high Q; region to be where the reflectivity falls below 102 Sampling of the
periodicity of the fringes was taken frorﬂ this point to the end of the measured data. In
this region, multiple scattering constitutes less than 1% of the total reflected intensity. In
order to determine the film thickness from the periodicity of the fringes, a Fourier
transform (FT) is performed on the high Q, data. Figure 2.7 shows this Fourier transform
for the film at 25 °C and the thickness is calculated by multiplying the peak position of
the FT by 27 (See Equation A.2.18). The measured film thickness at various
temperatures ranging from 25 to 175 °é was determined and is shown in Figure 2.8. The
CTE as calculated from the slope of ;che Best-ﬁf line to the data is (60 = 20) x 10°%/°C.
The uncertainty is due largely to the 10nm uncertainty in the measurement of film
thickness. The measurement of thicker films or of films with a higher CTE decreases the
uncertainty of the CTE value itself. By comparison, the CTE of single crystal silicon
(our silicon substrate) is 3 x 10%/°C.
Conclusion

We have successfully developed a methodology to characterize the structural

properties of porous thin silica films on the order of 1um thick and supported on silicon
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substrates. Our method was demonstrated using Allied Signal’s Nanoglass™ K2.2-A10B
and has been used to characterize 20 porous silica thin films provided by SEMTECH.

A combination of specular X-ray reflectivity and ion beam scattering provided an average
mass density of (0.55 + 0.01) g/cm’ for the overall film. SANS, in combination with
specular X-ray reflectivity and ion beam scattering provided a film porosity of (53 = 1)
%, a pore wall density of (1.16 + 0.05) g/cm?, an average pore size of (65 = 1) A, a pore
connectivity of (22.1 x 0.05) % and (3.10 + 0.05) % of the pores filled by water. Precise
measurexﬁent of the film thickness and an out of plane CTE of (60 + 20) x 10°%/°C was

- determined by specular X-ray reflectivity.
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Chapter 3
Neutron Reflectivity at a Small Molecule Liquid Crystal / Polymer Interface
This chapter describes how we used neutron reflectivity to determine the structure of a
small molecule liquid crystal / polymer interface. More specifically, we examined the
interfacial transition zone width of a small molecule liquid crystal/polymer interface as a
function of increasing temperature. Section 3.1 is an introduction and outline for our
motivation followed by the experimental set up in section 3.2. A discussion of our results
is given in section 3.3.
3.1
Introduction
Important areas of liquid crystal display (LCD) technology include the use of

polymer-stabilized liquid crystals and polymer dispersed liquid crystals (PDLC) [63].
PDLC systems typically consist of a five to ten weight percent liquid crystal dispersed
homogeneously in a cross-linked polymer matrix. The confined liquid crystal droplets
reside in cavities formed during the polymerization process. In the absence of an electric
field, the directors of the liquid crystal are randomly oriented and the material is opaque
due to the difference between the refractive indices of the matrix and droplets. When an
electric field is applied, the directors align themselves to a preferred orientation and the
material becomes transparent if th\e refractive index of the matrix and effective refractive
index of the liquid crystal are very similar. Since PDLC materials exhibit a large surface
to volume ratio, surface, rather than bulk, properties dominate the optical characteristics
of the device. The specific nature of the liquid crystal/polymer interface controls the
surface induced orientation of the liquid crystal, a parameter that affects the ultimate
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optical properties of the display device.. Even though the nature of the liquid

crystal/polymer interface strongly influences the optical properties of the resulting
structure, there exists very little experimental characterization of these liquid
crystal/polymer interfaces.

Numerous experiments have looked a'; the therrnodyﬂamic and structural behavior
of 8CB in confined geometries in order to study liquid crystal interface properties [64].
A few examples of the maﬂy experiments include Hikmet and Howard who used IR
dichroism to examine 8CB in anisotropic gels and plasticized networks [65]. They found
_that a fraction of the 8CB molecules remained oriented above the nematic to isotropic
transition temperature. A bound fraction of 8CB was largely influenced by the network
and did not show a ﬁrsf order nematic to isotropic transition. Iannacchione and Finotello
used an AC calorimetry technique [66] to measure specific heats of the mesophases of
8CB in Anopore membranes. They concluded that the nematic to isotropic ;cransition
strongly depends on the liquid crystal director orientation within an Anopore membrane.
Bellini e al. and Clark et al. have studied 8CB in silica aerogels using light scattering,
precision calorimetry and x-ray scattering to show the nematic and nematic to smectic-A
translatic;nal ordering [67,68]. Their results show that nematic ordering of 8CB in the
pores of a silica aerogel does not occur as a first order phase transition like that in the
bulk. Experiments of 8CB confined in porous glasses has been looked at by
Tannacchione et al. via AC calorimetry, DSC and small angle neutron scattering as well
~ as Sinha and Aliev using dielectric spectroscopy [69,70]. Ié.nnacchione et al. showed
that fof 8CB in a Vycor glass, the nematic to isotropic transition is a continuous transition
and not first order. Sinha and Aliev showed that at the nematic to isotropic transition,
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some degree of orientational order of the 8CB still.persists. This result of 8CB ina
porous glass is in éontrast to that of 8CB in the bulk. The bulk 8CB isotropic phase
exists in complete disorder. Finally, Dacimun and Muthukumar [71,72] have examined
the nematic to isotropic transition of liquid crystals in a controlled pore glass and near an
adsorbing surface. Both of these experiments show the importance of a smooth wall on
the orientation of the liquid crystal, as well as the importance of confinement on the
order-disorder transition.

In most studies of the interface near liquid crystals, the liquid crystal interface is
treated as being very sharp. This treatment is implied in theories ranging from a
thermodynamic approach to statistical mechanical and phenomenological approaches
[73]. Assuming that the interface between a liquid crystal and materials such as silica
aerogels and porous glasses in theories and simulations is sharp is valid. However, this
may not be the case for systems where the structure is formed by the phase separation of
a liquid crystal and polymer mixture.

Thus, we report in this manuscript information on the structure of the interface
between a polymer and small molecule liquid crystal. More specifically, neutron
reflectivity will be used to determine the structure of the interface between a small
molecule liquid crystal, SCB and poly(methyl methacrylate). It is hoped that the results ,
presented here will be useful in future experimental and theoretical studies of devices that
are formed from small molecule liquid crystal/polymer mixtures. The choice of system
was governed by the desire to mimic commercially relevant PDLC or PSLC materials.
The cyanobiphenyls, a class of small molecule liquid crystals, aré commonly used in
PDLC materials. These liquid crystals usually offer nematic to isotropic transitions
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around room temperature, which becomés important when minimizing the operating
voltage. At temperatures farther away from the nematic to isotropic transition, surface
anchoring’and elastic deformation forces begin to dominate and it becomes increasingly
difficult to align the directors of the liquid crystal with an applied electric field. For our
system we chose the small molecule liquid crystal 4-n-octyl-4-cyanobiphenyl (8CB).
The 8CB transitions include a crystalline to smectic-A transition at 21.5 °C, a smectic-A
to nematic transition at 33.5 °C and a nematic to isotropic transition at 40.5°C [74]. The
acrylates, a class of polymers, are used extensively in PDLC applications as well. The
acrylates typically have refractive indexes comparable to the‘small molecule liquid
crystals, while ease of cross-linking is another advantage when using the acrylates. The
structure of cross-linked networks is usually unaffected by temperature or an applied
electric field. In our study deuterated poly(methyl methacrylate) (d-PMMA) has been
used as the polymer matrix. The deuteration of the PMMA provides contrast for the
neutron reflectivity and -PMMA is also readily available. One area where our system
differs from those used in PDLC or PSLC optical devices is that our system is not cross-
linked. Unfortunately, there are many complications and difficulties associated with spin
coating a cross-linked thin film polymer, such as not knowing the degree of cross-linking
and forming a uniform sample that is suitable for reflectivity. Thus, we have been unable

to complete reflectivity studies on cross-linked -PMMA.
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3.2
Experimental
Sample Preparation
A three-layered sample was prepared on a polished silicon wafer (102 mm in
diameter, 6 mm thick). As shown in Figure 3.1, the sample consisted of a layer of 8CB
on top of the silicon wafer followed by a layer of -PMMA and topped off with a layer of
aluminum metal. The silicon wafer ({111} n-type) was first placed in a buffered etch
solution to remove the native oxide layer from the polished surface. The wafer was then
placed in a UV/ozone cleaner to remove any organic impurities and to regrow a native
oxide surface. The 8CB was purchased from Aldrich [75] and used without further
purification. A smectic-A to nematic transition and nematic to isotropic transition at
temperatures of 33.1 £ 0.2°C and 40.1 + 0.2°C respecti{rely, were determined using a
Mettler Toledo DSC821° differential scanning calorimeter (DSC). The 8CB was spin
cast onto the silicoh wafer from a toluene solution with a 8CB mass fraction of 2%. The
sample was covered and placed in a freezer. The d-PMMA (M, 169,604, M./M, 1.09)
was purchased from Polymer Source Inc. and used as received. DSC measured a glass
transition temperature of (90.66 = 0.5) °C for this polymer at a heating rate of 10 °C/min.
A glass micro slide (75 x 50 mm) was wiped clean with acetone and then placed in the
UV/ozone cleaner. The -PMMA was spin cast onto the glass micro slide from an o-
xylene solution with a &-PMMA mass fraction of 3.5%. The thin film of &-PMMA was

then floated onto the 8CB layer from the glass micro slide in 18 M Q'cm chilled water.

This two-layer sample was then placed in a desiccator under vacuum and at room

temperature overnight. A 1000 A
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Figure 3.1. Depiction of the various thin films and their arrangement
on the silicon substrate (not drawn to scale)
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thick film of aluminum metal was evaporated on top of the &-PMMA to ensure that none
of the 8CB escaped from the system during thermal treatments of the experiment.
Neutron Reflectivity

Specular neutron reflectivity measurements were performed on the sample at the
National Center for Neutron Research (NCNR) NG-7 reflectometer at the National
Institute of Standards and Technology in Gaithersburg, MD. The wavelength (1) of the
neutrons was 4.768 A with a wavelength spread (AMA) of 0.2. The sample was placed on
a heating stage in a vacuum tight chamber. The neutron beam was passed up through the
silicon wafer and out the aluminum/vacuum interface (see Figure 3.1). The ratio of
reflected intensity to incident beam intensity (reflectivity) was measured from the silicon
wafer/8CB interface parallel at grazing incidence angles between 0.11° and 2.6°. The
reflectivity is plotted as a function of the neutron momentum transfer normal to the
surface of the sample (Q,), where Q, = (47/A) sin() and 6 is the incident angle. The
neutron scattering length density profile normal to the sample surface can then be
determined from the measured reflectivity. Furthermore, it is the elastic coherent
scattering per unit volume (Q.%) which determines this density profile normal to the
surface, where Q.2 = 16mnb and n is the number density of scattering nuclei (Nap/M), b is
the neutron scattering length, N, is the Avogadro constant, p is mass density of the
species and M is the molar mass of the species. The scattering length density profile is
calculated from model fits of the measured reflectivity data. The model fits are
determined using a recursive multilayer method [76]. It is necessary to fit the data

because like conventional diffraction, one cannot know both the amplitude and phase of
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the reflected beam. Further details concerning the reflectivity technique are available in

the literature [77].
3.3
Results and Discussion
The purpose of this project is to determine the width of the interface betwéen the
small molecule liquid crystal and the polymer and its response to a change in
temperature. Therefore, the reflectivity of the trilayer sample was measured at a series of
temperatures. All temperatures reported below are accurate to within = 1.0 °C. The
sample was held at each temperature for 45 min before measuring the reflectivity in order
to reach thermal equilibrium. The duration of each measurement was 2 hr and 15 min.
The sample was also kept at a constant pressure of 5.5 x 10~ torr during the experiment.
The reflectivity was first measured at 25 °C, and then measured at 50 °C and 75
°C. This was followed a second measurement at 75 °C to ensure that the sample was not
changing iﬁ the total 3 hr period that it took to measure the ¥eﬂectivity. Figure 3.2 shows
that these two curves obtained at 75 °C are indeed identical and demonstrate that the
layered structure may change with temperature, but do not change in the course of the
experiment. A fifth measurement of the reflectivity was also made at 110 °C. Figure 3.3
and Figure 3.4 show the measured reﬂpctivity curves at 25, 50, 75 and 110 °C.
Insbeétion of the reflectivity curves can provide quite a bit of information
regarding the multi-layer structure. The measured reflectivity curve is a convolution of
the reflected intensities from the individual intérfaces of the 8CB, d-PMMA and Al

layers. The spacing of the interference fringes present in the curve is determined by the
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thickness of the &-PMMA. The interference fringes at higher Q, dampen out due to the
surface and/or interface roughness. With increasing temperature, these interference
fringes dampen out more rapidly at higher Q,. This may be due to the fact that the
interfaces are broadening with increasing temperature. This aspect of the curve is
difficult to discern visually, however any changes will be extracted from the curves
through the fitting procedure. If the interfaces between the layers were infinitely sharp,
the reflectivity curve would follow Porod’s Law and decay as Q. [78]. Figure 3.3 also
shows a calculated reflectivity profile for our system with infinitely sharp interfaces and
surface (dashed curve). The expected location of a line with Q,* dependence would pass
through the center of the dashed curve. However, as can be seen from the comparison of
the dashed curve and the experimental data (Figure 3.3), this is not the case for these
samples. The curves all fall off more gradually than the dashed curve, signifying that the
interfaces in the sample are not sharp and that there exists a gfadient in the scattering
length densities between layers. This gradient can be thought of as the transition zone
width or roughness between consecutive layers. Thus, this transition zone width between
the liquid crystal layer and the d-PMMA is the parameter that we are most interested in.

« To quantitatively account for the descriptions portrayed in the above paragraph, a
model fit was determined for each of the curves in Figure 3.3. Figure 3.5 shows the
model fit and the fheasured reflectivity curve for the sample at 25 °C. The error bars on
the experimental data correspond to the standard uncertainty in the measurement. Table
3.1 shows the result of this fitting procedure for the sample at 25 °C. This fit shows that

the total thickness for the 8CB thin film is 1023 + 1A. Included in this total thickness are
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Table 3.1. Results from the fitted model to the experimental data for the sample at 25 °C

(roughness + 1) A

(thickness + 1) A

aligned 8CB layer 110- 5
bulk 8CB layer . 631 5
8CB/d-PMMA interface 282 328
layer

d-PMMA 785 270
aluminum metal 869 29
aluminum oxide 88 61
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three distinct scattering length density layers, which can be attributed to a layer that is

ordered by the silicon sﬁrface, a bulk liquid érystal layer, and a layer that is influenced by
the &-PMMA interface. The table also shows the thickness and transition zone widths
(roughness) c;f the respective layers. The roughness reported in this table corresponds to.
that of the previous layer. For example, the roughness of the aligned 8CB layer (5 A)
corresponds to the silicon/aligned 8CB layer interface.

The data in Table 3.1 are displayed diagrammatically in Figure 3.6, which shows the
scattering length density profile of the sample at 25 °C as a function of the layer depth (z)
as determined from the fit. As was mentioned earlier, z is normal to the sample surface.
Starting at the silicon substrate, one can see an aligned 8CB layer followed by the bulk
8CB layer and then the 8CB/d-PMMA interfacial layer. Inspection of this part of the
figure can provide some interesting information. The scattering length density of the
aligned layer near thg silicon surface has a greater scattering length density than the bulk
layer. This makes sense as the molecules in the ordered layer will be more efficiently
packed, producing a system where there are more scattering centers per unit volume,
which in turn results in a higher scattering length density.

Interestingly, inspection of Figure 3.6 can lead to the conclusion that there exists a
broad interface between the bulk 8CB layer and the &-PMMA layer. However, fitting the
experimental data to a multilayer system that has a broad interface between the bulk 8CB
and the -PMMA is not sufficient. A suitable fit can only be found if there exists a
separate layer between tﬁe bulk 8CB and the &-PMMA layer. This result shows that there
is a distinct scattering length density layer between the bulk 8CB and the &-PMMA
layers, and not just a gradient in the density between the bulk 8CB and the d-PMMA.
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Additibnally, of the three layers within the 8CB thin film, this 8CB/d-PMMA
interface layer has a higher scattering length density than the aligned and bulk 8CB
layers. There are a number of possible interpretations of this fact. One is that it is a very
well aligned layer of 8CB. The Q.2 of this layer is 1.34 x 10 A, as calculated from the
model fit of the reﬂectivity profile. As the Q.2is equal to 16mNpb/M, the density or
neutron scattering length of the layer can be determined from this data. Remember, N, is
the Avogadro constant, p is the mass density of the species, b is the néutron scattering
length and M is the molecular weight of the species. If this layer were pure 8CB, the Q.2
value would translate to a mass density of 2.32 g/cm’. This value is much greater than
the mass density of 8CB in the smectic-A phase, at 27.5 °C, which is 1.03 g/cm® [79].
Therefore, this interpretation is not possible, as it would result in a layer that is denser
than the bulk 8CB in the crystalline phase. Another possible explanation is that this
separate layer is a narrow slice of a one-phase mixture of 8CB and d-PMMA. If this is
indeed the case, the compositior of this layer can be calculated from:

Q.* (fayer) =x: [Q:” (8CB)] +x: [Q.* (4-PMMA)]

X +x2=1

where x; is the mole fraction of 8CB, x; is the mole fraction of &-PMMA, Q.2 (8CB) is
the scattering length density of the bulk 8CB, and Q.2 (d-PMMA) is the scattering length
density of the d-PMMA. Using Q.” (layer) = 1.34x 10* A% Q.2 (8CB)=9.67x 10° A2
and Q. (-PMMA) =3.37x 10*AZ the composition of this interface layer is
approximately 84% 8CB and 16% d-PMMA at all temperatures studied. However,
inspection of the bulk phase diagram (Figure 3.7) shows that a mixture that is 84% 8CB

and 16% d-PMMA will be phase separated for all of the temperatures below ca 90 °C.
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Therefore, at this time, we are not able to accurately define the physical origin of this
interfacial layer.. It may be a mixtﬁre of an ordered 8CB with d-PMMA, though we are
unable to definitively verify this. The origin of this interfacial layer could also be a
conseﬁuence of the mathematical fitting procedure. An errof function was used as thé
functional form to fit the interface. It is possible that there exists a different functional
form that would describe the interface adequately without the interfacial layer. However,
even without the interfacial layer, the fact remains that the interface is still quite broad.

The data shown in Figures 3.5 and 3.6 and Table 3.1 are for the sample at 25 °C. The
same model must be utilized to fit the reflectivity data at the other temperatures also.
Thus, the effect of thermal cycling on the 8CB/d-PMMA interface can also be evaluated
from the results of these fits. Figure 3.8 is a plot that shows the temperature dependence
of the thickness of the 8CB/d-PMMA interfacial layer as well as of the roughness
between this layer and the &-PMMA. This figure demonstrates that the interfacial layer is
between 250 and 300 A and decreases slightly with temperature, while the roughness
between the 8CB rich interfacial layer and the pure d-PMMA decreases from 270 A at 25
°C down to 180 A at 110 °C. Figure 3.8 also shows how the roughness between the bulk
8CB and the interfacial layers varies with increasing temperature. The roughness
increases from 325 Aat25°Cto 474 A at 110 °C.

An aim of this experiment is to quantify the width of the interface between the 8CB
and the polymer d-PMMA. Given the results described above, there are a number of

ways to ‘define’ this interface. It could be the breadth of the sample between the bulk
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8CB and the pure &-PMMA layer. If'this definition is taken, the interface is on the order
of 900 A and changes only slightly with temperature. If however, the interfacial width is
merely the roughness between the 8CB rich interfacial layer and the pure -PMMA
Figure 3.8 shows that this roughness is approximately 300 A and decreases with
temperature. In either definition, it can be stated that the interfacial width between a
small molecule liquid crystal and &-PMMA is not sharp.

With this information regarding the temperature dependence of the 8CB/d-PMMA
interface in a thin film, it is interesting to relate this to the phase behavior of the 8CB and
PMMA in the bulk. From a theoretical standpoint, one would expect that the temperature
dependence of the interface between two layers would depend on the miscibility of the
two components that make up the layers. If the two components are miscible in the
t;mperature range of interest, one would expect that an increase in temperature would
increase the mobility of the two components and the interface would become broader,
until the two layers mix to form one miscible system. On the other hand, if the two
components are immiscible in the ter;lperamre range, one would expect that the interface
would become broader with an decrease in AH/KT of the system, where AH is the
enthalpy of mixing the two components, k is Boltzmann’s constant, and T is the absolute
temperature. This decrease in AH/KT correlates to an increase in temperature for a system
with a lower critical solution temperature (LCST). Indeed studies of the phase behavior
of cyanobiphenyls with poly(methyl methacrylate) or polystyrene [80-83] show phase

| diagrams that exhibit LCST behavior. Thus, the increase in thte overall breadth of the
LC/PMMA interface with an increase in temperature is understé.ndable merely from the

thermodynamics of the mixing process at the 8CB/d-PMMA interface.

65




However, a more careful inspection of the phase behavior of 8CB and PMMA
elucidates a surprising effect: the 8CB and PMMA are miscible above approximately 80-
90 °C. The phase diagram of 8CB and PMMA (Mw = 120,000) as determined by DSC
and phase contrast microscopy in our lab is shown in Figure 3.7. Clearly, when the
multilayer system is brought to 110 °C, the bulk system (regardless of composition) is in
the miscible region. Therefore, one would expect that the multilayer system would mix
to form a single layer of 8CB and d-PMMA at 110 °C. However, this is not what is
found experimentally.

If the 8CB/d-PMMA bulk system was quenched from the one-phase region into the
unstable part of the miscibility gap, phase separation by spontaneous amplification of
concentration fluctuations would occur, i.e., spinodal decomposition. The growth of 8CB
rich and &-PMMA rich domains would be distinctly modified if the mixture was confined
in a thin film geometry between planar parallel walls [85] due to specific preferred
interactions between the walls and the mixed components. The preferred interaction of
either component with a surface can result in the formation of a layered structure parallel
to the walls.

The specific structure of the layered systerﬂ will depend on the specific nature of the
interactions between the walls and the thin films. Figures 3.9-3.13 show five possible
equilibrium thin film structures for our system. In Figure 3.9, if there is no preferential
interaction between the mixed components and the walls, the &-PMMA and 8CB will

forma .single phase thin film. Based on the experimental observations, this is not the

case for the 8CB d-PMMA éystem. The reflectivity data simply cannot be fit to a single
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Aluminum

i 8CB+d-PMMA

Silicon

Figure 3.9. 8CB and d-PMMA are completely miscible to form a single phase
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Figure 3.10. 8CB is energetically preferred by both the aluminum and silicon surfaces
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Figure 3.11. &-PMMA is energetically preferred by both the aluminum and silicon
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Figure 3.12. 8CB prefers aluminum surface only
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Figure 3.13. d-PMMA prefers aluminum surface only
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layer between the aluminum and silicon substrate. Figure 3.10 depicts the situation
where the 8CB is energetically preferred by both the aluminum and silicon surfaces. To
test this, the contact angles of 8CB on a silicon oxide surface and an aluminum surface
were measured. It was found that the contact angle of 8CB on silicon oxide is (68.4 +
2.3) © while its contact angle on aluminum is (63.3  2.7) °. The similarity of these
contact angles suggests that 8CB has similar affinity for the aluminum or silicon surface.
However, fitting the reflectivity data assuming a layer of 8CB exists between the
aluminum and &-PMMA was unsuccessful. Thus this picture does not depict the
equilibrium structure of the 8CB and 4-PMMA system. If the &-PMMA is energetically
preferred by both the aluminum and silicon surfaces, then the resulting equilibrium
structure should look something like Figure 3.11. Rulison calculated a surface energy of
0.038 J/m’ for PMMA by measuring contact angles of various polar and nonpolar liquids
on PMMA and using an Owens/Wendt plot [86]. Bikerman calculated the surface energy
of aluminum to be 0.56 J/m” while Brunauer et al. calculated a surface energy of 0.42
J/m? for a silicon oxide surface [87,88]. Based on the surface energies of aluminum and
silicon oxide relative to that of PMMA, the PMMA should have similar affinity to either
the aluminum or silicon oxide surfaces. However, again the model fit to the reflectivity
data precludes the existence of a film of d-PMMA at the silicon surface. The thin film
equilibrium structure shown in Figure 3:12 can exist if the 8CB prefers the aluminum
surface, or the d-PMMA prefers the silicon surface. The reflectivity results show,
however, that no protonated material resides between the &-PMMA and aluminum.

Lastly, Figure 3.13 shows the resulting equilibrium structure if &-PMMA prefers the
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aluminum surface or 8CB prefers the silicon surface. Moréover, the thin film equilibrium
structure of our system resembles that of Figure 3.13. |

From the energetics of the contact angle and surface energy measurements, the d-
PMMA and 8CB have similar affinity for both éurfaces and thus one would predict that
the resulting thin film structure should resemble Figures 3.10 or 3.11. Therefore why
does the equilibrium thin film structure of the 8CB/d-PMMA system resemble Figure
3.13? Clearly the 8CB must prefer the silicon substrate, regardless of the contact angle
measurements. This discrepancy can be understood when the anisotropy of the 8CB
molecule is taken into consideration.

Much of the arguments that led to the development of the structures presented in
Figures 3.10-3.13 assume the interaction between the thin film components and the
surface are short-ranged, i.e., do not extend beyond a monolayer. The influence of the
surface on the structure of the thin film of 8CB clearly extends beyond a monolayer. The
reflectivity results demonstrate that there exists a boundary layer of ordered liquid crystal
that extends approximately 100 A away from the surface. The existence of such an
ordered layer is common in liquid crystals near a hard surface [90] and we propose that
presence is responsible for the equilibﬁum thin film structure observed.

The presence of a surface in contact with a liquid crystal layer is known to induce an
ordered boundary layer (see Figure 3.14) due to steric repulsions, van der Waals
interactions and other couplings. The term "anchoring energy" is often introduced as the
portion of the surface tension that is associated with the orientation of the liquid crystal at

the surface that is different than the orientation of the liquid crystal in the bulk [89].
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Bulk liquid crystal
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—>

Interfacial region

Surface layer

Solid substrate -

Figure 3.14. Schematic of a liquid crystal in contact with a solid substrate
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Moreover, the presence of this orientational order at the surface or anchoring energy is

known to impact the wetting behavior of a liquid crystal on a surface, often inducing a
macroscopic layer of the nématic phase at the subétrate. Essentially the presence of the
surface induces order in the liquid crystal in proximity to the surface which alters the free
energy of the system in the vicinity of the surface. This alteration in the free energy, in
turn, often improves the wetting behavior of the liquid crystal on the surface.

Figures 3.9-3.13 have been described as due to the relative affinity of the thin film
components for the surfaces. This behavior can also be described as due to the wetting
behavior of the thin film components. In a thin film multicomponent system, there exists
a competition between wetting and mixing. If mixing dominates over wetting, so that the
8CB and d-PMMA thin film system is a mixed single phase, then the resulting
equilibrium structure would be that of Figure 3.9. If either component wets either or both
surfaces as opposed to mixing, then a multilayered structure is observed (See Figures
3.10-3.13). If 8CB prefers, i.'e., wets both the aluminum and silicon surfaces as opposed
to mixing, the thin film equilibrium structure resembles that of Figure 3.10. Likewise,
the thin film equilibrium structure in Figure 3.11 fesults if &-PMMA wets both sﬁrfaces
as opposed to mixing.

Therefore, it is the affinity of the liquid crystal for the surface that governs the
wettability of the surface by the liquid crystal. This reasoning supports our conclusion
that the presence of the oriented lallyer, and thus an anchoring energy, provides a physical
description for the observed experimental system. Essentially, the anisbtropy of the

liquid crystal provides a mechanism for a "stronger" interaction between the liquid crystal
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and the surface than would normally be found and this translates to an inhibition of the
mixing behavior of our liquid crystal and polymer in a confined geometry.
Conclusion

Neutron reflectivity measurements have been completed to evaluate the breadth of the
interface between a small molecule liquid crystal and a polymer. The results show that
the liquid crystal layer consisting of 8CB that is situated between a silicon surface and a
polymer, consists of three distinct scattering density layers. Furthermore, the interface
between the liquid crystal and the interface is very broad, on the order of 300 — 900 A.
The interface also broadens with increasing temperature. One might expect the
interfacial broadening to occur at elevated temperatures, but even at a lower temperature
of 25 °C, this interface is still quite broad. This may have implications for current
theories that implicitly treat the interface between a polymer and liquid crystal as a well-
defined, sharp interface. It is the anchored layer of the 8CB which prohibits the complete
miscibility of the 8CB and -PMMA thin films. This anchored layer remains present,

even at elevated temperatures.
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Appendix




Al
Small-Angle Neutron Scattering
In this section of the appendix, I will briefly describe the basics of neutron scattering
and howlthe scattering intensity for the Debye density correlation function is derived.
Coherent elastic scattering of neutrons measures the correlation between scattering
centers within a medium providing information about the structural arrangement of the
scattering centers. Expressions relating the scattering event to the scattering sample are
expressed in terms of q. Scattering from a sample is shown in Figu;e A 1.1, where k;is
the incident wave vector impinging on a point source and Kkgis the scattered wave vector.
The magnitude of k; is 2nt/A, which results from the geometry of Bragg diffraction. If the

scattering is elastic, then the magnitude of k¢ is also equal to 27t/A. The resultant wave

vector g, is in the direction from the scattered beam to the incident beam so that q = ke -

k; and O is the scattering angle. For elastic scattering, ke = k;and
lgl=q=(4n/A)sin(6/2). (A.1.1)

Equation A.1.1 shows that q is dependent upon not only the angle of scatter measured,

but also the wavelength.

In a neutron scattering gxperiment, one usually fixes the wavelength so that q depends
upon the angle of the scattered wave. The incident flux (J;) of neutrons is known and the
scattered flux (Jy) of neutrons is measured at given angles. The differential scattering

cross section do/dQ, is shown in Figure A.1.2 so that

do/dQ =143, (A.1.2)
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Figure A.1.1. Initial, scattered and resultant wave vectors
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Figure A.1.2. Tllustration of the differential scattering cross section

88




where Js is the scattered flux of neutrons and J; is the incident flux of neutrons. In words,
the differential scattering cross section is equal to the number of particles scattered into a
unit solid angle in a given direction per second, divided by the flux of the incident beam.
The intensity (I) is simply the flux per unit solid angle.

The intensity of an electromagnetic wave is equal to the square of the amplitude (A) of
a plane wave. The square of the amplitude is complex and I = |A|* = AA” where A’ is
the complex conjugate of the amplitude. Since the intensity is a function of q (I(q)), the
amplitude is also a function of q (A(q)). A(q) is related to the scattering length density

distribution of a species in real space by
A(g) = f vp(rexp(-igr)dr, (A.1.3)

where 7 is the square root of -1, exp is the exponential function and p(r) is the scattering
length density distribution in real space. The integrand is integrated over the sample

volume illuminated by the incident neutron intensity. Thus, if I(q) = | A(q)|?, then
I(q) = lf vp(Pexp(-igr)dr|®. (A.1.4)

The scattered intensity I(q) is the absolute square of the Fourier transform of the
scattering length density distribution p(r). When one measures I(q), one is detecting the
square of the amplitude of the signal. Since the signal is the Fourier transform of the
scattering length density distribution of the sample, it would be convenient to take the

inverse Fourier transform of the signal to get the scattering length density distribution
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directly. However, since the signal is a square and complex, phase information of the

wave is lost and one can not solve this analytically. One must assume a model, and fit
the model to the measured data in order to glean any information. Given I(q) =

A(q)A’(q), if we let r=u’ - u, then
Iq)= [f vp(u")exp(-iqu’)du’] [f ww(u)exp(-iqu)du], (A.1.5)
or
I(q) = / To(O)exp(-igr)dr,  (A.1.6)
where
Ty(r) = / pp@+ndu.  (A.17)

I',(r) in Equation A.1.7 is the auto-correlation fuﬁction of the scattering length density
distribution p(r). The auto-correlation function specifies how the densities p(u) and
p(u’) in neighboring regioné separated by a dis‘tance r, are correlated to each other, on the
average. In order to detect any scattered intensity, there must exist a fluctuation in the
scattering length density of the sample. Many other factors also contribute to the signal
and must be takex_l into account. Factors such as the incoherent scattering from Hydrogen
and spectrometer responée must be carefully dealt with.

The thin films we studied are composed of nanopores connected by a pore wall
material. The nanopores occupy much of the volume in the thin film. One can think of
the film as a random two-phase structure. One phase is the voids or nanopores, with the

pore wall material as the other phase. A suitable model to describe this random two-

90



phase structure was formulated by Debye [62]. Suppose one has an inhomogeneous solid
with an average dielectric constant €, and with local variations 1. The variations 1) are
described by a highly fluctuating function where the average value of 1) is zero. Within
the solid, one picks two points 1; and 1), separated by a distapce r. If one were to take the
product of the two fluctuations Tll"]z; at different points tﬁrodghout the solid keeping the
distance r fixed, eventually an average of the product is obtained {N1M2)avg. For small
distances r = 0 and (N1M2)avg = (M%), while for large distances, (1)11)2)ay = O because 1; and
12 will vary independently of one another. The average product of the fluctuations must
be equal to some function multiplied by the mean square of thg fluctuations, (). This
product is given as
MM2avg = YEXT).  (A.18)
y(r) is known as the correlation function and has no physical dimensions. It is a number
that varies with the distance r. Debye et al. go on to show that for a random two-phase
structure
v(©) =exp(-1/€), (A.1.9)

where £ is the characteristic correlation length. What Equation A.1.9 shows is that the
probability of encountering two points with the same density separated by a distance r
decays exponentially. To utilize this density correlation function to analyze the
experimentally determined scattering intensity, its Fourier transform must be determined.

As was discussed earlier, the scattering intensity for a system is characterized by its
scattering length distribution, p(r), and is given by Equation A.1.6. The deviation n(r) of

the scattering length density distribution p(r) from its mean is
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N =p@ +{p). (A1.10)

Thus the scattering intensity can be rewritten as

I(q)= f Ah(exp(-igr)dr, (A.1.11)

where I';(r) is the auto-correlation function of n)(r). Substituting the Debye density |

correlation function,-y(r) = exp(-r/€), for the auto-correlation function, I';(r), one obtains

Iq)= <n2>Vf (1) exp(-iqr)dr, (A.1.12)

where V is the volume and ('q2> is the mean square of the fluctuations. The term ('q2>V is
a normalization factor in going from the auto-correlation function, I'y(r), to the Debye

density correlation function, y(r).

The quantity that represents the total scattering power of the sample is the invariant Q.

It is evaluated by integrating the observed intensity, I(q), over the whole reciprocal space.

For an isotropic material, the invariant is

Q=(1/2n*)[ q*I(q)dq.
(A.1.13)

If the volume fractions of an ideal two phase system are ¢; and ¢,, then 1 =, + ;.

The average scattering length density is for a two phase system is

P)=P1p1+dop2, (A1.14)

where the fluctuations of the two different phases are defined as

Mm=p1-{p)=Apd, and m=pz2-{p)=-Apd;, (A.1.15)

where
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Ap=p1-p2=m-m2. (A.1.16)
The invariant, Q, equates to
Q= V') = Vi1 + n’z) = V(ApY i, (A.1.17)
If the observed scattering intensity I(q) is integrated over the whole reciprocal space, the
invariant Q is found to be related to the total volume of the sample, the difference in the

scattering length densities and volume fractions of the two phases. Substituting

V(Ap)*d1&; for V(n?) in Equation A.1.12, we get

I(q)= V(AP)2¢1¢zf v¥ (1) exp(-igr)dr.  (A.1.18)
The next step is to solve the integral of
f vY(r) exp(-igr)dr. (A.1.19)
Since we are integrating over a volume,
f vY(Dexp(-igqr)dr = f y(Dexp(-iqr)d’r.  (A.1.20)

In spherical coordinates, d°r = dV = (rsinfd0)(rd$)(dr) = r*sin6d8dddr, and since the
system has spherical symmetry, qr = qr(cos8). Using these relations, Equation A.1.20

becomes

0 1 2%

[ () exp(igroosd)sindderdr [ds.

0 0 0
(A.121)

2Zn =
Id¢f exp(iqrcos)sinfd6rdr = 2n{4sin(qr)/qr]rdr
0 0
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(A.1.22)
so that the scattering intensity is

(A.1.23)

1(6) =8n(Ap) ¢ube [ Y@ [sin(grYarle .

From Equation A.1.9, y(r) = exp(-1/£), the expression for the scattering intensity I(q) is

@

1(q) = 8(Ap)” ¢ [ exp(-r/2)[sin(qr)/qr]rdr.

0

(A.1.24)

Letu=qrand b= 1/g€, and dr = du/q,

@

I(q)=87(Ap)* d1¢p2 I exp(-bu)[sin(u)/u](w/q)* (dw/q).

0

(A.1.25)
Since the integration is with respect to u, and sin(u) = [exp(iu) — exp(~iu)]/2i, then

Equation A.1.25 is

I(q) = 8m(Ap)’d1d2/q of “ exp(-bu) [sin(u)]ﬁdu

(A.1.26)

Let sin(u) = [exp(iu) — exp(-iu)]/2i, then

1(q)=8m(Ap)* drd2/2iq* [ ufexp[(-u)(b - )] - exp[(-u)(b +i)]}du.
(A.127)
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The solution of the integral of u exp[(-u)(a)]du is equal to 1/a>. The solution to our

integral is [1/(b-1)*] — [1/(b+i)%], which gives the scattering intensity as
I(q)={ 8‘"i(Ap)zclnv<l>z/2iq3,}{[1/(b-i)2] -[VEH)]}.  (A1.28)

Simplifying Equation A.1.28, one gets |

I(q) = {8n(Ap)*d1¢2/2i } {2ib/(b+i)*}, (A.1.29)
and substituting back in b = 1/g€,

(q) = 8m(Ap)°drafE%/(1+q%E??].  (A.1.30)

Equation A.1.30 is the SANS intensity based on the Debye density correlation function
for a random two-phase system. For our system consisting of pores, P, and pore wall

material, (1 —P), if ¢; =P and ¢, = (1 - P), then

I(q) = 87(Ap)’P(I-P)E/(1+q°E}).  (A.1.31)
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A2
Neutron Reflectivity

The following discussion pertains to neutron reflectivity that is utilized in the
experiments described in section 3.2. However, the same equations that will be used in
this discussion can also be applied for x-rays and thus pertinent to the x-ray reflectivity in
section 2.2 of this thesis.

Any radiation incident on an interface can refract or reflect as long as the refractive .
indices on both sides of the interface are different. The interface can be between two
different materials or between the surface of a medium and air or vacuum. In general,
the refractive index of a medium, n, is complex and given by

n=1-06+iB.[84] (A2.1)

For polymers, the refractive index is usually slightly less than unity [77]. The
imaginary component of the refractive index iB, takes into account that the medium may
absorb the radiation. In most cases, the absorption factor for neutrons is so small that this
term can be neglected. If the absorption factor for neutrons is zero, By~ 0, thenn=1 -
dn. The real component of the refractive index for neutrons is

& = (M2m)NA[Zi(pbi/A)],  (A.2.2)
where A is the wavelexigth of the incident neutrons, N, is Avogadro’s number. Within
the summation Z;, b; is the neutron scattering length for species i with density p; and
atomic weight A;. In the case of polymers, this summation can be dealt with by using the
monomer units since each monomer unit will have the same neutron scattering length and

density. In this case the real component will be
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8 = (A/2m)(NaP) o/ Minon),  (A.2.3)
where p is the mass density of the polymer, bmonis the neutron scattering length and Mpen
is the molecular weight of the monomer. The real component 8y, is usually on the order
of 10 and positive for most media. This implies that the refractive index n, will Be
slightly less than 1; 1 being the refractive index of air or vacuum.

Figure A.2.1 is a diagram that illustrates the relationship between reflected and :
refracted radiation. At an interface between two different media, the ratio of the
refractive indices, n)/ny, determines the angle at which the radiation is refracted. In
Figure A.2.1, 6; is the grazing angle of incident radiation and 6; is the angle of refraction
with respect to the surface plane. Snell’s law describes this relationship and is given by

n; cos(61) =n; cos(B;). [84] (A.2.4)
If the interface is between a medium and air or vacuum, then n; = 1 and Snell’s law is
cos(62) = (1/mz) cos(B1). (A.2.5)
If 8w is less than 1, then n; is greater than O (n= 1 - 8y) and there exists a real angle of
refraction, 0, for all incident angles 6. If 8y is greater than 1, then n, is less than O and
0, is less than 6;. In this case, there is a real angle of refraction, 65, for all incident
angles, 61, as long as 6 is greater than the critical angle, 6.. The critical angle 6, is
defined as the angle below which total external reflection occurs. The angle of refraction,
0,,is 0 at
cos(Bc) =cos(61)=nz2. (A.2.6)
According to Snell’s law, a good approximation of the critical angle, 8., is (26x)"? [52].

From this relationship, one can see that the critical angle depends only on the wavelength
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Figure A.2.1. Relationship between reflected and refracted radiation

98




of the incident neutrons and the neutron scattering length density of the medium (8y ~
AI[Zi(piby AD]).

The momentum transfer in the z direction (normal to a surface) in 2 medium on either
side of an interface determines the extent to which incident neutrons:will be reflected.
The z component of this momentum ,t)rans‘fer in a vacuum (0) is given by

kzo = (4n/A) sin(0). [52] (A.2.7)
The grazing angle of incidence is © where as A is the wavelength of incident neutrons.
Only the z component (normal to the surface) of the momentum transfer is applicable
because specular conditions are assumed, i.e., the angle of incidence is equal to the angle
of detection. Notice that the wave vector k.0 is similar to the wave vector in small-angle
scattering (q = (4n/A) sin (6/2)). However, k. pertains only to the z component of the
scattering, hence the distinction k. is made as opposed to q. For a medium i with a
neutron scattering length density py, the z component of the momentum transfer is

k;; = {[(4n/)) sin(8)]* — [4mpa]} . | (A.2.8)

The first term is the z component of momentum transfer in a vacuum. ’i‘his equation - .
shows the relationship between the wave vector and the scattering length density of the
species i. Furthermore, the quantity [4np,] is equal to the square of the critical value of
k;; so that

ko = [(keo) - (keI (A2.9)
The cﬁtical Yalue (k) is the value of k,; below which total reflection occurs. From the

critical value of the wave vector, one can obtain the mean scattering length density of a
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species. In the discussions of x-ray and neutron reflectivity in sections 2.2 and 3.2, we

are using Q. to denote the z component of the wave vector. Q; is related to k,; by
Q.=4k, % (A2.10)

The Fresnel reflectivity, Ry, is the product of the reflection coefficient (r) and its
complex conjugate (R =1r') [84]. The reflection coefficient at an infinitely sharp
interface separating two media, i and i + 1, is

i = (kgi — kgin) / (ki + kziel). (A2.11)
For example, the reflectance coefficient for a vacuum (0) / metal (1) interface would be
101 = (kzo—kp1) / (ko t kz1).  (A2.12)
Using the relationship between the wave vector and its critical value, the reflectance
coefficient for the interface described above is
o1 = {kzo — [(kz0)”* ~(ke1)’T"*} / {leso + [(z0)® - (ko)1) (A.2.13)

Using this equation for the reflectance coefficient and multiplying it by its complex
conjugate, one obtains

Re(keo) =1 {1~ [1 - (kokzol']"} / {1 +[1 = (keakeo)'T} 2. (A2.14)
This is the Fresnel reflectivity as a function of the z component of the wave vector for a
vacuum (0) / specimen (1) interface. Ifk;,q < k., total reflection occurs and the Fresnel
reflectivity is unity. For values of ko > ke,1, Rr is proportional to (k.,1/kz0)*. If the
interface is infinitely sharp, the reflectivity will vary as ko™ for k.o > k1. Ifthe
interface is rough, the reflectivity will decay more rapidly than k™.

Figure A.2.2 is'a diagram of a. medium with thickness, d, on a substrate in a vacuum.

The incident neutron beam impinges on the medium with a grazing angle 6. The beam

is reflected at an angle equal to 6 in order to satisfy the specular condition. 6y, is the
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Incident Neutron Beam Reflected Neutron Beam

Vacuum (0)
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Figure A.2.2. Medium with thickness d, on a substrate
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angle that the beam is refracted at the vacuum (0) / medium (m) interface. The beam is
then reflected and refracted with an angle 6; at the medium (m) / substrate (s) interface.
If we denote o, and s as the reflectivity coefficients of the vacuum / medium and
medium / substrate interfaces, the overall reflectivity coefficient is
1= {fom *+ [(fms)exp(2ikemd)]} / {1 + [(tomm,Jexp(Rik;md)]}, (A.2.15)
where d is the thickness and k;m is the momentum transfer within the medium, exp is the
exponential function and i = (-1)2. The exact solution of the Fresnel reflectivity for this
is system is |
Re(lz0) = 11" = { | rod 2 +| 1md 2 + 2[(vo mlm,)expikz,md)]} / {1 +! (fomlms) 2 +
2[(romlms)expik, md)]}.  (A.2.16)
If the reflectance’s for the interfaces are real, then the above equation reduces to
Re(kz0) = 1T = { Tom” + Tms + 2[(o,mms)c0skpmd)]} / {1 + (Tomfms)® +
2 (fomims)eosZkzmd)]}.  (A.2.17)

Figure A.2.3 is a typical reflectivity profile for aﬂmedium on a substrate. In this case
the medium is a thin film of poly(methyl methacrylate) (PMMA) supported on a silicon
substrate. In a specular reflectivity experiment, the Fresnel reflectivity, Ry, is measured
as a function of the wave vector, Q,, at grazing angles incident to the sample surface. Ry
is simply the reflected inten;ity divided by the initial intensity, I/I,. In Figure A.2.3, the
results are presented as the log(I/lp) vs. Q.. Figure A.‘2.3 also shows a series of maxima
and minima. Differentiation of the cosine arguments (2k,nd) in the above equation
shows that the minima result for even multiples of . The thickness, d, of the sample can
thus be calculated from the distance between two successive minima:

d=2n/AQ, (A2.18)
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Q,=4n(sin0) /A

AQ,

d =2n/ AQ, = thickness

0 0.05 0.1 0.15
Q. (A

Figure A.2.3. Reflectivity profile of PMMA on a silicon substrate
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For a multilayer system, the reflectivity can be calculated in a recursion manner. For
example a sample that contains two layers on a substrate (s) with iayer 1 in contact with a
vacuum (0) and layer 2 in contact with the substrate. Sfarting wﬂh the bottom layer, the
reflectance coefficient of layer 2 and the subétrate is used to calculate the reflectivity for
the layer 2 / substrate interface, Rys. The reflectance coefficient for layer 1 and layer 2
along with Rz is used to calculate the reflectivity for the layer 1 /:layer 2 interface, Ry .
Finally, the vacuum / layer 1 interface reflectivity, Ro,l; is calculat‘!ed from the reflectance
coefficient for vacuum and layer 1 along withR;2. Ina multilayeir system, every
interface and layer contributes to the reflectivity profile. The obslérved reflectivity profile
for a multilayer sample is a convolution of all the reflectances fro;n individual layers and
interfaces. . ‘

So far we have discussed reflectivity at infinitely sharp interfaé:es. In the real world,
this is usually not the case. There almost always exists a gradient:in the density across an

interface between consecutive layers, i.e. roughness. For most systems, the variation in

scattering length density is continuous across an interface and not:discrete.
Experimentally, one measures the reflectivity profile and tries to derive the variation in

scattering length density. The intensity one measures is the Fourier transform of the

H
i

variation in scattering length density. It would be nice to take the:inverse Fourier

transform of the intensity to retrieve the variations in scattering le;lgth density. However,
like other scattering techniques, this is not possible. The intensity; is the square of the
reflection amplitudes and the phase information is lost upon using; the inverse Fourier
transform. A direct analytical solution is therefore not possible. A consequence of this is

104




that more than one scattering length density profile may yield the;same measured

reflectivity profile.

One way to solve the problem of analyzing a measured proﬁle; is to assume a model
and calculate the corresponding reflectivity profile. From the mojdel, one can calculate
the scattering length density profile, normal to the surface, as a function of depth. This
concentration profile can be well approximated by subdividing tht:e continuous function
into a series of discrete steps. The smaller the steps to approximajte the function, the
better this approximation is. One can then vary the parameters of ?che model and obtain a
best fit to the data. An iterative process can minimize discrepanci:es between the model
and the measured data where the critical Q. (Q.), thickness and rofughness of the

individual layers are systematically varied.

We used the program mlayer to generate concentration proﬁlefs ‘based on our model,
!
and ultimately obtain the best fit to our measured reflectivity data%. The program mlayer,
developed by Ankner [76], uses an iterative algorithm to generatei a series of
concentration profiles based on the parameters Q,, thickness, rouéMess and absorption
coefficient of individual layers. It also takes into account the wavelength spread and
angular resolutidn of the instrument. If the interfaces were perfec;tly sharp, the
concentration profile as a function of -deptl;, could be represented ?by a series of step
functions, l
P2 = P10z~ 2) + (py~ p)O(z -~ dy), (A2.19)

where O is the Heaviside unit step function, p; and ps are the scat::'tering length densities
for layer 1 and substrate respectively, d; is the thickness for layer; 1, and z, is an arbitrary

depth where the vacuum / layer 1 interface is placed. However, roughness can act to
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smear a perfectly sharp interface, so that the concentration profile is more properly

represented by ‘

!
p(z)= pli dz'X(z- Z', Gvacnmtay ety (2' - 20) + (ps - pl)j-dz' I(z-Z, clayfemsubsm)y(z' - z0-dh).
0 (A.2.20) 0 |
The functions I(z, o) are convoluted with the scattering density st::eps and round off their
sharp edges. The interfacial function that is often used is a Gauss‘:ian
I(z, ©) = [V/o(2r) |[exp(-z%/267)], (A221)
where G is characteristic width of the interface (approximately eq'ixal to the half-width at
half maximum). The convolution of ﬁ Gaussian with a unit step © yields an error
function. The complete scattering density profile is generated by gdiscretizing the error
function as a series of small density increments, calculating the sl;ecular reflectivity, and
varying the interfacial width parameters ¢ (roughness), layer thiclicness d, and scattering
density Q. using a non-linear least squé.res fit routline to minimize; the chi-squé.re

distribution (x?).
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