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Abstract

Neutron reflectivity offers the opportunity for non-destructive characterisation of buried poly-
mer interfaces. Specular neutron reflectivity is commonly used to characterise the structure of
conjugated polymer interfaces found in organic electronic devices. However, detecting specu-
larly reflected neutrons only allows the measurement of the root-mean-square (RMS) roughness
of the interface averaged over a macroscopic lateral distance. There are two contributions to
the RMS roughness of a polymer/polymer interface; i) the so-called ’intrinsic interfacial width’
due to mixing of the polymers at a molecular level and ii) lateral roughness due to deviations

of the interface position from the plane of the substrate.

In this work a numerical model is developed to analyse experimental off specular reflectiv-
ity. The model is based on the distorted wave Born approximation (DWBA). Specular and
off specular neutron reflectivity data is collected from a model conjugated polymer/amorphous
polymer interface (poly(9,9-dioctylfluorene) (F8) on deuterated PMMA) and a conjugated poly-
mer /fullerene interface (poly(3-hexylthiophene) (P3HT) polymer on [6,6]-phenyl C61-butyric
acid methylester (PCBM)). This allows probing of the structure in the plane of the interfaces
to distinguish the intrinsic interfacial width from the lateral roughness. The structure of the
F8/dPMMA interface is studied by systematically varying the film thickness, which strongly
impacts on the amplitude of the lateral interface roughness, and allows more complete anal-
ysis of the relative contributions of intrinsic mixing and lateral roughness. For comparison
off specular measurements on amorphous/amorphous polymer (PMMA /polystyrene) interfaces
are performed, which have been studied previously using specular neutron reflectivity and self

consistent field theory.

Fitting specular reflectivity using standard techniques and off specular reflectivity data using
the model developed allow intrinsic and lateral roughness contributions for the F8/ dPMMA
system to be separated by direct measurement. The P3HT/PCBM interface exhibits no lateral

roughness as the materials are found to be miscible.
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Chapter 1

Introduction



The study of interfaces between adjacent polymer thin films by neutron reflectivity is well
established. Most neutron reflectivity experiments use specular reflectivity where the angle
of reflection of a neutron beam from a sample is equal to the angle of incidence. Specular
reflectivity can only give information about the structure of an interface perpendicular to its
plane. Off specular neutron reflectivity where the angle of incidence is not necessarily equal to
the angle of reflection can provide information about the in plane structure of the interface. Off
specular reflectivity is not widely used due to difficulties with both experimental procedures
and data analysis. Due to the low number of neutrons reflected in off specular directions, off
specular experiments require far longer count times and are much more sensitive to background

neutron radiation.

The main aim of this work is to develop techniques to gather and analyse off specular neu-
tron reflectivity data from thin film polymer bilayer systems to characterise the interface. Two
bilayer systems have been chosen to study. The first is poly(9,9-dioctylfluorene) (F8) on deuter-
ated poly(methyl methacrylate) (dPMMA), which is a polymer pair with well known interfacial
mixing characteristics when annealed to reach thermodynamic equilibrium conditions. The
F8/ PMMA system has been used in organic field effect transistors. The second system is
poly(3-hexylthiophene) (P3HT) polymer on [6,6]-phenyl C61-butyric acid methylester(PCBM)
a fullerene derivative. This system is of interest because these materials have been used to make

the most efficient organic solar cells made to date.

It has been shown that the interfacial properties affect device performance. Groups studying
organic electronic devices such as organic photo voltaics (PV) cells and organic field effect
transistors (0FETs) have shown that the device performance is affected by interfacial roughness.
It is thought that there are two contributions to the total roughness of a polymer/polymer
interface; i) an intrinsic roughness caused by mixing of polymer chains from the different species
across the interface at a molecular level and ii) a lateral roughness caused by thermal fluctuations
of the interface from the mean position, which results in a spectrum of capillary waves. Efforts
have been made to separate these two contributions by measuring the total roughness and
inferring the contributions either by theory [84] or by spectroscopic measurements [37]. To date

no attempt has been made to separate out these contributions by direct measurement.

Specular neutron reflectivity is sensitive only to the total root mean square (RMS) roughness
of the interface. Off specular neutron reflectivity is sensitive to the lateral roughness and the
total (RMS) roughness. Using off specular reflectivity the two contributions can be separated

out by direct measurement. By separating out the roughness contributions the effect each



contribution has on device performance could be analysed. This could contribute to improved
device performance. A greater understanding of the physics of polymers at interfaces could also

be obtained.

The analysis of off specular reflectivity data is a quantum mechanical problem. The theory to
model an off specular reflectivity experiment for both x-ray and neutron experiments for thin
films was first derived by Sinha et al [88] from the distorted wave Born approximation (DWBA)
theory and subsequently built upon by other authors [43] [42]. The DWBA theory is derived
in reciprocal space. There is a fairly large body of work in the literature using DWBA based
models to fit to thin films for off specular x-ray experiments. There are few examples of off
specular experiments and analysis in the literature using neutrons [97] [24] and no examples
of fitting of off specular reflectivity from polymer bilayers. The main reasons for this being
that x-ray experiments have far higher flux than neutron experiments and off specular x-ray
reflectivity can easily be converted into reciprocal space due to the instrumental geometry.
However due to the way neutrons interact with matter they can give information about the
structure of interfaces between organic materials that cannot be obtained using x-rays. Recent
advances in neutron sources and instruments mean greater fluxes and capability to measure
off specular scattering. Although the experimental techniques have developed the measured
neutron reflectivity still cannot be easily converted into reciprocal space and analysis of off

specular neutron data is still very much in its infancy.

In this work experimental specular and off specular neutron reflectivity data is collected from
the samples described above. The specular reflectivity data is fitted using standard models. A
numerical model is developed based upon the DWBA theory to fit off specular reflectivity data in
real space, so that experimental data does not have to be transformed into reciprocal space. The
experimental reflectivity data is successfully fitted using the model and an evolutionary fitting
algorithm. From fitting the experimental data, parameters describing the interface between

thin polymer films are obtained, the two roughness contributions are separated out.

This thesis is structured as follows:

Chapter 2  Description of neutron scattering. The theory of specular neutron scattering and
the theory of off specular scattering for scattering from rough thin films in multilayer stacks
is described. Neutron reflectivity experimental techniques are outlined and the experimental

instruments used in this work are described.



Chapter 3 Theory of polymers at interfaces is summarised. The theory of capillary wave

fluctuations at interfaces is also summarised.

Chapter 4 Describes the experimental work carried out in the course of this work. Optimi-
sation and data reduction techniques are documented, with examples of experimental results.
Atomic force microscope work is documented with results and sample preparation techniques

are described.

Chapter 5 Development of the model based upon the DWBA in order to fit the experimental
off specular neutron scattering data is described, including problems that were encountered and

how they were overcome.

Chapter 6 A study of the F8/ dPMMA polymer system for samples with varying thickness
dPMMA films is carried out. Data is analysed using well known specular analysis techniques
and the model described in chapter 5 is used to fit the off specular data and extract parameters

to characterise the interfacial structure.

Chapter 7 A preliminary study of the P3HT/PCBM system is carried out analysing the

specular neutron reflectivity data.

Chapter 8 Conclusions from the work presented.

In summary this work combines experimental work and numerical modelling. The majority of
the time and effort was spent developing the model, understanding the theory, and fitting the

experimental data with the model.



Chapter 2

Neutron Scattering



2.1 Neutron scattering introduction

Neutrons are normally considered as a particle. However due to their small size they have wave
properties associated with them. Understanding a neutrons interaction with matter is therefore
a quantum mechanical problem. It is the wave properties of neutrons that make them useful

as a technique to look at structures on a small length scale.

Neutron scattering is a probing technique using the deflection of neutron radiation to study
properties of a solid or liquid structure. Probing techniques using radiation generally require
the wavelength of the radiation to be similar to the length scale of the structure of interest. For
instance x-ray radiation is used to probe the structure of crystalline solids as the wavelength
of x-rays is similar to the distance between atoms. Neutrons can also be used to probe the
structure of crystalline solids. Neutrons have a wavelength related to their mass and velocity,

which is given by the de Broglie formula

A= — 2.1
— (2.1)
where h is Planks constant, m is the mass of the neutron and v is the velocity of the neutron.
Neutrons used in scattering experiments generally have a wavelength in the order of Angstroms.
The wavelength of the neutron is controlled by controlling the velocity of the neutrons as

explained in section 2.4.1.

Compared with equivalent power x-ray facilities the flux of neutrons from a neutron source
is about 14 orders of magnitude lower than the flux of photons [69]. Production of neutrons

requires specialist facilities which are expensive to build and run.

Why then use neutrons as a probing technique? The main reason for using neutrons is how
they interact with atoms. Unlike other probing techniques which use electromagnetic radiation
(such as x-ray scattering) and interact with the electron cloud surrounding an atom, neutrons
interact with the nucleus of an atom. Because of this the sample appears far less dense to a
neutron beam than to an x-ray beam. This allows far greater penetration depth, so neutrons
can probe deeper into samples. As a comparison the decrease in intensity of a neutron beam in

aluminium is 1% per mm for a neutron beam compared with 99% per mm for an x-ray beam.

X-rays are scattered more strongly as the atomic number of the atoms in the scattering medium

increases. For neutrons the strength of scattering is independent of atomic number. The
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strength of scattering for neutrons can vary for different isotopes of the same type of atom. This
is particularly useful in studies on soft condensed matter, as labelling molecules by changing
the isotope of one of the elements in the material is far less obtrusive to the chemical properties
than labelling with another element. Figure 2.1 shows the relative strengths of scattering from
different elements for x rays and neutrons. It can be seen that the scattering for the 2H isotope
of hydrogen is much larger than the IH isotope.
Nomor Atom
1 5 6 8 2 2 2 8

I x 1
o o o o o O

hydrogen boron carbon oxygen titanum iron nickel lead

o 6 0 Q O O

ineutrons

Figure 2.1: Relative strengths of scattering for different elements for x rays and neutrons. H

shows the scattering from isotopes 'H (darker circle)and 2H (lighter circle) (taken from reference

[44])

2.2 Basic principles of neutron scattering

The basic geometry of a neutron scattering experiment is shown in figure 2.2

Neutrons Incident Neutrons Reflected

Sample

Neutrons Transmitted

Figure 2.2: Basic Scattering experiment geometry

Neutrons impinging on a sample are either reflected from the sample or transmitted through

the sample. The diffracted neutrons are then measured by a detector to give information about



the structure of the sample.

2.2.1 Elastic and inelastic Scattering

Scattering may be elastic or inelastic. Elastic scattering neutrons scattered from a nucleus
retain all their initial energy and momentum. In inelastic scattering the neutron can lose or
gain energy in the interaction with the nucleus, changing the energy of the nucleus also, as
the energy of the system must be maintained. The momentum of the neutron is changed.
Inelastic scattering can be used to look at the dynamics of small structures. In this work only
elastic scattering is used, so all theoretical discussions from this point on shall refer to elastic

scattering.

2.2.2 Braggs law

Braggs law is an example of how information about the structure of a crystalline material can
be found using wave like properties from scattering experiments. The diffraction of neutrons
from atoms in two different crystalline planes separated by a distance d is shown in figure 2.3.
neutron detector
neutron beam
8 W
crystal layers \/ I

R N ) X

Figure 2.3: Diffraction of neutrons from two crystalline layers

For constructive interference the conditions of equation 2.2 must be fulfilled.

nA = 2dsiné (2.2)

where n is an integer and 8 is the angle of incidence. This is known as Bragg’s law. Immediately
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information about the spacing of atoms in the sample is found in terms of the wavelength A
and the angle of incidence. The scattering can be represented in terms of wave vectors for the
incoming and outgoing waves. If neutrons with a range of different wavelengths or different
angles of incidence are scattered from the sample, then much stronger reflection will be given
for those that fulfill Braggs law, as these neutrons will all interfere constructively, allowing the

inter atomic spacing to be probed.

2.3 Scattering from surfaces and interfaces

Neutrons can be used to probe structures much larger than their wavelength. By making the
incident angle small, neutrons can be used to probe structures in the order of up to hundreds
of microns. If the angle of incidence is small enough then the scattering medium will appear
continuous to the neutrons. In thin film samples, such as the ones used in this work, neutrons
will mostly pass through the bulk materials and diffraction will be dominated by contrast in the
scattering strength between media either side of interfaces present in the sample. The scattering
length density is a measure of strength scattering from a material and will be discussed further
in section 2.6. The larger the contrast in scattering strength the greater the scattering. By
controlling the scattering strength of the films then the reflectivity from interfaces of interest

can be made dominant.

Neutrons can probe the surface structure of surfaces and interfaces. Pynn [69] describes neutron

waves as probe waves with effective wavelength Ap,op. Which is given by

A

Aprobe = 2sin 6 (23)

This is effectively the same as Braggs law but for non atomic spacing. Probe waves of effective
wavelength Aprope Will find if there are features on the interface that are spaced a distance
apart d where d = Aprope. If these features are present then constructive interference will occur.
Spacing of features on the surface or interface in the z direction and the z,y plane can be

measured, as will be shown in the next two subsections.



2.3.1 Momentum transfer

The neutron wave vector has magnitude 27t/A, and points in the direction of the neutron
momentum. Neutrons incident o11 the sample and scattered by the sample shall be denoted by
kj and kf respectively. The wavevectors k; and kf have components in the x. y and z directions
denoted kx. ky and kz, where x and y are in plane coordinates and z is perpendicular to the

scattering sample surface. For the wavevector k, the components in each direction are given by

2T
k, = (kix,kjy,kiZ) = — (cos#, cosy?,,cos#* siny?,,sin#*) 24
A

where #, is the angle the incident beam makes with the surface, y?, is the azimuth angle and A
is the de Broglie wavelength of the incident neutron. Similarly the diffracted beam is defined
by

21
kf — {kfx, kjy, kfz) = — (cos# /cosy?y, cos # /sin y?/, sin #/) (2.5)
A

assuming A is constant. The wavevectors k, and kf for a scattering experiment are shown in

figure 2.4

Figure 2.4: K vectors showing the angles of scattering
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The difference in k, and k/ is called q where

The parameter q is known as the reflectivity vector and also the momentum transfer. From
equation 2.1 it can be seen that mv = h/\ = hkj2n = hk. The change in momentum of a
neutron from a scattering process is then 2g and the momentum transfer in x,y and z directions

are gx,qy and gz respectively, where gx —kfx —kjx etc.

For neutron reflectivity experiments (as used in this work and discussed in section 2.4) it is
common to use a ribbon beam that is highly collimated in the x direction and broad in the y

direction as shown in figure 2.5.
Neutron beam

Sample

Figure 2.5: Ribbon beam highly collimated in the x direction

For this experimental configuration the beam intensity is integrated over gy and the scattering

is a function of gx and ¢z only. The scattering vectors gz and gx are given by

27
Q= hz + kjz=— (sinQj + sinOf) 2.7
. 21T
qr = kfx - kix = — (cosOf - cosOi) (2.8)
In a reflectivity experiment the intensity is measured as a function of 0, and A for a fixed value

of 0,. For small values of 6, and 9 equations 2.7 and 2.8 can be written
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2.9)

(2.10)

From equations 2.9 and 2.10 it is evident that the relationship between gx, ¢z space and 6, A

space is non-linear. Figures 2.6 and 2.7 show how ¢z and ¢x vary with 6r —6, and A

0.5

0i-0

Figure 2.6: gz contours in A. Of space. Scale bar

is in units of A on a log scale

GV

Figure 2.8: Grid in 0, A space

12

20

Figure 2.7: ¢gx contours in A f space. Scale

bar is in units of A on a log scale

Figure 2.9: Grid transformed into q space



In figure 2.6 contour lines of constant ¢, point toward —#6;. In figure 2.7 contour lines of constant
gz curl out from ¢, = 0 (6, —6; = 0). This results in difficulties when transforming experimental
data from q space to 6, A space or vice versa. Transforming pixels froin 6, A space to q space is
shown in figures 2.8 and 2.9. It can be seen that the pixels in q space are non Cartesian. For

this reason all experimental data presented in this thesis is presented in 8, A space.

2.3.2 Specular and off specular scattering

For a given neutron of wavelength A, q is dependent on the angle of incidence 6; and the angle
of reflection 6¢. If §; = 6; then this is specular scattering with g, being the only non zero
component. If 8; # 6; then this is off specular scattering. Considering the interface between
two continuous homogeneous media off specular scattering occurs if the interface has roughness
or lateral structure (ie if the interface z position changes as a function of z). Scattering from a
perfectly smooth ideal surface will have no off specular component. Wavevector diagrams for

specular and off specular scattering are shown in figures 2.10 and 2.11 respectively.
Ki z
Ky Ky

6 s ef _ §
ei q9=qz

Smooth Surface

Figure 2.10: q for specular scattering (6; + 85 = 26;)

For the specular case (figure 2.10) it can be seen that

q=q, = 4% sin 26; (2.11)

For the off specular case (figure 2.11) it can be seen

_27r

%=~ (sin®; + sinfy) (2.12)
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Rough Surface

Figure 2.11: q for off specular scattering (0, * 0f)

27
qx —gr(cos@‘- cosO) (2.13)

The specular scattering can give information about structures in the 2 direction, for example
the thickness of uniform thin films. Because gx —¢qy — 0 no information is found from specular
scattering about the in plane features of the sample. Information about the in plane structure of
the sample can be found from off specular scattering, where 0, / Of. Generally the off specular
scattering is orders of magnitude lower intensity than the specular scattering and presents a far

greater challenge in data acquisition and data analysis.

Since the reflectivity is a function of q, which is reciprocal to the wavelength, the size of the
features that correspond to scattering at a certain value of q are in the x, and 2 planes and

Jjp- respectively.
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2.4 Experimental neutron scattering techniques

In this section the basic principles of neutron reflectivity experiments shall be reviewed, in-

cluding details of production and detection of neutrons and specific instruments used in this

work.

All neutron scattering experiments consist of three basic elements:

1. A source of neutrons directed at a sample
2. Scattering of neutrons from the sample

3. Detectors to detect the direction and/or energy of scattered neutrons

as shown in figure. This work deals with reflectivity experiments. The basic geometry of a

neutron reflectivity experiment is shown in figure 2.12

Neutron source
Detector

Neutron beam

Sample

Figure 2.12: Basic geometry of a neutron reflectivity experiment

The reflectivity is the ratio of the number of neutrons reflected from the sample to the number

of incident neutrons. If all incident neutrons at a particular wavelength are reflected at the
same angle then the reflectivity at that wavelength and angle of reflection is 1. To measure the
reflectivity as a function of neutron wavelength the energy of neutrons hitting the sample needs

to lie known to a high degree of accuracy.

2.4.1 Neutron sources

There are two main types of neutron sources, reactor sources and spallation sources. In a

reactor neutrons are produced by nuclear fission using uranium fuel. In a spallation source high
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energy protons are fired at a metal target (typically tungsten or uranium) which ‘dislodges’
neutrons. Reactor sources produce continuous beams of neutrons, whereas spallation sources
produce pulses of neutrons. Generally the energy of neutrons directly from these sources is
high and therefore the wavelength of the neutrons is too small to be used in the investigation
of materials on atomic lengthscales. The energy of the neutrons is reduced to a usable level by
passing the neutrons through a moderator. This moderator usually consists of a large volume
of liquid with high scattering length density. Collisions with atoms in the moderator quickly
reduce the energy of the neutrons to a level similar to that of the atoms in the moderator. The
energy of the neutrons leaving the moderator can be controlled by its temperature, and the
neutrons are referred to as thermal neutrons. Typical energy distributions for neutrons from

each source type are shown in figure 2.13 [69]

(a) Oeactor Neutrons

20 K
300 K
10 2000 K
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(b) Spallsnon Neurons
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290 K
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102

Energy (meV)

Figure 2.13: Relative flux of neutrons at a) ILL reactor Grenoble, b) LANSCE spallation source

Los Alamos (taken from reference [69])

After passing through the moderators neutrons are guided to a variety of instruments. For
neutron reflectivity neutrons reflected from the sample are measured at the detector. There are
two choices of experimental modes to measure reflectivity for neutrons over a range of q. time

of flight (TOF) mode and monochromatic mode.
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2.4.2 Neutron detectors

The detection of a neutron involves its absorption by a suitable nuclei followed by detection of
charged particles from the absorption event. 3He gas is most commonly used as the absorption
medium. The efficiency of the detector is determined by how quickly it can respond to con-
secutive neutrons arriving. The time before the detector is ready to detect another neutron is
known as dead time. There are two types of neutron detectors. A single detector collects data
at a specified angle and will consist of a single pixel. An area detector can measure a wide
range of angles at the same time, so off specular reflectivity data from neutrons scattered at
different angles can be collected simultaneously. The area detector is made up of an array of

pixels.

2.4.3 Monochromatic mode

In a monochromatic experiment neutrons of a single wavelength are incident on the sample. In
order to measure reflectivity over a range of q the angle of incidence on the sample is varied
throughout the experiment. The angle of the detector should be varied with the sample in
order to keep g, at zero in order to gather specular data. Off specular data is collected using a
rocking scan. The angle of the detector is kept constant, but the angle of the sample is varied.
When the angle of incidence is small, by keeping the sum of the angle of incidence and angle
of reflection to be constant then off specular reflectivity for a range of ¢, can be measured at
constant g,. The footprint of the beam on the sample will change with angle of incidence and

this must be taken into account when fitting reflectivity data.

2.4.4 Time of flight mode

In TOF experiments neutrons of a range of wavelengths are incident on the sample in pulses. By
knowing the path length of the neutrons, the time of a pulse of neutrons leaving the source and
measuring the time each neutron reaches the detector the wavelength of the neutrons can be
determined. The range of wavelengths means that reflectivity for the entire q range is collected
simultaneously. Due to the use of pulses of neutrons, TOF scattering lends itself to use in
spallation sources. Reactor sources can be used by including choppers between the neutron
source and the instrument. A chopper consists of a rotating disc with a small segment cutout

from it. The chopper blocks the neutron beam except when the cutout segment passes in front
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of it, allowing neutrons through for a short time period. This effectively pulses the neutron
beam. The chopper speed can be varied to change the pulse timing. Spallation sources can
also use choppers to better define the pulses of neutrons. A TOF experiment must include a
method to prevent frame overlap where slow neutrons from one pulse arrive at the detector at

the same time as fast neutrons from the next pulse.

2.4.5 Coherence length

The coherence length is the maximum in plane length on a sample surface over which neutrons
will coherently interfere at the detector and will determine the maximum in plane lengthscale
over which an instrument can probe a sample. Different neutrons in the beam are not cohcrent
so each neutron interferes with itself [7]. Using the uncertainty principle and considering the
energy spread A)X and the angular spread Ak of the neutron source then the distance on
the surface over which a neutron can interfere with itself can be determined geometrically.
For further discussion the reader is referred to reference [75]. The coherence length on the

reflectometers used in this work is of the order of tens of microns.

2.4.6 Resolution

There are several factors which affect the resolution of the instrument. There are wavelength
and angular resolution effects. Wavelength resolution is caused by the length of time a neutron
pulse for TOF and by the distribution of wavelengths in monochromatic experiments. For a

TOF experiment wavelength resolution is given by [75]

At _ aA (2.14)

where At is the length of time of a pulse of neutrons (how long the chopper is opened for to
allow neutrons through) and t is the TOF of a neutron (the time taken for a neutron to get
from the chopper to the detector). The wavelength resolution is %. It can be improved by
using two choppers and increasing the offset of the openings between them, at the expense of
neutron flux. For monochromatic experiments the wavelength resolution is given by the full

width half maximum (FWHM) of the distribution.

Angular resolution %9 is dominated by the divergence of the beam. Efforts are made to keep
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the beam well collimated to minimise the resolution. In general there will be several sets of
collimators along the path of the beam, with the final collimation taking place just before the
sample by passing the beam through a pair of cadmium slits as shown in figure 2.14. The
angular resolution is dominated by the spacing of these slits. Better resolution conies at the

expense of reduced flux.

Maximum
divergence of beam

Incoming neutron beam 1 -t Perfectly collimated
8, beam path
s L
"""""""" Maximum
divergence of beam
d
Sit 1 Sit 2

Figure 2.14: Slit, geometry of neutron scattering experiment

The divergence of the beam where d6, the angular divergence of the beam is given by

do - tan"1( ) (2'15)

where S| and s=2are the opening of the first and second slits respectively and d is the slit spacing.
There are also resolution effects from the pixel size of the detector, however these are normally

small when compared with the effects of the slit geometry.

2.4.7 Reflectometers

Experiments in this work were neutron reflectivity experiments, using neutron reflectometers

D17, CRISP and Offspec.

248 D17

The D17 instrument is located at the Institute Laue Langevin (ILL) in Grenoble France, which
is a reactor source providing a constant beam of neutrons. Since the variation in flux is minimal

it is assumed to be constant in time. It can operate in either TOF or monochromatic modes.
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Samples are mounted vertically on the instrument and the neutron beam is collimated to give
a ribbon beam, which gives good resolution in gr and gz. The gy direction is integrated over.

Figure 2.15 shows diagrams of D17 in TOF and monochromatic modes.

D17 SIDE VIEW IN TOF MODE
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Figure 2.15: Schematic of D17 in TOF and monochromatic modes taken from reference ([19])

The detector is an area detector with pixel size of 1.04mm and a low dead time of 350nanoseconds.
In both modes there are two collimation slits in front of the sample. There is a small air filled
section to the flight path where the sample is placed, though a vacuum chamber with quartz
windows can be placed over the sample to further reduce the flight path in ail to a few mm . To
take into account difference in efficiency of the detector pixels the neutron beam is diffracted

using a water cell which scatters the neutrons evenly at all possible angles measured by the
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detector. Experimental data is then divided through by the result of this run.

D17 TOF mode

In TOF mode D17 uses two choppers spaced 87mm apart to pulse the neutrons. The opening
in the choppers can be offset to give higher flux at the expense of resolution. The chopper
period is set to the TOF of the slowest neutrons in the instruments useful range which have a
wavelength 30 A. A neutron mirror is used to prevent frame overlap which reflects neutrons of

longer wavelength out of the beam. The wavelength resolution of the instrument is given by

A . dT,  C ¢ q

) (2.16)

where dT" is the time of a pulse, T is the time of flight of a neutron, C is the distance between
the choppers, D is the TOF distance, ¢ is the angular offset between the choppers in radians,
q is magnitude of q and @, is the minimum ¢ measurable at a given angle. If ¢ = 0 then
the wavelength resolution has no ¢ dependence [19]. The wavelength resolution varies between

0.1% and 20%.

The distribution of neutron wavelengths in the beam is taken into account by measuring the
incident beam directly on the detector using the slit settings to be used in the experiment.
Experimental reflectivity data is then divided through by the direct beam run. A ¢, range of
between 0.002A~! and 2 A~! can in principle be measured, however the background of the

instrument is of an order of between 10~7 and 10~® and limits the useful g, range to ~ 0.2A-1.

D17 monochromatic mode

In monochromatic mode the choppers are set to an open position and a monochromator which
blocks all other wavelengths of neutrons is placed in front of the beam. The wavelength of
the neutrons is chosen to be the peak wavelength flux of the reactor and is 5.4 A~!, with a
fixed wavelength resolution of 5%. An attenuator is placed in front of the beam to reduce the
flux so that the detector does not become saturated. A ¢ range of 0.005A~! to 1.5A~! can be

measured. Again this is limited to ~ 0.2A~1 due to background.
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2.4.9 CRISP

CRISP is located at ISIS in the UK which is a spallation source. It is a TOF instrument and
has the option of a linear detector or a single detector. Samples are mounted horizontally. The
single detector can be used for specular experiments and in combination with extra slits after
the sample gives lower background. Like D17 the neutron beam is collimated into a ribbon
beam and integrates over gy. Figure 2.16 shows the geometry of CRISP. Slits 3 and 4 are

removed when using the linear detector.

I—a E Nk

Figure 2.16: Schematic of CRISP taken from reference [16]

The neutrons are pulsed by the source, with the zero time for a pulse set by the initial pulse of
protons hitting the target. Choppers are used in order to limit the wavelength range between
0.5 A and 6.5 A. This gives a measurable g range of 0.006A—1 to 1.0A —1. The useful ¢ range
is limited to ~ 0.2 A—1 by the reflectivity being dominated by background neutron radiation
[16]. The resolution of the instrument is determined by the pulse time and the slit geometry.

The angular resolution is dominant and the wavelength resolution is negligible.

2.4.10 Offspec

Offspec is a recently commissioned instrument using the new target station 2 at ISIS. It is
specifically designed to have low background. It is is capable of probing smaller in plane length
scales than standard reflectometers by using spin echo scattering, though this feature was not
used in this work [22]. It has a wavelength range of 1.5 A to 14.5 A and uses choppers to limit

the range. The resolution in gz is 2.5% and is dominated by the slit geometry.
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2.5 Scattering theory

In this section the basic ideas of scattering theory will be developed and expressions for scat-
tering in the Born approximation (BA) and the distorted wave Born approximation (DWBA)
will be stated. For the complete derivation of these expressions please refer to appendix A and

quantum mechanics text books by Schiff [78], Sakurai [76] or Messiah {60]

Scattering theory is an important branch of classical and quantum physics. Almost all knowl-
edge of nuclear physics and atomic structure has been gained from scattering experiments. In
a scattering experiment a wave or particle is fired from a known direction at a target and its

direction of scatter after the scattering event is measured.

The simplest type of scattering experiment to analyse is of a wave or particle interacting with
a single fixed point potential. Clearly this situation is unrealistic in actual physical systems,

nevertheless it forms the basis of analysis of more realistic systems.

2.5.1 Differential cross section

Scattering experiments are characterised by scattering cross section o. A scattering experiment
involves detecting the number of particles per unit time N, scattered into the solid angle d}
in the direction (#,¢). The number of particles entering d2 is Ndf) and is proportional to
the incident flux per unit time crossing a unit area per unit time normal to the beam j;. The
scattering is analysed in terms of differential scattering cross section which gives the number of

particles scattered into direction (6, ¢) per unit time per unit solid angle over the incident flux.

do N
G = ]—Z (2.17)

The total scattering cross section o is obtained by integrating over all the differential scattering
cross sections, giving 47b?, the solid angle of a sphere multiplied by the scattering potential. It

is related to the differential scattering angles df and d¢ by

do 2 T do
U_/Zlﬁdﬂ__/o d¢>/0 d&smﬂgﬁ (2.18)

For a single fixed central potential where b(#) represents the strength of the interaction between
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the scattering particle and the potential, dependent on the distance between them. The number
of particles scattered into the solid angle dQ between the scattering angles d and Odd per unit
time is equal to the number of particles passing the potential experienced by the particle between

band b+ db. This is shown is figure 2.17.

\dr

rsin6

Figure 2.17: Differential scattering Cross section showing the scattering of a particle from a

potential b into solid angle dfl between 0 and Odd

2.5.2 Quantum mechanical derivation

In quantum mechanics the incoming particles are represented by a wave function. Strictly
speaking the scattering is found by solving the time dependent Schrodinger equation for the
system, at a time before the scattering event and a time after the event. However if the
compatible observables of energy and momentum of the particle are well defined, the wave
packet is many wavelengths long and due to the uncertainty principle the position of the particle
is not well defined. The wave packet can then be approximated by a plane wave elkr. Since the
potential does not change there is no time dependence and the system can be solved using the
time independent Schrodinger equation (TISE). All that can be detected is the scattered particle
wave function far from the scattering event. The scattered wave from a central potential will
be a spherical wave whose amplitude decays with distance from its source. The wave function

for a scattering event far from the potential is

)a eikr + /(M ) — (2.19)

with the first and second terms on the right hand side representing the particle before the
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scattering event and the scattered particle. The term f(#,¢) represents the amplitude of the
scattered wave. In the case of scattering total normalisation is not required as it is the relative
fraction of the incident beam scattered in each direction, or into a solid angle df2 in direction
(6, @) which is measured. As in the case of the classical system the flux of beam scattered into
d? is equivalent to the flux of the beam passing through a small area do(6,¢). The relative
probability of the wave being scattered into df) is found by squaring the wave function ¥ (r)
giving C|f(8, ¢)|?d2, where C is a constant. Relating this to do gives the differential scattering

cross section

do _ |f(6,9)]"

—_— = 2.20

dQ (4m)? (2:20)
where the (47)? denominator is given by the square of solid angle of the sphere surrounding the

scattering centre and the normalisation constant is disregarded. The probability of scattering

" into a state after collision is characterised by f(6, ¢).

2.5.3 Born approximation

The expression for f(6, ¢) can be expanded out in the form of an perturbation series. For deriva-
tion of the series please see appendix A. The Born approximation is a first order perturbation,

taking the first term of the series. The result is

LA
fBa = 27rh/d T¢k1V¢k‘. (2.21)

where ¢y, and ¢y, are the wavefunctions of the incident and scattered neutrons respectively,
represented by plane waves and V is the scattering potential. ¢x, = e*™ ¢y ;= e’*sT. The

integral is over all r.

This first Born approximation is equivalent to Fermi’s Golden rule, which maps the probability
of a system in one state acted on by an operator transforming into any of a continuum of states.

The Born approximation does not take into account diffraction, or multiple scattering.
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2.5.4 Distorted wave Born approximation

The DWBA seperates the scattering potential in two potentials V; and V,. The potential V)
is the potential for an exactly solvable system and V; is a correcting term acting on it. The

DWBA works well when the correcting term is small enough to be regarded as a perturbation.

The expression for f(,¢) in the first order DWBA is

fowsa~ [ ErigVidw + [ o, Vavi, (2.22)

where i is the time reversed ideal wave function for a neutron with wave number kg, ¥,
is ideal wave function for a neutron with wave number k; and ¢y, is the ideal incoming plane
wave %', For details or derivation of these terms including the time reversed states please
refer to appendix A. When applying the DWBA to thin films V; is used to describe a perfectly
flat ideal film and the V5 describes the roughness, which is the perturbation of the morphology

of the film from the ideal film. This is discussed in detail in section 2.9.
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2.6 Interactions between neutrons and assemblies of atoms

This section looks at how neutrons interact with an assembly of atoms, as found in any material.
The basic concepts are explained. For a fuller derivation of the terms please refer to appendix

B and Higgins and Benoit chapter four [41].

The scattering amplitude f of a neutron scattered by a potential V' is described by the Born
approximation (see appendix A.1.1, equation 2.21 ). It can be written as an integral equation
in terms of q the momentum transfer as q = k; — ky where k; and k; are the wave numbers
of the incoming and outgoing neutrons respectively. Solving for a single neutron impinging
on a nucleus results in a term b which is a measure of the strength of scattering from the
nucleus and is called the scattering length of the nucleus. The total scattering potential for an
assembly of nuclei V(r), as found in any medium is given by the summation of the potential
of each individual nucleus. Using Fermi pseudo potential [60] and the Born approximation (see

equation 2.21) the potential can be shown to be

_ 2nh

Vi) =" ijé(r -1;) (2.23)

and the differential scattering cross section is shown to be [41]

N
L NE)+ <b>2j§<e"“"“‘”>> (2:24)

where N is the number of nuclei and j, k are labels numbering each atom. For a fuller derivation
of equation 2.24 please refer to appendix B.1. The scattering cross section can be split into
coherent and incoherent parts. The first term on the right hand side defines the incoherent
scattering. The incoherent scattering is caused by different isotopes in the scattering medium
and the different spin states of the neutrons (see appendix B.1.1). It gives no information
about the structure of the scattering medium, as it has no dependence on the relative position
of the nuclei. In an isotopically pure scattering medium, scattering neutrons with a single spin
state would have no incoherent scattering. The coherent scattering is dependent on the relative
positioning of the nuclei and therefore can give information about the scattering medium’s

structure.
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2.6.1 Coherent scattering

The remainder of this section shall look at solely at coherent scattering and b shall refer to the
coherent scattering length. When scattering is at a small angle each molecule can be described
as a point in space r, rather than an assembly of nuclei. The scattering length b for a molecule

at point r is the sum of all the scattering lengths from the individual atoms of the molecule.

The coherent scattering can be written

N N
(%)h =5y D () (2.25)

i=1k=1
The summation equation can be changed into a integral over the volume of the scattering
medium using a Dirac delta function. Defining the local density of molecules by
N
n(r) = Z o(r —ry) (2.26)

j=1

The expression [, f(r)é(r — rx)dr = f(rx)n(r) gives the density of molecules at any point ry.

Therefore the summation over one of the exponential terms can be written

N
Z e 9Tk (r — 1y )dr = / n(r)e'9Tdr (2.27)
v

k=1

N
§ et T — /
k=1 v

From this result the coherent differential cross section can be written

(%)co’l = b2 </Vn(r)e'iq'rdr/‘/n(r')eiq"ldr'> (2.28)

which can then be written

<Z_;)coh = b /V / e n(r)n(r') ) drdr’ (2.29)

Assuming that there is no correlation between the molecular density of the scattering medium
then (n(r)n(r’)) is simply the square average density N2 per unit volume. Equation 2.29

becomes
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do _ N2 2// —iq-(r-r’) ’
(dﬂ)coh = N*b , e drdr (2.30)

This is the expression derived by van Hove [100] for neutrons scattered by an assembly of atoms.
Nb is called the scattering length density and is tabulated for many mediums. The strength of
the scattering is therefore the product of the squares of the scattering length of the scattering

centres and the density of the scattering centres.
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2.7 Specular scattering from thin films

In specular scattering the angle of reflection is equal to the angle of incidence and ¢, = ¢, = 0.
Specular reflectivity can probe the scattering length density (SLD) profile of a sample in the
z direction, perpendicular to the sample surface. The composition of the sample may vary
continuously or can be in discrete layers. A continuous system can be modeled as a stack
of many discrete thin layers. No information can be found about the lateral structure of
the surface. The theory employed in analysing specular reflectivity is somewhat analogous to
classical refraction through a medium. The medium has a refractive index n, as in classical
optics, which is a measure of the wave number of the neutron in the medium compared with
its wavenumber in air. It is dependent on the scattering length density, mentioned in section
2.6. The angle of reflection and transmission through the medium is dependent on the angle of
incidence and the refractive index. Fresnel coeflicients can be found which determine the ratio
of neutrons transmitted and reflected by the sample by solving the Helmholtz wave equation

[83).

2.7.1 Refractive index

The refractive index of a material n is the ratio between the wave number on the medium and

the wave number in a vacuum. It is given by

Y A W A "

where V(r) is the potential of the medium impeding the neutrons, E is the energy of the

neutrons, A is the de Broglie wavelength of the neutrons and p is the scattering length density
of the medium. If the wavelength of the neutrons is of the order of Angstroms then n differs

from unity by a factor of 107> and n can be approximated by
2
Ap(r) (2.32)

If p is positive then n < 1 and neutrons can be totally externally reflected at small enough

angles of incidence.
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2.7.2 Helmholtz equation

The interaction of neutrons with matter is described by the time independent Schrédinger
equation where the potential of the scattering medium is constant in time. The Schrédinger
equation can be recast in the form of the three dimensional Helmholtz equation which describes

the propagation of a wave through a medium.

V2P(r) + x*9(r) = 0 (2.33)
where x = 2m f‘v and E is the energy of incident neutrons. The potential x can be written
equivalently as

X = Vk2% —4np(r) (2.34)
where k£ = %"ﬁ the wave number of the neutron in a vacuum. Therefore x is the wave

number of a neutron in the medium. In order to solve equation 2.33 across an interface between
two mediums of different p, the wavefunction and the derivative of the wavefunction must be
continuous at the interface. For specular reflectivity the z component of the wave number k is
of interest, denoted k,. Therefore only the 1D Helmholtz equation is required. The magnitude

of k, is given by

k., = ksinf = 2Tﬂsiné? (2.35)

The z component of the wave number in vacuum will be denoted &, ¢ and the wave number in

the medium k, .

From equation 2.34 in the z direction the k, component of the neutron inside the medium is

given by

kom = \/k2 o — 47pm (2.36)

The critical wave number £, . is given by /4% p,,. For neutrons with wave numbers below the

critical wave number total reflection occurs.
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We must now define the equation for neutrons in a vacuum (or air) and in the medium, and
use the boundary conditions described above to solve them. The 1D Helmholtz equations for

neutrons in a vacuum and in the medium are

¥"(z) + k;,09(2) = 0 for z > 0 (vacuum) (2.37)

¥"(2) + kzm¥(2) = 0 for z <0 (medium) (2.38)

The problem then becomes a 1D potential barrier problem as shown in figure 2.18.

A

| air medium

E Incident beam

E Reflected beam ———» Transmitted beam

i <

! »
z=0

Figure 2.18: Specular scattering experiment. showing incident, reflected beam and transmitted

neutron beam

The solutions to the 1D wave equations are

Y(z) = ek=07 fre=tk=0% for 2 >0 (2.39)

Y(z) = tetf=m= for 2 <0 (2.40)

The first term on the right of equation 2.39 represents the incident wave and the second term the
reflected wave. The sign in front of the exponent represents the direction the wave is traveling
in, plus represents the direction of the incident beam and minus the direction of the reflected
beam. The r coefficient in the second term is the complex Fresnel reflectivity coefficient, which
is the amplitude of the wave. Equation 2.40 represents the wave transmitted into the medium,
where t is the Fresnel transmission coeflicient. From the boundary conditions at z = 0 it can

be shown
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1+r=t (2.41)

koo(1=7) = kymt (2.42)

Solving these equations for ¢ and r give

kz 0 — kz m
_ ks, : 2.43
kz,O + kz,m ( )
2k, o
t= ———— 2.44
kz,O + kz,m ( )

The reflectivity of the interface R is the ratio of incident neutrons reflected and is given by |r?|.

2.7.3 Multiple layers

The above result gives the reflectivity for a single interface. Specular reflectivity from systems
with multiple layers of media (multilayers) will now be described. An example of such a system
containing two interfaces is illustrated in figure 2.19. It assumes a perfectly flat medium of
thickness d on a perfectly flat substrate. It can be seen from figure 2.19 that there are now
extra reflection and transmission terms. The two main exact methods of finding reflectivity
from multilayers will be described. For the two layer system the Helmholtz equations are given

by

Y’ (2) + ks 0%(2) = 0 for z <0 (vacuum) (2.45)
Y"(2) 4+ kym(2) = 0 for 0 < 2z < d (medium) (2.46)
¥"(2) + k; s9(2) = 0 for z > d (substrate) (2.47)

and the solutions to these equations are
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Vacuum

Medium

Substrate

Figure 2.19: Specular scattering experiment, i is the incident neutron beam, r is the reflected

beam and t is the neutron beam transmitted into the sample

Nz) = eik*oZ+ rle-ikz & for z < o (2.48)
ip(z) ~ trnelkz 0Z+ rme [k*% for 0 <z < d (medium) (2.49)
ip(z) —tselkz mZ for z > d (substrate) (2.50)

where 78, ts and rm, ¢tm are the Fresnel reflection and transmission coefficients for the substrate

and the medium respectively.

2.7.4 Transfer matrix

To solve for reflectivity and transmission again the boundary conditions have to be applied at

the interfaces between the vacuum and medium and the medium and substrate.

Assuming that is the amplitude of the initial wave in the vacuum, 4 v¥ is the amplitude
of the wave reflected into the vacuum, Am>r is the wave reflected into the medium and Am is

the wave transmitted into the medium at 2 = 0 the boundary conditions are satisfied by [61]

2.51)
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kz,vA'v,t - kz,vAv,r = kz,mAm,t - kz,mAm,r (252)

This result can be expressed in the matrix form as

p’ - A°(0) = p™ - A™(0) (2.53)

where the vector A gives the amplitudes of the waves (in the vacuum) given by

= Av t
A(0) = ’ (2.54)
Ay

and p® is (at z = 0 in this case) given by

1 1
Pl = (2.55)
kz v _kz v

]

A*(0) = (p*)"'p™ - A™(0) (2.56)

and the inverse of the vector of amplitudes for the vacuum is given by

vo L | R ! (2.57)
P 2k, v k., 1 '

)

(p¥)~'p™ which will be called the boundary matrix can be written in terms of the Fresnel

coeflicients for the medium

@) 'p" = — (2.58)

It can be seen from these expressions that the Fresnel reflection coefficient is the ratio of the

amplitudes of the initial wave and that reflected from the medium
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Tm = (%"—:—) (2.59)

and the transmission coefficient the ratio of the amplitudes of the initial and transmitted waves

_ Am,t

Solving for the second interface requires changing the coorindate system to z’. Then when
z =d 2’ = 0. The results for the amplitude vectors and the boundary matrix at the interface
between the medium and the substrate are the same, just replacing the the subscript v with m
and m with s and remembering the change in coordinates. In order to solve for the reflectivity
and transmission of the whole system the change in coordinates need to be taken into account.
There will be a change in phase of the wave transmitted into the medium between the two
interfaces. In the original coordinate system the wave amplitude vector for the wave in the

medium at any point z is given by

. Am ikzmz
Am(z) — ’te (261)

—ik z
AS,Y‘e z,m

the exponential terms can be separated into a phase matrix

eikz,mz 0

Q"(z) = (2.62)

0 ez’kz'mz

SO

A™(2) = Q™ (2) - A™(0) (2.63)

The reflection coefficient (the ratio total amplitude of the reflected wave in the vacuum which
includes contributions from the reflectivity of the medium and of the substrate and the am-
plitude of the initial wave) and transmission coeflicient (the ratio total amplitude of the wave
transmitted into the substrate and the initial wave) for the whole system can be found by mul-

tiplying the boundary matrix of the first interface by the phase matrix across the medium by
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the boundary matrix of the second interface as shown in equation 2.64. These reflection and

transmission coefficients for a multilayer replace the Fresnel coefficients for a single interface.

A%(0) = ()7 'p"Q™(d)(p™) ' p° A°(d) (2.64)

If the elements of the matrix (p¥)~1p™Q™(d)(p™) 'p® are given by

My, M,
My, Mao

(2.65)

The reflection coeflicient is then

,z(%%) (2.66)

and the transmission coefficient is given by

t=(ﬁ;) (2.67)

The reflectivity R and the transmittivity 7" are given by |r|? and |t|? respectively. Clearly this
formulation can be applied to a system of any number of interfaces by finding the phase and
boundary matrices at each interface of the system. The final interface (generally the substrate)

is considered semi infinite so there are no further interfaces for reflection to take place.

2.7.5 Parratt formalism

An alternative formulation to calculate the reflectivity and transmittivity of a multilayer stack
is the Parratt recursion formulation derived by L.G. Parratt [66] in 1954. Starting from the
substrate which is assumed semi-infinite the reflection coefficient r in each preceding layer is

found by the formula [90]

—iqhIitig.
frii=14) + Tjgr6” " S

_ 2.68
1+ frjo1g)Tagre 0 din (269

TG-1.4) =

where j is a index of a layer. To denote the interfaces j — 1, j represents the interface between

layer j and j — 1, 7 is the reflection coeflicient of the an interface, f, is the reflection coefficient
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of an interface (from equation 2.43), d; is the thickness of layer j and g¢, is the momentum
transfer in the z direction. q, = 2k, for specular reflectivity. An illustration of a multilayer is

shown in figure 2.20

layer 1

Jat

interface (1, 2)
layer 2

layer...

layer j d()
layer j+1

layer N

interface (j, j+1)

Figure 2.20: Multilayer stack geometry

The transfer matrix and Parratt formalism are two different iterative ways of calculating the
total reflectivity from a multilayer, although the order in which the reflectances from each
interface are calculated are the opposite of each other. This results in different reflection and
transmission coefficients for the layers within the stack but the reflection and transmission
coefficients of the top interface and therefore the total reflectivity and transmittivity are the

same for the two schemes. The consequences of this will be discussed in the next section.

2.7.6 Features of the specular reflectivity

The specular reflectivity is a function of the scattering length density and the thickness of the
layers in the multilayer and k, of the incoming neutrons. The value of k, is a function of the
angle of incidence and the wavelength. Generally reflectivity is plotted as a function of ¢,, with

the y axis on a log scale. Figure 2.21 shows a typical reflectivity plot for a single interface.

It can be seen for low g, that R = 1, and as g, increases R = 1 up to a given point when R
decreases rapidly with ¢,. The region where R = 1 is called the critical edge. The point at
which R starts to fall corresponds to the critical g, which is equal to 2k, . value. Since the

reflectivity is the ratio of the reflected to the incident wave then a reflectivity of 1 shows that all
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Figure 2.21: Calculated reflectivity from silicon with p —2.073e-6

neutrons are reflected from the sample. For any ¢z corresponding to a kz lower than kz ¢ then
all neutrons are reflected. At large values of gz, B can be approximated by B ~ (Tpm)2-A-.

This is known as Porod’s Q~4 law.
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Figure 2.22: Calculated reflectivity from 50nm film on a silicon substrate with p = 6.8e-6A 1

(eg a deuterated polymer) on Si with p = 2.073e-6A 1

Figure 2.22 shows the reflectivity as a function of gz from a system with two interfaces. The
most notable feature of the two layer system is the appearance of fringes in the reflectivity.
These are called Kiessig fringes. Their period is related to the thickness of the medium on the

substrate and comes from the exponential terms in the Parratt formalisation and the phase
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matrix in the transfer matrix. The distance between adjacent interfaces is the thickness of
the films. The period of the fringes is given by 2n/t. Maximums occur when the length of
the path through the medium corresponds with an integer multiple of the wavelength of the
neutron in the medium. The waves reflected from the vacuum/ medium interface and the
medium/substrate interface then interfere constructively. By fitting experimental data with
either of the above theories the thickness of the film can be determined. If further films are
added to the create a multilayer, then fringes from these films can also be seen in the data. The
strength of the contribution of reflectivity from a film to the total reflectivity is dependent o11
the SLD. This is shown in the 3 layer system in figure 2.23 which is the same as the system in
2.22 with another film with a lower scattering length density added o11 top. The fringes of the
bottom layer are dominant, but the effect of interference from scattering from the other layer

can be seen.

10s

02
q (Angstroms)

Figure 2.23: Reflectivity from 2 layer multilayer on Si substrate p\ — le-6A 1 p2 = 6.8e-
6A-Vi3=2.03e-6A-]

Parratt and transfer matrix calculation schemes

Figure 2.24 shows the reflectivity for each interface using Parratt formalism and figure 2.25
shows the reflectivity at each interface using the transfer matrix scheme, both for the multilayer
described above. The red line on each plot is the final reflectivity, which is the same for
both calculation schemes. The blue line corresponds to the calculation of reflectivity for the
first interface for each scheme. The Parratt formalisation starts with the reflectivity from the

silicon substrate, using the kz values in the bottom layer, whereas the transfer matrix scheme
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Figure 2.24: Reflectivity from 3 layer multilayer on Si substrate p| — le-6A 1p2 = 6.8e-
6A- IPs = 2.03e-6A 1 calculated using Parratt formalism. Blue line shows the reflectivity from
the substrate, green line reflectivity from the substrate and the interface above it and the red

line shows the total reflectivity
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Figure 2.25: Reflectivity from 3 layer multilayer on Si substrate p| = le-bA Ip2 = 6.8e-
6A- 173 —2.03e-bA 1 calculated using Transfer Matrix. Blue line shows reflectivity from the
top interface, green line shows the reflectivity from the top interface and the interface below it

and the red line shows the total reflectivity
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starts at the air/film interface using the k&, values in air. The scattering length density of the
substrate is greater than that of the first film, so the reflectivity of the blue curve of the Parratt
formalism is seen to be higher. The green line shows the second stage of calculation. The
fringes on the Parratt reflectivity plot show the interference between the film/film interface
and the film/substrate interface across the bottom film, which are the main fringes in the total
reflectivity. The fringes on the transfer matrix plot show the interference between the air/film
interface and the film/film interface or across the top film. The fringes are smaller due to the
scattering length density being smaller and spaced closer together as the top layer is thicker
than the bottom layer. The consequences of the different ways the two schemes calculate the

reflectivity is important in the DWBA model and is discussed in section 5.3.1

2.7.7 Surface roughness

Surface roughness on the interfaces of the multilayer cause the experimental specular reflectiv-
ity to be damped. This is due to neutrons being scattered in off specular directions, so the
overall intensity of the specular reflectivity is reduced. Nevot and Croce [65], [18] introduce an

exponential damping factor so that the Fresnel coefficient is replaced by

_ 2
Td = TFresnel€ 2k=,0kz,mo (269)

where o2 is the variance of a Gaussian height distribution (see section 2.8). Nevot’s description

of the surface is shown in figure 2.26

The RMS roughness of a surface is given by o, the square root of the variance. The Fresnel
reflection coefficients that appear in the Parratt formalism and the boundary matrix in the
transfer matrix are replaced by the expression in equation 2.69. Figure 2.27 shows the effect of

roughness on the reflectivity of a single layer on a substrate using the Parratt formalism.

It can be seen that as the samples increase in roughness the fringes die away at a greater rate

with increasing gq..
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Figure 2.26: Interface roughness according to Nevot and Croce [65]. The distribution of peaks
and valleys on a mean interface level is described using the Gaussian function and its o param-

eter. (Image from reference [65])
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Figure 2.27: Reflecivity from single medium on a substrate with different roughness (curves

shifted by 10-3 for clarity)
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2.7.8 Resolution

The experimental reflectivity is affected by the resolution of the instrument. This is most
noticeable at the minima between fringes, where destructive interference occurs. A Gaussian
convolution of the reflectivity function is usually used to smear the theoretical reflectivity curve,
where the full width half maximum (FWHM) of the Gaussian corresponds to the resolution of
the instrument. The effect of finite instrument resolution is to reduce the sharpness and depth

of the minima on the reflectivity curve as shown in figure 2.28

>

08 0.1 0.1 0.2
q (Angstroms)

Figure 2.28: Reflecivity without and with Gaussian convolution smoothing (curves shifted by

10-3 for clarity)



2.8 Height to height correlation functions

To model the oft specular reflectivity of a rough surface the surface needs to he defined statis-
tically. This is done using a height to height correlation function, which describes the strength
of correlation between any two points on the rough surface in terms of the distance they are

separated.

2.8.1 Height to height correlations for single layers

A rough surface is defined in terms of its height 2 at any lateral coordinate (x,y). Roughness
can be modelled as perturbations from an ideal smooth flat surface of height z(x,y) —z A
perturbation U is a function of the lateral coordinates, U(x,y), where (U(x,y)) = 0 as shown

in figure 2.29.

Ux, v) z

Ux, y)

Figure 2.29: 2D cut through rough surface showing the ideal smooth surface and the deviations

caused by the roughness

If the surface roughness is isotropic x,y can be written as r where || denotes that rj is parallel

to the ideal surface.

z(r\)) =z + Uir?) (2.70)

The heights z(r) at every point 011 the surface can be described statistically in terms of a proba-
bility distribution function. Asingle point distribution functionw(U)describes theprobability

of a displacement Ufromthe ideal surface independent of lateralposition. It isgiven bv

w(U) =~ f£dUS(U(rti)-U ) 2.71)

where 6 is the Dirac delta function and S is the area of the surface. The RMS roughness a is

a measure of the average displacement of the surface which is given by
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o= JUE)? = / dUw(U)U? 2.72)

It has been shown that a Gaussian distribution function w(U) can adequately represent a variety

of surfaces [68].

1 u?
w(l) = e (2.73)

The FWHM is given by 20/2In2. The two point probability distribution function w(U, U’) [55]
describes the probability of a specific height difference between any two points on the surface.
This results in a complicated function which contains a correlation coefficient K(r — r'})).
This term is a measure of how well correlated U and U’ are, when separated by a distance

(ry —r'))) = R. The correlation coefficient K(r); —r’||) is given by

K(r) —r'y) = ;1§<U(r||)U'(r’1|)) (2.74)

where

e(R) = (U U(x)) (2.75)

The quantity c(R) is the height to height correlation function as defined by Sinha [88]. The
correlation coefficient K(rj; — r';) must be unity when (r;; — r’) = 0 (perfectly correlated
heights) and zero as (r; —r’||) = co (uncorrelated surface). If R = 0 then ¢(R) must be equal
to the mean squared roughness as (U(0;,)U’(0})) = o2. A function that is often used for ¢(R)
which has been shown to adequately represent many surfaces and satisfies these conditions is

found from fractal geometry for a self affine surface [56]

"

c(R) = o2e( (2.76)

where the exponent h is called the Hurst parameter and varies between 0 and 1. It describes

how smooth or jagged the interface is. The expression includes a correlation length £ which

limits the strength of the correlation over large distances.
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2.8.2 Correlations between interfaces

For systems with multiple layers the scattering will be affected by the distance between the
surfaces or interfaces. A two point probability function can be used to statistically describe
the probability of finding a displacement of U; given a displacement of Uy for two points on
interfaces j and k respectively, independent of lateral position. This can be defined by an
interface to interface correlation function. The interface to interface correlation function is

similar to the height to height correlation function in equation 2.75 and is given by

Cj,j+1(R) = O'J'O‘kK',k(l'H — l‘I”) = (Uj(l‘”)Uk(l‘/”)) (277)

In the scattering there will be interference effects caused by the thickness of the layers of
medium, ie the distance between interfaces j and k. If the surfaces are rough then the thickness
is a local quantity and dependent of the correlation of the interfaces and their individual rough-
nesses. The three possible cases for the correlation of the interfaces are shown in figure 2.31; A)
the interfaces are perfectly correlated, the thickness is constant. B) there is partial correlation
of the interfaces, the thickness has some dependence on c; . C) uncorrelated interfaces. This

is shown graphically in figure 2.30.

m N o~ z,-.,m N sy z,_,m N =~

s LN R e N <
T = 1 AAAAANS
Zy (_\ N Vol S e TN Lz 7 ~..
\f t/ "+ e  — 1 \_/

Figure 2.30: Possible interfacial correlations between layers A) perfectly correlated, B) partially

correlated C) uncorrelated

The thickness of a layer t; at lateral position ry| is given by

tj(r”) = zj(rH) - Zk(l'“) = tj + Uj(l‘“) — Uk(r”) (2.78)
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where # is the thickness of the medium between ideal layers j and j —I1. This is shown in figure

2.31

«0-1

a(k-l)

Figure 2.31: Thickness and height to height correlation of between layers

The RMS thickness is given by

(5t]) - (4 - (1))2)- ((Uj - i 2ew ., (299)

This is the variance of thickness of layer j. When there is no correlation between the layers

(St2) = a2+ a2, -

The expression for interface to interface correlation functions 2.77 are subject to the same

conditions as the height to height correlation functions (defined in the previous section) and

additionally Schlomka et al [79] state that must also satisfy
ICjfe(R )2 < cj(0)ck(0) (2.80a)
M R)[2< 1h(0) + ct(0)] (2.80b)

The following interface correlation function is suggested which satisfies all these conditions and
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expresses c;(R) in terms of the individual height to height correlation functions of layers j and

k.

1 .

cixR) == | Ze;(R) + ZEcp(R) | e 1= =l/60sn (2.81)
2 Ok 0j

€15k is a cut off parameter determining the distance that the correlation between the layers is

effective for, in the z direction. When &, = 0, ¢;x(R) = 0 and (6t2) = 02 + 02_, as stated

above.

This section has focused on correlation functions for rough interfaces and between rough in-
terfaces as these are used to characterise interfaces within the Born approximation and the
distorted wave Born approximation. The lengthscale of features that scattering experiments
probe is dependent on the wavelength of the incident radiation. If there are features on the
sample that are separated by a distance equal to the probe wavelength, then coherent scattering
occurs, increasing the intensity of scattering seen into the corresponding g values. Remember-
ing R gives the distance between features on a surface, then c; is a measure of the likelihood
of two features on the surface separated by R having the same height z. This means the larger
the correlation function for a separation distance R the greater the scattering into the corre-
sponding ¢ values. As R is increased the likelihood decreases, so c; decreases. The interface to
interface correlation function c; x then gives the likelihood of the thickness ¢;(R) being t;, the

thickness of the layer between two ideal interfaces at the mean positions of interface j and k.
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2.9 Off Specular Scattering from thin films

2.9.1 Scattering from a single interface in the Born approximation

At small scattering angles it can be assumed that the neutrons will see a medium as homoge-
neous except at its surfaces. This means that there will only be significant refraction events at
the interfaces between different mediums. The atomic structure can be ignored and the struc-
ture of the surfaces can be probed. This allows the study of interfaces between films, polymer
films in the case of this work [88]. The volume integral expression 2.30 for scattering in the Born
approximation (see section 2.5.3) can be transformed into a surface integral by considering a
rough surface that is parallel to an ideal flat surface. Considering a sample with a rough film
with its interfaces parallel to the z direction of the ideal surface, so that its lateral coordinates

are r and y and integrating over z gives

do _ N2p?

Q- //So dxdy//so dz'dy' exp(—ig.(2(z,y) — 2(z', ¥')))exp(~i(gz (z — ') + gy (y —¥'))

(2.82)

where Sy surface area of the interface the beam is incident on. Now assume that (z(z’,y') —
z(z,y)) is a random variable with Gaussian distribution which is dependent on the relative
coordinates (X,Y) = ((z' — z), (¥’ — y)) on the sample. The square of the average difference in

2 between any two points separated by (X.Y') can be defined as

([z(zlr y,) - Z(I, y)]2) = g(Xy Y) (283)

Substituting 2.83 into 2.82 for an incident surface area (the footprint of the beam on the sample)

L. L, gives

232
Z—g = N—Zb—LzLy / / dXdY e~ %:9(XY)/2g-ia=X 0¥ (2.84)
qz So

This is the Fourier transform of g(X,Y). For many isotropic surfaces the following form of

9(X,Y) is satisfactory [88]

g(X,Y)=AR?*» 0<h<1 (2.85)

50



where R = (X2 +Y?)2. However it can be seen that this function diverges as R — oo, showing
that the roughness of the surface is completely dependent on the area measured. For real
surfaces the roughness often saturates above a cutoff length £. A form suggested for g(X,Y)

with a cutoff is

2k
8

g(R) = 20%(1 — lE)) (2.86)

where 02 is the mean squared roughness, ¢ is the cut off length and h is the Hurst parameter
which varies between 0 and 1 and is a measure of the ‘jaggedness’ of a surface (see reference

[56] for further details). Writing

a(X,Y) = 2(2%) - 2(z(X,Y)z(0,0)) (2.87)

where (22) = ¢? the mean squared roughness then we can obtain g(X,Y) in terms of the height

to height correlation function (see section 2.8) and o

eo(X,Y) = (2(X,Y)2(0,0)) = 0 — g(X,Y)/2 (2.88)

Putting this expression for g(X, Y) into equation 2.84 gives

do _ N2
o @2

z

LoLye %7 / dXdY 929X Y)e=i(a=X +a,Y) (2.89)
So

It can be seen that using expression 2.86 for the g(R), that c(R) is given by )™ which is the
same as expression 2.76 for the self affine fractal height to height correlation function in section

2.8.

Figures 2.32 and 2.33 show typical forms of the functions g(R) and ¢(R) with cutoff £ as defined

above.

2.9.2 Separating specular and off specular scattering

From figure 2.33 it can be seen that as R — oo then ¢(X,Y) — 0 and the ¢, dependent

exponential in the integral of equation 2.89 goes to 1. There is no dependence on X,Y as
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Figure 2.32: g(R)/ a2 vs R/£ for h = 0.7 Figure 2.33: ¢(R)/ a2 vs /?/£ for li = 0.7

c(X,Y) tends to zero. As there is no dependence on the in plane structure as R —» oo this region
of the height to height correlation function corresponds to the specular scattering. Therefore

specular and off specular scattering can be separated out, so the scattering is of the form

(m) = (fa),pec + (")offspec- EOUation 289 Can theil be W ritten

;la - NZbZLxLye~q*a2 [ [ dXdY(eq¥c{x'Y) - e gc(x'Y)"0o) + eq2c(xX)Ilc->0))e-Hq*x+qvY)
tt ~ i JSo
(2.90)

z J

where eg¥c’x t = i. The specular part can then be written

da N 2b2
LxLye-"m”2 f f dXdYe-"'x+"-y) = — LxLy%-e-<"6(qx)S(qv)
dn J Jso Oz 0z
(2.91;
which can be shown to be equal to |R\2e~g*s which is similar to the expression given by Nevot

and Croce [65] (see section 2.7 equation 2.69 for reflectivity from a rough surface). The off

specular part is

da\ N 2b2 :
2 LTly6  Ja2 [ [ dXdYal(eq®c{x'Y) - i)e- » x+"y) (2.92)

ditJ offspec J Js0

The integer 1 in equation 2.92 effectively subtracts the specular scattering from the off specular
scattering. The separation of the specular and off specular scattering is dependent on there

being a cut off length so that a2 saturates. If there is no cutoff then g(X,Y) is divergent
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and there is no X,Y independence in ¢(X,Y) and hence no true specular component to the

scattering.

2.9.3 Scattering from a single interface in the distorted wave Born

approximation

The Born approximation breaks down as R tends toward one as multiple reflectivities are

neglected.

The DWBA derived by Sinha et al [88] for an interface describes the rough surface as a per-
turbation on an ideal smooth surface. For further discussion and derivation of the DWBA see
appendix A. The height of the ideal surface is at z = 0. The potential V; in the first order
DWBA (see section 2.5 equation 2.22 is the potential of an ideal smooth surface which is given
by

k2(1 -n?), 2<0
Vi = o ) (2.93)

0 z2>0

where kg is the incident wave and n is the neutron refractive index of the medium (see section
2.7). The pertubating potential V, represents the scattering potential of a rough surface, with
mean height z = 0 and is dependent on whether z(x,y) on the rough interface is above or below

z=0.

k3(1 - n?), for 0 <z < z(z,y) if 2(z,y) >0
Va=q —k2(1 - n?), for z(z.y) <2< 0 if z(z,y) <0 (2.94)

0 elsewhere.

The surface is considered to have x and y dimensions L, and L, with periodic boundary
conditions and the medium is semi infinite in the z direction. The situation for a smooth
surface where z(z,y) = z = 0 can be solved exactly using Fresnel reflectivity equations (see

section 2.7). The exact eigenstate for the smooth surface is
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Cle™T + R(ki)eX 7], z2>0
h(r) = " (2.95)
CT(ky)ek+™ 2<0

where k’; is the specularly reflected beam and kt; is the beam transmitted into the medium,
C is a normalisation constant to normalise the beam to unit flux and T'(k;) and R(k;) are the
complex Fresnel transmission and reflection coefficients resepctively (see section 2.7). Restating

equation 2.22

(ke|T|k) = (v, Vildi) + (Ui | Valiprl) (2.22)

Sinha [88] puts the eigenstate 17} equal to ¥;(r) which has just been defined. The time reversed
eigenstates from equation 2.22 are defined for a smooth surface with incident wave vector —ko

by

- Cle™*2™ + R*(kp)e?¥27], 2> 0
P, = Pa(r) = . (2.96)
CT*(kp)e'2 T z2<0

k2 is now the specular reflection of the incident wave kf, and ki is the wave in the medium
propagating up to the surface and combining with k% to produce k2. These waves are time

reversed. This is shown in figure 2.34

\
’
\ k',

Figure 2.34: Rough surface which is a perturbation of the smooth surface (horizontal line at

z = 0) with the wave vectors of the DWBA for a thin film shown

Now defining the plane wave ¢y which will be called ¢ (r) by
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¢1(r) = Ce'*rT (2.97)
The T matrix element for scattering of neutrons (or x-rays) with initial wave vector k; into a

state ko scattering from a surface film approximated by the DWBA may be written as the sum

of two matrix elements

@ITI1) = (Pa|Vilg1) + (2| Valy) (2.98)

The differential scattering cross section is given in terms of the T matrix element

do _|@TP _ 1
dQ  1672|C|*  1672|C|*

(I21Vales) + (PalValvn)?) (2.99)

To find the differential scattering cross section the 7T matrix element needs to be averaged
over for the rough surface. The averaging is over all possible heights on the surface 2(X.Y)
for an incoming eigenstate 1 and an outgoing eigenstate 2 (see equation 2.98). The averaged
differential scattering cross section can be split into a specular and off specular part as shown

for the Born approximation in section 2.9.2.

do do do

= = = — 2.1
(119 dQspeC + df? offspec ( 00)

The first matrix element from the DWBA expression (2|V1|¢1) contains only the ideal potential
V; and so all reflection is specular. It can be shown that the differential scattering cross section

for the first matrix element of the T matrix (when V2 = 0) is [78], [88]

do

E(VFO) = (LzLy)kgSinZGI |R(k1)|25(‘1x)‘5(%) (2.101)

where 67 is the angle of incidence. The delta functions are conditions for specular reflectivity.
The second matrix element (J2|V2|¢1) when averaged contains both a specular and off specular
part. Remembering for the first matrix element z is fixed at 0 and for the 2nd z is fluctuating
and writing the first matrix element as V(1) and the second as V(?) the averaged specular and

off specular differential scattering cross sections are given respectively by
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do

Wapee = VI +H (VO (2.102)

do

do — (V@Y @ _ @2 2.103
onﬁ'spec ( > |< )l ( )

Now the V() needs to be solved. Using equations 2.95 and 2.96 the following expression is

derived

V) = |CPkE(1-n?)[Fy (q)+R(K'2) Fy (a1 )+ R(k1) Fi (q2) R(K'2) R(K1) Fy (q3)+T (ko) T (k1) F_(qy)]
(2.104)

where F, is the term given by the products of the wavefunctions above the rough surface after

integrating the z component between z(z,y) > 0 and 0. It is given by

F+(an) = . // dzdy(e‘q"z(z(zvy)) _ l)e—i(qnzz+qu) (2.105)
An Soz(z,y)>0

and F_ is given by the products of the wavefunctions below the rough surface integrating the

z component between z(z,y) < 0 and 0. The expression for F_ is

F_(qn,) = L // dzdy(e~9n=(2@W) _ 1)~ Hanetanyy) (2.106)
an Soz(z,y)<0

gn defines the five different possible wavevectors from the various summations of k,, in the

exponential

@ = ko-k;
a = ky-k
@ = kx-Kk
a3 = ky-kj
a = ki-ki (2.107)
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The wavevector ¢; is the momentum transfer in the medium. It can be seen that ¢;, =
—@12,93: = —Qo, and under specular conditions all ¢(z,y) = 0 and g2, = —¢1, = 0. Re-
turning to equation 2.102 Sinha [88] shows if the distribution of (z(z', y’) — 2(z, y)) for a surface
is Gaussian then (V) subtracts from the ideal smooth surface reflectivity (V(1)). The aver-
aged matrix element (V(2)) represents a decrease in the measured intensity at g, = 0, caused
by the rough surface. This gives a result for the specular component of the scattering that is
consistent with the Nevot and Croce result, mentioned in section 2.7.7, to order g2 if g.o is not

large (g, is the critical wave vector value for total external reflection).

Sinha et al [88] simplifies the derivation for the off specular scattering by noting that the wave
function and its derivative must be continuous across the the interface. The terms for z > 0
are replaced by the terms for z < 0 in the wavefunctions %; and % The expression for the

second matrix element simplifies greatly to

(2|Valtpr) = T(k1)T(k2)|k2(1 — n?)|F(qe) (2.108)

where

F(qe) = az; / /S dzdy(e 9= 3@V _ 1)e=i@zetay) (2.109)

where the t denotes that it is the wave vector transmitted into the layer. From expression 2.103

the V(2 matrix is squared and then averaged giving the following expression

|2l Valyn) P = ICIIT (k) PIT (ka) PIRS (1 = n*) P[(F (@) F(@e)*) — (F(@e))(F * (@) (2.110)

where

<F(Qt)F(Clt)*>=—12-// dxdy// dgg’dy’«e-iQZ(Z(r,y))_1)(62‘Qi(Z(I',y’))_1))e—i(q;_y¢+q;_¢y)
t So So

q
(2.111)
(F(q:)){(F * (q:)) = 0 when z is evenly distributed around 0. The off specular differential

scattering cross section is given by

do _ |k2(1 = n)2|? \ ,
Wotipec ~ Llr) T gz 1T Aa) [T (ke)PS(ar) (2112)
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where

S(qi) = p [ f dXdYy (ew W)  pellexXrary (2.113)
J Jsn

The height to height correlation function ¢(X.Y) is now present within the DWBA expression
for off specular scattering from a single surface. The justification for this can be seen by referring
to the derivation of expression 2.92, the expression for off specular scattering in the BA derived
earlier in this chapter. Expressions 2.112 and 2.113 are almost identical to expression 2.92 for
the off specular scattering in the Born approximation, except for now g¢ is used instead of gz
and the Fresnel transmission coefficients 7" are in the coefficient. These T coefficients give rise
to maxima for scattering at the critical angle, which corresponds to Yoneda scattering [105]
seen in experimental work. This can be seen in figure 2.35 comparing the BA and DWBA
reflectivity calculation for a single layer with the same parameters. For high gz \T\2 ~ 1 and
q{ ~ qz and this expression reduces to the Born approximation expression. The height to height

correlation ¢ (X, Y) used in section 2.9.1 can be used in the DWBA model.

06 08 1 12 14 16 18 2 22 24
Angle of Reflection 0*

Figure 2.35: Comparison of BA and DWBA for single layer with A 8, NB = 9.407e - 6,
9 =15 h=04and £ = 7000. The DWBA shows Yoneda scattering
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Isotropic surfaces in the DWBA

In time of flight experiments the resolution is usually relaxed in the g, direction and good in the
gz, so that the scattering is a function of ¢, only [70]. If the sample is isotropic it is expected
the scattering from ¢, and g, will give the same results for the surface height distribution of the

surface. Therefore in the expression for S(q;) (2.113) the y direction is integrated over, giving

S(q:) = o~ ((@8)*+(az+)%0%/2) / dX (9" elX) _ 1)¢ila=X) (2.114)

lg 12 z

which is a function of z only in the lateral plane. Putting in the self affine expression for ¢(X,Y)

2.76

1 (012 (ot #)2 2 12,2, -(1X1/6)2h i
S(ar) = e ((a)?+(gtw)0 /2)/Idx(e|q,| o%e ~ 1)¢i(a=X) (2.115)

This expression is in general not analytically solvable and numerical methods have to be em-

ployed.

2.10 Scattering from multiple interfaces

Pynn [70] extends Sinha et als [88] DWBA formalisation to a two layer system and Holy and
Baumbach [43] extend it to systems containing multiple layers. In their initial work Holy and
Baumbach assume there are no interference effects between layers and the total reflectivity is
the sum of the reflectivity from each of the individual layers. The wavefunctions are defined

for each individual layer and are given by

P (r) = O[T (ki)e™i™ 4+ R*(K)e*17] (2.116)

P (r) = CIT" (k])e™&™ + R* (K'3)e™37] (2.117)

where j is the index of the layer. The transmission and reflection coefficients for each layer are

dependent on the medium. This sis shown in figure 2.36
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Figure 2.36: Transmission and reflection coefficients in a multi layer

It can be seen that this is the same as Sinha’s wave functions as 7 = 1 for a vacuum or air
and B = 0 in a semi infinite medium. The assumption of continuity across the interface is
still made, however the wavefunctions above the interface for each layer are used, in contrast
to Sinha et al [88] who uses the wavefunctions below the interface. There is now no advantage
in using the wave function from below the surface as they now both contain the same number
of terms, either choice is equally valid. Putting (k") - 73 and ~(k”) = B\ and ignoring the

constant coefficients which just scale the scattering.

The 2nd matrix element becomes

N
(IM W i) = ki(n)-n]+0)Y,(T{TiF (") +T{liF (") +RiTIF("2)+RiliF(4)) (2.118)
3-1

where F(q”)) = F+(q,)) defined in equation 2.105 and N is the number of layers. The
summation is over all the layers. Initially it is assumed that only terms from the same layers
interact so — 0 when (j ~ k). Multiplying expression 2.118 by its
complex conjugate in order to find do/dil results in four combinations of the k3 and k3j
vectors to produce g4 type vectors in the exponentials. These g type vectors come from the
addition of ¢3 vectors when the exponential terms of expression 2.118 and is complex conjugate

are multiplied. These are given by
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q%z = kzl +k22

Q{z = _(kzl + kzZ)
q%z = (kzl - kz2)
qj, = —(ki —ks) (2.119)
where qu = —q{z and q-;z = —q%z. The differential scattering cross section is given by
kS N j g i i j
% = LeLygerr Xjey In] — nfaPITYT + RIR)PQG (2.120)

+H(RIT] + T B})PQ}, + 2Re{(TY T (R{T3)" + T RY(R{ R))") Q%
+HT{ T3 (T{RY)* + R{T3 (R{R})*)Q}: + TY T (R R3)" Qs + T{ RY(T{ R})* Q},}]

where
. 1 j j . i (ad Ve
T = j_.*c(-v?(<qe,.,>’+(qa=>~2>/2> / dXelmia= XN elom.(a.)" e (X)) _ 1 (2.121)
sz(q%z) So

where the indices m and n refer to the indices given to the qJ,, vectors.

It can been seen that each layer contains six terms corresponding to the possible combinations
of ¢J, in expression 2.121 for each layer in a multilayer. Each of the six terms has a combination
of T and R coefficients. The reflectivity is the summation of the individual reflectivities for
each interface, where interface j is the interface between 7 — 1 and j. It assumes that there is
no interference effects between the layers. Pynn [70] performs a calculation on a 2 layer system,
and assuming a semi infinite 2nd layer replaces the wave function for the bottom layer with
that below the z = 0, which simplifies the above expression back to expression 2.113 for the

bottom layer.

The effect of adding more layers on the reflectivity is to give lines of higher intensity scattering
which correspond with the spacing of the specular fringes at 8; = 65, ¢; = 0. On a 8, A plot
of reflectivity these lines can be seen to point toward the origin as shown in figure 2.37. The
Yoneda peak [105] at the critical angle is still the dominant line of higher intensity, although
other lines of higher intensity scattering originating at g, = 0 and pointing to the axis origin

are visible.
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Figure 2.37: Uncorrelated 2 layer DWBA plot in 9, A space, showing Yoneda and lines of
heightened intensity pointing to the origin. Layer 1 a = 15, /i = 0.7, 2 = 482A,£ = 10000A.
NB = 68¢- 6. Layer 2a = 1, h = 0.7, 2 = 0A, £ = I0000A. NB = 2.073¢ - 6.
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2.10.1 Correlation between interfaces

If there is a correlation between the morphology of the interfaces then interference effects can
be seen. Holy et al [42] discuss this effect. These effects need to be taken into account, even
if it is only a partial correlation. The correlation between interfaces is modelled in a similar
way to the height to height correlation of a single interface and again is discussed in section
2.8. The Fourier transform which gives inference effects between layers is similar to that of the

single layer in equation 2.121 and is given by

Qik = B S G (TN XS LR FOVE) dXdY e~ a=X+a ) (el (an) e (X)) _1 (5 £ k)
= (gK.)* So
(2.122)

where j and k are the indexes over the layers and c;i is the cross correlation function between
the layers. The complete expression for scattering including correlation between layers is written

compactly as [79] [42]

d K .
& = Lo Ly—2 |3 In? - n2,,1Q%,, (G2 + G3) + (G} + G2)P? (2.123)
ds) offspec 167

Jj=1

Y16m2

k4 N * ik 2 *
+LoLy==25 | > (- nl)(m} —nin) @, Y GFGE
J=1.j#k m,n=0

GO = Ty Ty e~ 00 (2.124a)
Gl = Ty ;R je” %% (2.124b)
G? - Rl’sz,je'iq:fz" (2.124c)
G? - Rl‘jRZ,je_iq::sz' (2.1244d)

where e~%9:5% is a phase factor between the layers and z; is the height of the layer. This
needs to be taken into account to show interference effects from scattering from different layers.
There are sixteen possible combinations of the G coeflicients adding an extra sixteen terms to
the scattering. The above equations assume that the wavefunction across the interface takes

the form of the wavefunction above the interface. This is due to the analytic continuations of
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the wavefunction across the interface as mentioned in section 2.9.3. Using the wavefunction

below the interface to approximate the wavefunction across the interface is also valid.

Figure 2.38 shows an off specular reflectivity plot with a layer correlation added. The layer
correlation used is the one suggested by Schlomka [79] (see section 2.8). It can be seen that at
gz = 0 (6; = 0y) there are lines of heightened intensity that correspond with the specular fringes
and those given by the uncorrelated multilayer in section 2.10, however away from ¢, = 0 these
lines point to —#y rather than to the origin as for the uncorrelated multilayer. The fringes given
by the uncorrelated multi layer are still in the reflectivity, and while the Yoneda peak is still
strong other fringes are dominated by the cross correlation fringes. The reason for difference
the in direction of the fringes comes from their origins within the DWBA expression. The lines
in the uncorrelated part of the model come from the e%*:st = ¢%:! (where §; = 6;) factor in
the Fresnel coeflicients, where ¢ is the thickness of the medium. The fringes in the correlated
terms are from the phase factor between interfaces e*9:¢ (where d is the distance between the
interfaces). At the specular 2k,; = k,; + k.5 = g¢., hence the fringes correspond at g, = 0. The

lines of heightened intensity caused by the cross correlation terms follow constant g, contours.

2.10.2 The effect of different roughness contributions

For the liquid/liquid polymer interfaces used in this work there are two contributions to the
interfacial roughness an ‘intrinsic’ roughness o;,; due mixing of polymer on a molecular level
and lateral roughness oy; due to thermal capillary wave fluctuations (this is discussed in the
next chapter). The square of the total roughness oy, is given by the sum in quadrature of the

two contributions [77]

Jtzot = o'i2nt + Ul2at (2125)

As discussed in chapter 3 intrinsic mixing results in a graded scattering length density profile
normal to the interface in a bilayer system and there will be no off specular scattering from a
system with intrinsic roughness alone. The specular and off specular reflectivity are sensitive to
040t In the g, direction, so g;,¢ will affect the rate of fall off of off specular reflectivity, provided

there is off specular scattering due to o; contribution to the sample.

Off specular neutron scattering will be sensitive to the amplitude and wavelength of capillary

wave modes at the interface. Gelfand et al [32] show that the Born approximation and DWBA
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Figure 2.38: Correlated 2 layer DWBA plot in 9, A space, showing Yoneda and lines of height-
ened intensity pointing —9n along constant gz contours. Layer 1 tr = 15, 2 = 0.7, 2 = 482A,
f = 10000, NB = 6.8e- 6. Layer 2a = 1, h = 0.7, z= OA, £ = I0000A, NB = 2.073¢ - s,
£L = 10000A
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can be used to describe two component surface roughness. Equation 2.114, which describes
the intensity of scattering from an interface in the DWBA, is sensitive to the total interfacial
roughness and the lateral structure. The ¢ term in the coefficient represents the total roughness
(0 = 0t0t). The integral expression is dependent on the lateral structure of the interface because
it contains the height to height correlation function C(X,Y’). If the height to height correlation
function is the self affine height to height correlation function (described in section 2.8) it
contains the lateral roughness oj,;. By fitting the off specular experimental data using the
DWBA expression, g,: and 0y4; can be found by using them as fitting parameters and o;,; can
be calculated. The effect that o;,; has on the calculated reflectivity is to change its decay as
a function of decreasing ¢g,. The lateral roughness term o0;,; changes the rate of decay of the

reflectivity in the ¢, away from ¢, = 0.

McClain et al [568] perform off specular x-ray experiments on a liquid/liquid interface of hexane
and perfluorohexane at various temperatures. They show that the interfacial roughness is due
to ‘firstly, an intrinsic width over which the fluid density varies smoothly from one coexistence
composition to the other, and, secondly, that the interface acquires an additional and larger
statistical interfacial width as a result of capillary fluctuations’. The off specular scattering
data is fitted using a single layer DWBA approximation with the capillary wave height to height
correlation function described in section 3.2. The capillary wave height to height correlation is
a function of the surface tension and the longest and shortest wavelength capillary modes. The
0ot and g,y were extracted by simultaneous fitting of specular and off specular data, while the

intrinsic width was extracted using a variation of equation 2.125.

Stone et al [91] perform off specular x-ray experiments on hydrocarbon and halogenated polymer
bilayers of chlorinated polybutadiene and polystyrene respectively. The bilayers are annealed at
different temperatures and fitted with a 3 layer DWBA approximation, with no cross correlation
terms between the three interfaces. Two different models of the interfacial roughness between
annealed bilayers are used. The first model is described as a ‘correlated’ model. The buried
polymer/polymer interface is described by 20 ideal films with continuously varying density,
which are used to describe a composition profile for ¢;,;. A roughness is then added to each of
these ideal films, which is constant for all films, which is used to describe 0,4;. In this model o;.;
is dominated by 0j4:. The second so called ‘uncorrelated’ model again uses 20 layers to describe
the buried polymer/polymer interface, but the roughnesses of the layers are not correlated. In
both cases the self affine height to height correlation function [88] is used to describe the lateral

structure of the capillary wave contributions, with the author claiming that it is intrinsically able
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to describe a system of capillary waves. The papers author found that both descriptions of the
interface could be used to adequately fit the experimental data. The results for the roughness
contributions and the interfacial tension are compared with self consistent field theory with the
correlated model matching the theory more closely. The uncorrelated model suggests that the
composition profile of the interface is uncorrelated at different points in the x, y plane. This
seems unphysical so in this work a correlated model approach is used, where a single intrinsic

profile is superimposed onto a lateral roughness due to capillary waves.
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Chapter 3

Polymers and Capillary Waves

68



3.1 Polymers

A polymer is a large molecule composed of repeating structural units known as monomers,
which can be thought of as links in a chain. They encompass a large range of natural and
synthetic materials, including DNA. rubber and plastics. Some polymers are made up of one

type of monomer, some are made up of more than one type.

An example of a polymer commonly used in applications such as packaging or laboratory petri
dishes is polystyrene. It has a chemical formula (C$8H$)N where the N subscript is the number
of repeating units. The monomer is a vinyl benzene (styrene) monomer, which contains a
double bond between it’s outer carbon atoms. The polymer is formed when this bond is opened

allowing bonding between adjacent monomers as shown in figure 3.1.

~0 « 6 6 6 6 6

styrene polystyrene

Figure 3.1: Styrene monomer and polystyrene polymer

3.1.1 Basic properties

The molar weight of a single polymer is simply M/v = MrnonN where Mmon is the weight of
a monomer and N is the number of monomers in a chain. The degree of polymerisation refers
to the number of monomers in a polymer chain. In most synthetic polymers the number of
monomers in a chain is not constant . There will be a distribution of different chain lengths in
a polymer sample so an average molar weight is required. There are two methods of defining

the average weight of a polymer sample.

Number average molar mass

The number average molar mass is given by

Mn =y : UMj 3.1
i
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where n; is the fraction of polymer molecules in the mix with degree of polymerisation i and

M; = Mponi.

Weight average molar mass

The weight average molar mass is given by

M, = ZwiMi (3:2)

where w; is the fraction of the total mass of the mixture made up by polymers with degree of
polymerisation i. For a system containing polymer chains of lengths @ and b where a < b and
containing equal numbers of each length chain, then n, = n), while w, < wp because a greater

fraction of the total mass is made up of the longer b chains. This means that M,, > M,.

Polydiversity index

The polydiversity index used in order to measure the width of the distribution of chain lengths
and is the ratio of M,,/M,. If M, /M, = 1 then the polymers are monodisperse. Higher

polydispersity index mean a broader polymer chain length distribution [74].

Stereochemistry

Carbon based polymers can have more than one chemical side groups attached to the main
carbon chain. For linear carbon based polymer chains with two different groups there are three
possible molecular architectures; i) isotatic where side groups of the same type would all be
on the same side. The polymer molecule in figure 3.1 is isotatic if laid out in a planar zig zag
ii) syndiotactic where the side groups alternate between sides of the chain systematically iii)
atactic where the side chains are arranged randomly. These configurations are shown in figure

3.2.
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Figure 3.2: Stereochemistry of polymer chains (taken from reference [1])

Crystallinity

Atatic polymers will form glassy solids with no order. Isotatic and syndiotactic polymers can

crystalise. However in most polymers the degree of crystallisation is below ~ 50% and cascades

of crystalline lamellae separated by amorphous regions form as shown in figure 3.3.

Crystalline

region
Amorphous
Jregion

Figure 3.3: Morphology of a semi crystalline polymers (taken from reference [13])

Polymers can be heated to form a bulk liquid, or melt. For amorphous polymers the temperature

above which this occurs is called the glass transition temperature 7,7 The bulk polymer changes

from being a brittle glass like material to a rubbery material. Crystalline polymers exhibit a

change from a solid to a disordered melt at a melting temperature 7m, exhibiting a discontinuous
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increase in volume at T;,. Semi crystalline polymers exhibit both behaviours. The bulk will
form a disordered melt above both T; and T;,. On rapidly cooling a semi crystalline polymer
melt, the crystalline domains do not have time to form and a glassy solid is formed, keeping
the liquid structure of the melt [33]. In recent years a substantial body of evidence has been
accumulated which demonstrates that Ty and T;, can differ significantly from the bulk values in
thin films (typically < 100nm) [3]. Some polymers can be described as liquid crystal polymers.
Above Ty and T, the polymer enters a nematic phase. In the nematic phase individual polymer
molecules are free to flow and their locations in the melt are random but on a larger lengthscale

they align to maintain long range directional order.

Polymer chain length

The simplest description of a linear polymer chain is the mean square end to end distance. The
bonds between monomers are assumed to be freely jointed, so there is no correlation between
the orientation of adjacent monomer molecules. The mean squared end to end distance <R§e>

is given by

(RZ,) = Na? (3.3)

where N is the number of monomers and a is the monomer length. This is simply a random walk.
In reality bonds between monomers will have stiffness, so the orientation between monomers
adjacent to eachother or close together in the chain have correlation. The statistical segment
length b is introduced to take into account chain stiffness. The statistical segment length is
the length which must be traveled along the chain before there is no correlation between the

orientation of monomers. In this case the mean squared end to end distance becomes

(B) = N (3.4)

Another commonly used measure of chain stiffness is the persistence length [,,. This can be

shown to be equivalent to

lps = — (3.5)

Not all polymers are linear chains and their size cannot be accurately described by the mean
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square end to end distance. The square radius of gyration is a means to describe the size of
polymers regardless of their structure. It is defined as the average square distance between the

monomers and the centre of mass of a polymer molecule. The radius of gyration is given by

N
2= Zm Rm)? (3.6)

where R; is the position vector of monomer i in the polymer molecule and R, is the position
vector of the centre of mass of the molecule. R.,, is given by the number average of the

monomer position vectors [29)].

N
m = Z (3.7

where R; is the monomer position vector. The radius of gyration for various polymer confor-
mations are tabulated [74]. A linear freely jointed polymer for example has a radius of gyration

of (R2) = Na?/6. The mean squared end to end distance in this case is (RZ,) = (RZ) /6.

3.1.2 Conjugated polymers

Conjugated polymers are polymers which can possess conducting or semi-conducting proper-
ties. There is considerable interest in the use of conjugated polymers in electronic devices as
they possess many desirable properties over traditional silicon electronics. These include good
mechanical properties allowing, for example, flexible displays. The main drive to improve poly-
mer electronics is due to their low cost relative to inorganic materials such as silicon and their

potential for large area fabrication.

Most polymers act as insulators as their chemical bonding localises the electrons to each
monomer. The carbon backbone of a conjugated polymer has alternate single/double or sin-
gle/triple carbon to carbon bonds. Two typical conjugated polymer geometries are shown in

figure 3.4.

The double or triple bond will contain a localised ¢ bond and a delocalised = bond. The electrons
in the = bonds delocalise throughout the molecule giving the polymer conductive properties.
The electrons exist in molecular orbitals at different quantised energy levels. The highest energy

level molecular orbital which is occupied by electrons is called the highest occupied molecular
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Figure 3.4: Typical conjugated polymer carbon bond geometries

orbital (HOMO) and the lowest energy unoccupied orbital is called the lowest unoccupied
molecular orbital (LUMO). An excitation (for example by the absorption of a photon) can lift
an electron from the HOMO to the LUMO creating a hole/electron pair called an exciton. The
energy difference between the HOMO and the LUMO is roughly analogous to the band gap
difference in inorganic semi conductors. This is shown in figure 3.5. For further discussion on

molecular orbitals, and conjugated polymer properties see reference [51].

LUMO empty
Energy band gap
HOMO filled

Figure 3.5: Band gap difference in a conjugated polymer

Many electronic devices require interfaces between materials of different conductive proper-
ties, for example for the purpose of electron and hole recombination in light emitting diodes
(LEDs) and charge separation in photovoltaics (PVs). Both these types of device require conju-
gated/conjugated polymer interfaces (known as hetrojunctions). Electronic devices have been
fabricated using conjugated polymer blends for devices such as organic LEDs (oLEDs), PV cells
and organic field effect transistors (oFETs). Currently one of the main drives of research is to

improve the performance of these devices [47].

The interfacial structure between polymer films is likely to be important to device performance.
Several groups have looked into the effect of interfacial roughness on charge mobility and exci-
ton separation. Chang et al [14] show that increasing the interfacial roughness of F8T2/PMMA
and F8T2/SiO, by changing the solvents used in fabrication decreases charge mobility in oFET
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systems. They measure the interfacial roughness using specular neutron reflectivity. Yan et al
[103] found for an PF8/ F8BT bilayer used in a photovoltaic device that interfacial roughness
affected device performance. Using x-rays to measure interfacial roughness and photolumines-
cence to measure exciton separation also shows that device efficiency decreases as the interfacial
roughness increases. This is attributed to the decreased charge mobility in the annealed poly-
mers, which counteracts the increased ratio of exciton separation due to increased interfacial

area.

The form of the interfacial roughness between two amorphous polymers is considered by Sfer-
razza et al [84] who demonstrate there are two contributions to the interfacial roughness an
intrinsic roughness caused by interfacial molecular level mixing (discussed the next section)
and a capillary wave contribution (discussed in section 3.2). Attempts to separate out the two
roughness contributions by direct measurements for halogenated polymers and simple liquids
have been made by Stone [91]and McClain [58] respectively using off specular x-ray scattering.

The results and implications of their work are discussed in section 2.10.2.

Higgins et al [37] suggest that different roughness contributions may affect device perfor-
mance in different ways and they attempt to separate out these roughness contributions for
a poly(9,9’-dioctylfluorene-cobenzothiadiazole) (F8BT)/F8 conjugated polymer system. Using
specular neutron reflectivity to measure the total interfacial roughness inferring the interfa-
cial mixing contribution to the roughness by measuring its photo physical properties the two
contributions to the total roughness can be found. There are no examples in the literature of
measuring the contributions to the roughness in conjugated polymer systems in the way that

Stone [91] has for halogenated polymers and McClain [58] has for simple liquids.

The physics of the behaviour of conjugated polymer molecules is not as well understood as the
behaviour of amorphous polymer molecules. Since conjugated polymer chains contain double
and triple carbon bonds they are stiffer than amorphous polymer chains [40]. The persistence
length for amorphous polymers PMMA and PSis 9 A[74] compared with 9nm for conjugated

polymer F8 [34]. This will affect the intrinsic molecular level mixing.

3.1.3 Polymers at interfaces

Most of the work in this thesis is concerned with layered polymer films which are then annealed.

In the melt the individual polymer molecules have freedom to move and arrange themselves
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to minimise the free energy of the system. This section looks at the entropic and enthalpic
properties of polymers, to describe the mixing of the polymer bulk phases. It can be shown
that most polymers are immiscible, but there is some mixing at the interface caused by the
entropic effects, which will be referred to as interfacial mixing. This is illustrated in figure
3.6 showing two polymer films in a melt in which the two phases are pure, except for a small

amount of mixing at the interface.

Figure 3.6: Small amounts of mixing at the interface, while the majority of the system is in one

of two homogeneous phases (A or B)

3.1.4 Thermodynamics of polymer mixtures

Considering a homogeneous mixture of two types of polymer labeled A and B at constant
pressure the volume fraction of 4 and B are 4>\ and respectively where s.4 + = 1
The system aims to minimise the Gibbs free energy of mixing. Ignoring surface effects the free

energy of mixing Fmix for a system containing only polymers 4 and B is given by

Frnix = FA+B —{FA + FB) (3.8)

where F'\ and Fy are the free energies of pure 4 and B respectively and F4+B is the free energy
of the mix. This mixing is shown in figure 3.7. F7nix has enthalpic and entropic contributions.
The Gibbs free energy is given by G{T,p) —H —TS where T is temperature, p is pressure, FI
is enthalpy and § is entropy. In a physical system mixing occurs at a constant pressure but the
Flory Huggins model assumes there is no volume change due to mixing. Therefore the simpler
Helmholtz free energy is used F{7) = U —TS where U is the internal energy of the system.
The internal energy contributions are mainly dependent o11 interactions between polymers, such
as van der Waals forces. If these interactions act to reduce the free energy of the system then

mixing is favourable.
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Figure 3.7: A system of two pure polymers 4 and B are mixed to create the mixed system
A + B. The free energy of mixing Fmix is the change in energy in going from one state to the

other

3.1.5 Flory Huggins theory

The Flory Huggins model is a simplified model of the thermodynamic interactions of a polymer
in a solvent or with another polymer. However it does give a representation of the minimisation
of the free energy of a system by considering the competition between the configurational
entropy of mixing and the internal energy contributions. The reader is referred to Rubenstein

and Colby [74] for a fuller description.

The model consists of a simple cubic or square lattice as shown in figure 3.8 with coordination
number of 2. Each of the points on the lattice can either be occupied by a monomer of type A
or B. The size and shape of monomers are not considered. The polymer chain is represented
by a random walk of monomers across the lattice. The polymers are subject to the conditions
that no chains intersect (they cannot cross each other), each lattice point can only be occupied

once and the degree of polymerisation for all chains of the same species is the same.

The enthalpy of mixing shall be considered first. The internal energy of a particular configura-

tion p of the polymers 4 and B on a lattice is given by

E(p) =EAA KAA+ £BB £AB KAB 3.9

where G is the enthalpy of the interaction between neighbouring segments. Due to the amount
and complexity of the possible configurations of the polymers in a melt an analytical solution

does not exist and numerical solutions are very difficult to calculate. A mean field approach is
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Figure 3.8: Illustration of 2D Flory Huggins model with polymers on a lattice. Blue circles
represent polymer species A with degree of polymerisation 8 and red circles polymer species B
with degree of polymerisation 6. The black lines represent covalent bonds between neighbouring

monomers within each polymer chain

applied to find the average energy of a lattice point in a mix of A and B. The energy of mixing
is found by subtracting the energy of the lattice sites in pure A and B phases from the energy

for the mixed site. The expression for the enthalpy of mixing UmiX is given by [83]

UmiX = $A$BXknT (3.10)

Which gives rise to the dimensionless Flory Huggins interaction parameter y
X=12z(2€4 .
(2€4U cBl 3.U)

The parametery is the change in energy when a monomer of A is takenfroman environment of
pure A andswapped with amonomer of B from an environment ofpure B in units of kj{T. If
the y parameter is positive then the energy of the system increases and mixing is unfavourable

energetically. If it is negative then mixing is energetically favourable.

The entropy of mixing of polymers A and B with degrees of polymerisation Na and N ssis given
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In®4 + —In®p (3.12)
Np

and is based on a lattice gas model, with the degrees of polymerisation of the chains reducing
the translational entropy, which gives rise to the N denominators in both terms on the right

hand side. For further discussion see Jones and Richards [49].

Combining expressions 3.10 and 3.11 give the following expression for the Flory Huggins free

energy of mixing

Foi. @4 op
= —AIn(®4) + -Zin(®p) + xD 4D .

The free energy for a constant temperature is then a function of yN. The simplest case to
analyse is when polymers A and B have the same degree of polymerisation Ny = Ng = N.
Figure 3.9 shows the phase diagram for such a system for different x/N parameters, plotting the
free energy against volume fraction of polymer. The curves are symmetric around ® = 0.5. If

N4 # Npg as in figure 3.10 then the curves show asymmetry.

Considering the situation in figure 3.9 where N4 = Ng = N it can be seen for values of x NV
lower than a critical value of 2 the free energy curves are convex everywhere and the entropy
term dominates, which favours the polymers mixing into a single phase. When x/V is greater
than a critical value then there is a concave part to the curve and minimisation of free energy
favours phase separation of the polymers into two pure phases. The critical value of x above
which mixing is favourable, occurs at x. = % Hence the critical value of x is lower for higher
molecular weight polymers and so they are more likely to phase separate. A coexistence curve
showing regions on a x/V/® plot where mixing is favourable or phase separation is favourable

oF
()

can be calculated from the condition §3 = 0, which gives a Xcoezistence value [49]).

1 1 ®

Xcoezistence = ’]’V‘mlnm (314)

If xN < 2 then separation of phases will result in the free energy of the system increasing, so
the system is stable in the mixed state. This situation is seen in figure 3.11 a). If xN > 2 then

separation of phases will result in the free energy decreasing. The mixed phase is unstable and
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Figure 3.9: Free energy curves for various |N values for Na — N, calculated form the Flory

Huggins model
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Figure 3.10: Free energy curves for various yiV values for N *~ Nb calculated from the Flory

Huggins model
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the system will phase separate into coexisting phases. This can be seen in figure 3.11 b).

05
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O BryR
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Volume fraction Volume fraction

a) b)

Figure 3.11: a) Free energy of curve for | < 2. Phase separation will result in free energy
increasing b) Free energy of curve for | > 2. Phase separation into specific compositions will

result in free energy decreasing

Solutions to equation 3.14 only exist for values of | greater than 2/TV. When |N is only slightly
greater than 2 phase separation requires nucleation from a droplet of a pure phase in the mixed
phase. As | N becomes much greater than Xc.N then a free energy region is entered where the
phases separate into pure domains spontaneously. This is knownasthe spinodal region. The
spinodal region is between the curve defined by the condition - o and the coexistence

curve. The curve defined by the expression = 0 is known as the spinodal curve and is

solved in terms of | an(l $ as

X-vanodai - 2 Nl/\ + lZNb (1 - $) A3’15A

The coexistence curve and the spinodal curve showing the limits ofthe spinodaland coexistence

regions as a function of | are shown in figure 3.12

To understand why the spinodal region occurs the free energy curve needs to be looked at in
more detail. ti‘he curvature of a free energy curve 2" for y > 2 can be posﬁll#ve or negative.
Figure 3.13 shows that for small fluctuation in the volume fraction of material ¢ the free energy
decreases from Ft, to F/ and the system will begin to phase separate. However for a similar

fluctuation in the volume fraction of material a the free energy increases from F, to Fa and
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Figure 3.12: Phase diagram showing the coexistence and spinodal curves as a function of XN

phase separation does not take place. However for much larger fluctuations in a the free energy
will decrease and phase separation will take place. Therefore for compositions on this section
of the curve there is an energetic barrier which must be overcome for phase separation to take
place. The system is locally stable to small fluctuations but globally unstable, which results in

the spinodal state.

Negative values of | correspond to polymer pairs which are miscible. Generally this is related to
to specific interactions such as chemical bonding between complimentary groups on the polymer
chains. Otherwise the polymers interact via the van der Waals force, which always results in a
positive x parameter. Because of the smallness of the |c and its dependency on the number of
monomers in the polymer chain, it can be said that for high enough molecular weight polymer

pairs with no specific interactions, they will always tend to be immiscible.

In the Flory-Huggins model the y parameter is entirely enthalpic, y oc suggesting that
phase separation will take place below a critical temperature. Experiments have shown that
for many polymer mixes phase separation takes place above a critical temperature. This shows
the physical | parameter has an entropic component within it and the Flory Huggins scheme is
inadequate to describe the mixing thermodynamics of polymers. However the usual approach
to this is to adapt the Flory Huggins theory by allowing x to become a function of $ and

temperature.
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Figure 3.13: Diagram showing how small fluctuations of volume fraction will result in free
energy increasing whereas a small fluctuation of volume fraction < will result in the free energy

decreasing.

3.1.6 Interfacial width and tension

Two immiscible polymers will seperate into two bulk phases with an interface between them.
However this interface will not be atomically sharp due to the entropic effects. The interfacial
composition profile will be characterised by the interfacial width which is a measure of the
distance from the mean interface where mixing occurs and the surface tension. Flory Huggins
theory is a mean field theory and therefore cannot describe the interfacial profile. Jones [48]
describes the width of the interface as the balance between enthalpy and entropy, which favour
narrower and broader interfacial widths respectively and uses the following argument to find

expressions for the width and surface tension, a summary of which is shown below.

Under equilibrium conditions assume that a loop of polymer 4 protrudes from a region of pure

A into a region of pure polymer B as shown in figure 3.14.

The number of monomers of polymer 4 protruding into the B region is given by Nioop. If the

loop is a random walk the interfacial width is given by

w ~ d\JNioop (3.16)

where a is the monomer size. The unfavourable energy of mixing Uint will depend on the

number of contacts between 4 and B segments
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Figure 3.14: Polymer A from region 4 protruding into region B

Uint = xNkBT (3.17)

Because the system is at equilibrium Uint will be of order kuT so

xNioop ~ 1 (3.18)

from equations 3.16 and 3.17 comes the expression

w o~ ; (3.19)
\/x

and the interfacial tension can be shown to be given by [49]

I = 'M%3-20)

This argument gives the basic form of the equations for w and 7. Theories have been developed
in order to describe the mixing of polymers more accurately, including self consistent field
theory (SCFT). Self consistent field theory was developed by Edwards [27] after noticing the
similarity between the problem of interacting polymers and interacting electrons. This section
will outline the main results. For further information please refer to appendix C and references

[49] and [74],

SCFT is dependent o11 the | parameter calculated in the Flory Huggins model. The volume

fraction profile across the interface for polymer 4 is given by
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<M?2' 1+ tanh (3.21:

;)]

where //; tlie interfacial width is given by

=<6 (3-22)

The volume fraction profile is shown in figure 3.15

N oo

Vi

Distance z/w

Figure 3.15: Volume fraction profile for infinite chain length polyers given by SCFT

where a is an average statistical segment length of the polymer chain. The interfacial tension

is then given by [49]

12

3.23
knT [T 113 (I) ( )

where p is the unit volume of a monomer. These equations have the same forms as those given

by expressions 3.19 and 3.20.

Modifications to equation 3.22 have been made by several authors to account for finite chain
lengths (10 [80] 93]. A modified version of equation 3.22 for two polymers with different degrees

of polymerisation is [93]

-1/2

_ 324
T 6012 .24
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where N is the degree of polymerisation. The main difference between this and other forms
offered is the term multiplying the (1/x/N) term in the denominator. From this expression it
can be seen that the interface will broaden as the length of the polymers decreases. This is due

to increased entropy of mixing of the shorter chains.

The interfacial width is related to the roughness ¢ measured by neutron scattering. The rough-
ness o is assumed to be Gaussian. The distribution of mixing across the mean interface for a
Gaussian roughness is given by an error function with Gaussian width o (erf(z/o)), which is
the convolution of a Gaussian and a step function. The error function (erf(z/o)) and tanh

(tanh{z/w)) curves are almost identical if o = v/27w.

3.1.7 Semi flexible polymers

The theory described above used to calculate the interfacial width assumes the chains are
flexible. The theory breaks down when the chain stiffness of the polymers becomes too large
and the polymers begin to become rod like. In order to deal with stiff chains Morse and

Fredrickson [62] introduce a dimensionless bending modulus k& which is proportional to the

persistence length. The bending modulus « is given by

K= — (3.25)

where b is the statistical segment length and a is the monomer length.

It is shown that kx << 1 is the limit at which SCFT to describe flexible chains can be used. In
the flexible regime Ky << 1 equations 3.21 and 3.22 are still valid to calculate the composition

profile and the interfacial width. Equation 3.22 can be rewritten as

w=a,/— (3.26)

In the kx >> 1 regime where the polymers are stiff the interfacial width is given by

wet (i)m (3.27)
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This gives an interfacial width which is a factor of 1/kx narrower than predicted by completely

flexible chains.
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3.2 Capillary waves

3.2.1 Introduction

The results of specular neutron scattering studies on amorphous polymer bilayers have shown
the RMS roughness of the interfaces to be larger than that predicted by intrinsic interfacial
mixing of polymers by self consistent field theory [4], [28]. Shull [87] and others have suggested
the extra roughness measured is caused by capillary wave fluctuations at the interface. Sferrazza
et al [84] provides evidence using specular neutron scattering that this hypothesis is correct for

amorphous polymer/polymer interfaces between PS and PMMA.

In this section the basics of capillary wave theory will be developed based on the initial work by
Buff and Stillinger [11]. The interface is described as an ideal (abrupt) dividing surface C,(x.y)
between two pure phases with densities p| and pi, where C,(x,y) is the displacement of the
surface from an ideal plane surface x, y at z = 0. Thermal energy gives rise to fluctuations of a
liquid surface or interface. This results in a spectrum of capillary waves of different wavelengths
and amplitudes imposed on the ideal intrinsic profile [73]. The density change across an interface

due to the capillary wave fluctuations is shown in figure 3.16.

z
ideal dividing surface

capillary wave
fluctuations

Xy
b)

Figure 3.16: a) Density gradient at an interface. The ideal dividing surface represents a step
function between 2 fluids of densities p| and p2- The intrinsic profile is imposed on top. b) The

lateral displacement of the ideal dividing surface from its average position at 2 = 0

3.2.2 Capillary wave theory

Buff et al [11] describe the work done to displace the surface a distance ((x,y) from the ideal

surface by equation 3.28
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1 ((z,y)
W=glo=pamg [ [ (@dady+ [ [+ Er @ty 329
AJO A

where 7o is the interfacial tension between the phases, 1 is the mass of both phases and (;
and (y are derivatives of {(z,y) with respect to z and y. If the surface is made up of capillary
waves (surface waves of different wavelengths) then it can be represented by a Fourier series of

decoupled harmonic surface waves.

((,y) =) Alk)e™ (3.29)
k

where s = i + yj and A is the amplitude of the waves. Because ¢ (z,y) is a small deviation
from z = 0 then (1+¢2+¢2)!/2 can be approximated as 1+ $¢2+ 3¢2. Substituting expression

3.29 into 3.28 gives

1 L L ) ,
W =A+35) AlAK) / / e 6 ((p) — pa)g — Yo (oKl + kyki)ldzdy  (3.30)
K.k 0 Jo

Using periodic boundary conditions ¢(0,z) = {(L.z) and ¢(0,y) = {(L,y) the allowed values

for k are

2 ~ ~
K= %(nxi +(ny7)  neyny =0,%1,£2, ... (3.31)

Integrating over z and y terms the k # k’ vanish. The expression for W is now

W =0L% + 3~ AR5 (1p1 - p2)g — wo(K))L? (3.32)
k

The mean values of the fluctuations ¢ and the square of the fluctuations ¢? for a set of amplitudes

A(k) are

/0 ’ /0 " cdzdy = A(0) (3.33)

o~
I
PR
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L L
C=g | [ cduty=31400p (334)
k

The mean value ¢ = 0 implies A(0) = 0 so k cannot be equal to 0 in the summation in equation
3.32. The mean square value of the amplitudes of the capillary waves are found by averaging the
expression for (2. The probability of a particular amplitude A(k) of a capillary wave occurring
due to a thermal fluctuation is proportional to the Boltzmann factor exp_k%,’f where kg is the
Boltzmann constant and T is the absolute temperature. Averaging over all possible A(k) at

z =0 gives

— 2kgT

= ,g] [L2(9(P1 — p2) + 10k?) (3:35)
Expression 3.35 gives the mean squared roughness of the surface caused by the capillary wave
contribution so (¢2) = 02,. The minimum and maximum possible capillary wave wavelengths
will be limited by the system. The maximum k allowed is 12—': where [,, is the minimum
wavelength allowed for the system. Buff et al [11] define this to be fixed by the mean thickness
of the mediums, although other authors [73] [84] define this to be of the order of the diameter

of molecules in the system. The minimum k allowed is limited by the size of the system and is

given by ZT"

The sum over k (equation 3.35) can be written in the form of an integral with the above limits
and with the relation AnzAn, = (%)2 Aky Ak, where n, and ny are in plane distances on the

surface. The integral equation gives

=5 kgT — kg1 a? + (27‘(/lm)
2 _ 2 2 2y\—1 423
Ucw— 2 > 0//2" "(O. +k ) dk———4 2 Oln( ) (2 /L)) (3.36)

where a? = 2 3-- and is known as the capillary length (see Rowlinson and Widom [73] page 10)
and helps determine the length scale on which capillary wave effects occur for liquid surfaces.
From equation 3.36 it can be seen that the major contribution to the mean square roughness
comes for small values of k corresponding to large wavelengths. In the case where the minimum
and maximum wavelengths are determined by factors other the capillary length and the size

of the system and the system is subject to external fields that affect the capillary wave vector

distribution then equation 3.36 is written as [84]
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2 2
02, = E—Fy];lnzg—::—g (3.37)
k%, and kZ, are the largest and smallest wave vectors the system can contain, with no external
potentials. The term k, represents the effect on the surface of an external potential such as
gravity or any other external potentials experienced by the interface. These external potentials
may modify the largest and smallest wave lengths of the system. The numerator in this expres-
sion represents the maximum wave vectors and the denominator the minimum wave vectors
of the system. k2, is normally limited by the minimum wavelength (maximum k) which can
be detected by the experimental setup due to resolution. In the case of a polymer interface

27

measured using neutron reflectivity Sferrazza et al [84] suggest that kp = 22 and kpy, = cu

Acoh

where o0g is the intrinsic interfacial width given by self consistent field theory, Acop is the in
plane coherence length of neutrons and represents the maximum capillary wave wavelength
which can be detected by the neutron reflectivity experiment [75]. Assuming that these two

terms for kps and k., are large compared with k, equation 3.37 becomes

. _ ksT, (337

ag = n
T

(3.38)

3.2.3 Dispersive forces

Van der Waals (vdW) forces are attractive forces present between all pairs of neutral atoms.
They are caused by either permanent or temporary (fluctuating) dipoles. Their effects are only
significant on a lengthscale up to several hundred Angstroms. The van der Waals forces between

a pair of isolated molecules has the form

W —— (3.39)

where C is a parameter describing the strength of the interaction between the atoms and R is
the distance between them. Hamaker [35] derived an expression for the interaction of all atoms
in two adjacent mediums by summing over the interactions of each pair of atoms, resulting in

the Hamaker constant A where

A = 72Cp1p; (3.40)
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where p; and po are the number density of atoms in each medium. Generally values for A are
around 10197 for interactions across a vacuum. Integrating over all atoms in the mediums the

total VAW interactions are given by

w= _T?rl? (3.41)
where [ is the distance separating the two media. Since the interactions are dipole interactions
then a third atom type in a system containing two interacting atoms will affect the interaction
between the pair. Simply summing the interactions between pairs of atoms in a medium does
not take into account the effect of the third medium. Liftshitz theory [46] ignores atomic
structure and assumes continuous media in terms of the bulk properties of dielectric constant

and (electromagnetic) refractive index. The final result for the effective Hamaker constant for

two media interacting across a third media from Liftshitz theory is

€1 — €z 62— €3 3hv, (n? — n2)(nZ — nl)

ateeatea  8V2 |/l +ndy/n]+ni(vn+nd+/nf+nd)

Acgs = KT (3.42)

where the ¢; is the dielectric constant of medium 4, n; is the refractive index of medium i, h
is Planck’s constant and v, is the main electronic UV absorption frequency. The order of the

layers is shown in figure 3.17

Media 1

Media 3

Media 2

Figure 3.17: Order of layers for calculation of Hamaker constant by Liftshitz theory

Depending on the values of ny, ng, n3 and €1, €2 and €3, A can either be positive or negative. For
the case of liquid films on a substrate if A is negative then the film is stable. If A is positive then
the film is not stable and may dewet from the substrate. In this work only stable films have been
used. In a stable film architecture vdWs forces can act to suppress large wavelength capillary
waves, defining a vdW cut. The smallest wave vector fluctuation the system can sustain may

now depend also on the vdW contribution. For a scattering experiment where the gravitational
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cut off is much larger than the coherence length the mean square roughness will depend on the
coherence length of the radiation or the vdW cut off. If the high wavelength capillary modes
suppressed by vdW forces are smaller than the coherence length of the neutrons then the
scattering experiment will ‘see’ all possible capillary modes and the roughness measured will be
due to the high wavelength cut off caused by vdW forces. If the high wavelength capillary wave
modes are larger than the coherence length, then the scattering experiment will not ‘see’ these
larger modes and the roughness measured will not take into account these higher wavelength

capillary waves. Equation 3.37 can be written [84]

2 kBTl (3_3)2 (3.43)

For thin films the low wavevector cut off due to vdW forces is given by [26], [95]

Aeyy/2m)?
Quaw = \Bet1/21)° f(fiﬁ ™) (3.44)

3.3 Height to height correlation functions for capillary

waves

Equation 3.35 for an individual capillary wave mode at a simple liquid interface may be written

[59]

2kpT

9(p1 — p2) + 0k?) (3.45)

(€)= | 7o

which is the average displacement from z = 0 as a function of k. The height to height correlation

function ¢(R) for capillary waves may be obtained from the Fourier transform of equation 3.45

[21] [20] [50] which gives
c() = (C(O)C(R)) = 52 Ko (R,/%) (3.46)

where K is the modified Bessel function of the second kind of order 0. At the limit z — oo,
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Ko(z) = 0. As z — 0, Ko(z) can be approximated by [58], [77]

Ko(z)zm0 2 In(2) — v ~ In(x) (3.47)

where vg is Euler’s constant.

This height to height correlation function is used by several groups [77], [26] to find the off
specular scattering from a surface exhibiting capillary waves see section 2.9. Expressions 3.46
and 3.47 are divergent as R — 0. Clearly the wavelength of capillary waves in a physical system
must have a limit so a cut off is introduced, which corresponds to the maximum wavevector
(kar) of the capillary wave spectrum (as introduced in section 3.2.3). There is also the minimum
wavevector k,, to consider. The general expression for off specular scattering from a single

interface within the DWBA is given by equations 2.112 and 2.113 which are re-written below

for clarity.
do |k2(1 ~ n)?|?
e = L LT ) PTG S ) (2112)
where
S(aq) = | }I —((Qi)2+(qi*)202/2)/ dXdY(qu:lzc(X'Y) _ l)ei(q,X+t1yY) (2.113)
z So

Meunier et al [59] define limits of integration between a and L the molecular length, which is
the smallest wavelength of a capillary wave on the surface and the largest capillary wavelength
measurable on the surface respectively. Meunier et al [59] define a as the capillary length and
it corresponds with the largest wavevector of the capillary wave spectrum a = 27 /kps and L

with the smallest wavevector L = 27 /kn,

Tostmann et al [98] and Dailiant and Gibaud [20] show that in the limit k,,, >> 1/Apg/~y and

integrating between a and L then equations 2.112 and 2.113 can be written

AN . 0 JksT [ a)"
e = oL S R T P 22 (22 (3.48)

where n = (kgT/2mv|g.|?).
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To define a minimum wavelength for capillary wave fluctuations some authors introduce a term
which is dependent on the bending rigidity of the surface [59] [58]. This gives a minimum
wavelength cut off to prevent divergence as ¢(R) — 0. In this case the largest wave vector of
the capillary wave spectrum is limited by x the bending modulus of the surface. In this case

3.45 becomes [59]

(3.49)

2kpT ]

(C)¢(=k)) = L2(g(p1 — p2) + Y0k?) + rk*

Taking the Fourier transform of expression 3.49 yields for the height to height correlation c¢(R)
[91]

o(R) = (CO)S(R)) = 2 Ko (R,/%) - ko (Ry/%) (3.50)

where K is the bending rigidity of the interface [59]. Including additional terms such as disper-

sive forces modify 3.50.

In the literature there have been examples of workers using the self affine fractal height to height
correlation function (equation 2.76) to represent a spectrum of capillary waves. Stone [91] states
that the self affine height to height correlation function ¢(R) = o2e~ (%)2); (described in section
2.8) is able to represent a spectrum of capillary waves at a polymer/polymer interface. Akgun
et al [2] also use the self affine height to height correlation function to fit off specular scattering
from a polymer brush. Fits of the self affine height to height correlation to the capillary wave
height to height correlation function is shown below for typical values of the constants. All units
are in metres. The parameters for the capillary wave correlation function are v = 3e — 3J/m?2,
A = 25¢ — 20, T = 453K and minimum cut off is 8¢ — %mn (assuming on the length scale
fitted bending rigidity and gravity terms are small). For R < 8¢ — 9,¢(R) = ¢(8¢ — 9). These

parameters are typical of an amorphous polymer pair. The fitted values of the self affine

correlation function are h = 0.26, 0 = 1.37e — 9 and ¢ = 3.35e — 7.

3.3.1 Limits of the capillary wave model

Several authors have performed off specular scattering experiments on thin film systems using

x-rays and fitted the data using the Born approximation. Sanyal et al [77] show that for the
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Figure 3.18: a) Fit of capillary wave height to height correlation functionagainstself affine

height to height correlation function b) Log fit of same function

capillary wave height to height correlation model described in equation 3.46 that the intensity

of the scattering follows the relationship

J(«* %) = 22(,' 1) (3.51)

where / = knT/n"cwg*/2. The data fitted is in the region between the specularpeak (broad-
ened due to resolution) and the Yoneda peak as a function of gx at several fixed values of
qz. Doerr et al [26] show that for simple liquid films the capillary wave model can fit surface
capillary waves with the predicted ¢x,qz dependence and a d~2 dependent cut off predicted
by equation 3.44. However specular measurements show that the roughnesses of the films de-
viate from roughnesses predicted by the capillary wave model for films that are thicker than
~ 10 A. The suggested reason for this is retardation effects in the vdW forces which lowers
the effective Hamaker constant, when the distance between the film surface and substrate be-
comes larger than ~ 50A. Doerrs work also gives evidence supporting the theory proposed
by Napiorkowski and Dietrich which suggests the surface tension is reduced by capillary wave
fluctuations. However Seo et al [82] show that for polymer systems (polystyrene film on Si
substrate with thicknesses ~ 45A- ~ 800 A) the ¢ cut off varies as a function d~x 1 not d~2.
The suggested reason for this is chemical grafting of polymer chains to the substrate surface
during annealing. The polymers would therefore have a constrained conformation similar to
a polymer brush. Their results are consistent with theoretical polymer brush models derived

by Fredrickson et al [31]. Akgun 2] use the Born approximation to fit off specular x-ray data
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from polymer brushes. They find that the capillary wave behaviour (equation 3.51) was not
observed but the data could be fitted using the self affine fractal height to height correlation
function (see expression 2.76). The cut off lengths again agreed with theory from Fredrickson
[31]. Wang et al [101] and Tolan et al [96] also find similar discrepancy between the capillary
wave cut off predictions and experiment for polystyrene thin films and state the interaction of

the polymer with the substrate as a cause for this.

Given the various discrepancies of expected fit parameters between the capillary wave theory
and the experiment for a variety of liquid/liquid interfaces and the ability of the self affine
height to height correlation function to represent data from a number of polymer systems the

self affine model will be used in this work to attempt to fit the conjugated polymer system.
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Chapter 4

Data Collection, Reduction and

Experimental Optimisation
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4.1 Neutron Scattering Experiments

Neutron scattering experiments were carried out on the reflectometers D17 at the ILL in Greno-
ble, France and CRISP and offspec at ISIS in Didcot, UK. All off specular data which has been
fitted using the DWBA model developed was collected on D17. CRISP has provided some
supplementary results, with the specular data fitted. Offspec is a newly commissioned instru-
ment and we were fortunate enough to be some of its first users. However the off specular data
obtained had fairly low count statistics due to count times being too low. The specular data

from offspec was fitted, which gave results supplementary to the D17 data.

4.1.1 Aims and objectives of experimental optimisation
The aim of these experiments was to obtain good off specular reflectivity data with a good
count statistics over a large g, range. This will allow a large range in plane length scales of

a samples buried interface to be probed. The obtained data can be fitted and the different

roughness contributions extracted directly.

4.2 Sample preparation

4.2.1 Sample geometry
Samples in this work consisted of either single layer or bilayer geometries of thin films on a
substrate. The materials used to make the filins are described in the next subsection. Circular

silicon blocks of two inches in diameter and four millimetres thickness with their native oxide

layer intact were used as substrates. Sample geometry is shown in figure 4.1

4.2.2 Polymers and fullerenes used to make thin film samples
Poly(9,9-dioctylfluorene (F8)

F8 is a semi crystalline conjugated polymer. Above its glass and melting temperatures it

enters a nematic phase, exhibiting long range directional order. The melting temperature
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Figure 4.1: Sample geometry of a) a single layer film b) a bi layer film

Tm is ~ 160°C [40]. The batch used in this work has a number average molar mass Mn of
100 kg/mol and a weight average molar mass Mw of 204kg/mol found using gel permeation
chromatography [25] resulting in a polydiversity index of Mw/Mn — 204. If the molecular
number Mn is calculated using membrane osmometry this gives a value of Mn - 34.9kg/inol.

It was provided by Cambridge Display Technologies.

Deuterated poly(methyl methacrylate) (IPMMA)

PMMA is an amorphous polymer, commonly used as a shatter-proof alternative to glass. It
has a glass transition temperature of 105°C. The batch used in this work is deuterated in order
to provide contrast with other polymers for neutron scattering experiments. It has a number
average molar mass Mn of 124kg/mol and a polydiversity index Mw/Mn of 1.02. It was supplied
by Polymer Laboratories, UK.

Polystyrene (PS)

PS can be amorphous or semi crystalline. The batch used in this work is atactic and therefore
amorphous. It has a weight average molar mass of Mw = 343kg/mol, a molecular number of

Mn —327kg/mol and a polydiversity of Mw/Mn = 1.05. It is supplied by Polymer Source Inc.

Poly(3-hexylthiopliene) (P3HT)

P3HT is a conjugated polymer. The P3HT used in this work has a weight average molar mass
of Mw ~ 50. 000kg/mol and is manufactured by Rieke Metals Ltd. For more information about

P3HT refer to section 7.1.1.
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[6,6])-pheny]l C61-butyric acid methylester (PCBM)

PCBM is a fullerene derivative. The PCBM used in this work has a weight average molar mass
is M,, = 910.9kg/mol and it has a purity of greater than or equal to 99.5% when measured
by High Performance Liquid Chromatography (HLPC) with respect to fullerene content. It is
manufactured by Solenne BV in the Netherlands. For more information about P3HT refer to

section 7.1.2.

4.2.3 Polymer solutions

Polymer and fullerene solutions were prepared by dissolving in toluene, chloroform, chloroben-
zene solvents, or a mixture of chloroform and chlorobenzene. Their concentration was measured
by mass by measuring the weight of the polymer and then measuring the weight of the polymer
in solution using a micro-balance. The polymer solutions were heated in sealed vials at 70°C

to aid dissolution.

4.2.4 Spin coating

Spin coating is a technique which produces thin uniform films of polymer of the order of tens of
nanometers on a substrate. A spin coater machine is used to spin the substrate with polymer
or fullerene solution on it. The substrate is held in place via a vacuum. One or two drops of
polymer solution are then pipetted onto the substrate and the spin coater is immediately turned
on. The spin coater quickly accelerates up to a steady rotational velocity which ranges between
1000-6000rpm and can be controlled by the user. Lowering rotational speed and increasing
concentration of the polymer or fullerene solutions will give thicker films. The thickness of the

film can be controlled to good accuracy.

4.2.5 Film floating

To create a single layer film/substrate system the polymer or fullerene is spin coated straight
onto the silicon substrate. To create a bilayer the bottom layer is spin coated onto the silicon
substrate and the top layer is spin coated onto mica, which has been cleaved in order to reveal

a clean surface. The film and silicon substrate are then submerged in a beaker of deionised
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water. The film on the mica is slowly submerged at an angle into the beaker which peels the
film off the mica, leaving it floating on the surface. Not all of the mica is submerged, leaving a
small part of the film still attached. The silicon substrate is then drawn up under the floating

film to create the bi layer. Care must be taken to not trap water between the films.

4.2.6 Annealing

Samples were bought to thermodynamic equilibrium by annealing in a preheated oven under
vacuum conditions (~ 10 mbar). The times and temperatures used to reach equilibrium were

based on those found by Higgins et al [39)].

4.2.7 Samples

The main range of samples consist of bilayer films of ~ 1000A F8 on top dPMMA of various
thicknesses on silicon, and films of ~ 1000nm F8 on top ~ 480A dPMMA annealed for various
times. These are supplemented by single films of ~ 1000A F8 and ~ 480A dPMMA on silicon as
well as a silicon block and a bilayer of ~ 1800A PS on ~ 1700A dPMMA. The P3HT and PCBM
were used to make samples in bilayer and single layer geometries on Si substrates of various
thicknesses. They were heated at different temperatures for different times. The P3HT/PCBM

samples are described in section 7.2. The same batches of polymer were used for all samples.

The different thickness samples of F8/dPMMA were used to test the hypothesis that interfacial
roughness is a function of film thickness as discussed in section 3.2 [84]. These samples were
all annealed for three hours under vacuum conditions. The different thickness dAPMMA series
of samples are labeled with the prefix th (see table 4.1). The single layer samples and the bare
silicon substrate sample were used to give insight into the scattering from the air/ F8 interfaces
and the dPMMA /silicon interfaces of the bilayers. These samples are labeled with the prefix
sl. The different annealing time samples were used to show that the different thickness samples
were annealed for enough time in order to achieve thermodynamic equilibrium. These samples
are labeled with the prefix an. The PS/ dPMMA sample was used as a comparison to see if the
interface between a conjugated polymer and an amorphous polymer is similar to the interface

between two amorphous polymers.

Initial investigations were also made into P3HT/PCBM bilayers on Si substrate. The samples

were prepared in the same way, though annealing times and temperatures were different.
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4.3 D17 ILL

Three experiments were carried out on the reflectometer D17 at the ILL in November 2007,
December 2008 and October 2009. The aim of these experiments was to collect specular and
off specular data on conjugated/amorphous polymer bilayer samples. Table 4.1 gives details of
the samples tested at the ILL. Reflectivity was performed at two angles on all samples. The
flux of the instrument in 2009 was ~ 3 times greater than in 2008, so count times could be
reduced. A fourth supplementary experiment on D17 was carried out in June 2010 to obtain

specular data for two more F8/dPMMA samples of different thicknesses.

4.4 D17 instrument settings

D17 was used in time of flight mode. The instrument collects specular and off specular data
simultaneously using an area detector. It has a useful wavelength range of between ~ 3A to
~ 25 A and a 6 coverage of the detector of ~ 4°. In order to get a g, range from ~ 0A~! to
0.2 A1 the reflectivity needs to be measured at two angles, which are then added together to
give specular reflectivity over the required range. The angles of incidence used were 6; = 0.6°

and #; = 2.5° which covered the required ¢, range.

The detector was set so that the sample horizon at 26 = 0 could be measured, so that the
Yoneda scattering detected was only limited by the lowest wavelength neutron. Two different
slit settings were used for the first and second angles, with the slits being opened wider for the
second angle due to the fall off in reflectivity as the angle of incidence is increased. The slit
openings are a compromise between neutron flux and resolution. For 6; = 0.6 the slits were
opened 0.6mm and 0.3mm respectively. For §; = 2.5 the slit were opened 5mm and 1.1mm

respectively. This gives resolution d8/6 of 0.75% and 5% for angles one and two respectively.

The choppers were left in a closed position giving a ¢ independent wavelength resolution of

dA/X = 1% (see section 2.4.8)

Throughout all the experiments on D17 the slit settings, sample detector distance and the
footprint of the beam on the sample were kept constant. The chopper settings were kept
constant for the 2007, 2008 and 2010 experiments keeping the resolution constant. They were
changed slightly for the 2009 experiment to allow larger neutron flux, though the change in

resolution in A was small and the ¢ resolution was still dominated by the the slit settings. The
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Experiment year 2007

Sample | Polymer| Polymer| Thickness | Thickness | Annealing| Count Count
label layer 1 | layer 2 | layer 1 | layer 1 | time time 6; | time 6,
(nm) (nm) (hrs) (s) (s)
anl F8 dPMMA | 100 48 0 1200 18000
an2 /| F8 dPMMA | 100 48 3 1200 18000
th4
Experiment year 2008
sl1 - dPMMA | - 48 3 1800 18000
sl2 - F8 - 100 3 1800 18000
an3 /| F8 dPMMA | 100 48 3 1800 72000
th4
thl F8 dPMMA | 100 16 3 1800 18000
an2 F8 dPMMA | 100 48 0 1800 72000
an6 F8 dPMMA | 100 48 67 1800 72000
Si block | - - - - - 1800 18000
Experiment year 2009
th3 F8 dPMMA | 100 42 3 1800 25200
thb F8 dPMMA | 100 62 3 1800 25200
th2 F8 dPMMA | 100 22 3 1800 25200
thl F8 dPMMA | 100 16 3 1800 25200
PS dPMMA | 180 170 24 1800 25200
Experiment year 2010
th6 F8 dPMMA | 100 12 3 1800 7200
th7 F8 dPMMA | 100 85 3 1800 7200

Table 4.1: Neutron reflectivity experiments conducted on D17 at ILL 2007, 2008 and 2009
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same detector was used for all experiments.

4.5 Data reduction

An area detector is used on D17. The instrument uses a ribbon beam, so that pixels are summed
vertically along the y-axis. This leads to two hundred and eighty six pixels arranged at different
horizontal distances from the direct beam. By knowing the angle of incidence on the sample,
the flight path and the angle of the detector the angle of reflection subtended by each detector
pixel the angle of reflection 8¢ can be calculated. The resolution of the detector is given by the
angular acceptance of each pixel. In TOF mode the wavelength of each neutron that hits the
detector is found by knowing the time that it left the chopper, the neutron flight path and the
time it hit the detector. D17 has one thousand time channels, so the time of flight of a neutron
can be put into one of a thousand bins. The raw data is presented in a 2D colour map plot

with the detector pixel number on the x axis and the time channel on the y axis.

4.5.1 Reflectivity normalisation

The raw count data from D17 is normalised with respect to the efficiency of the detector and
the distribution of neutron wavelengths in the beam. In order to normalise for the detector
efficiency the beam is scattered for half an hour at the beginning of each experiment using
a water cell. The scattering from the water cell is completely incoherent, so the scattering
intensity will be constant over all angles. The data is then averaged over the time channel for

each detector pixel, as shown in figure 4.3.

For the direct beam run the beam is incident directly on the detector with no refraction or
reflection after leaving the choppers. The slit settings are set to those used in the reflectivity
experiments, so each angle requries its own direct beam run. The direct beam run is a measure
of the distribution of neutron wavelengths in the beam. The direct beam measurement is

averaged over all detector pixels as shown in figure 4.5.

All experimental data is divided through by the averaged water run and direct beam. In
addition to normalising the data it also allows different data sets from different experiments
can be compared, as although the flux may change between experiments it is normalised by the

direct beam count.
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150
Pixel number

Pixel number
Figure 4.2: Raw count data from water cell run
(from 2008 experiment) (counts are on a log Figure 4.3: Data from water cell run averaged

scale) over all time channels (counts are on a log scale)

4.5.2 Background

There are several sources of background in this neutron scattering experiment. These include
neutrons straying from other instruments, scattering from the air and incoherent scattering
from the sample. To take into account background that is not from the sample, background
runs are taken with the instrument set up as it would be to measure a sample without sample in
the beam. The background runs should count for the same length of time as the experimental

runs and then can be subtracted directly.

Flight path in air

Around the sample mounting a small amount of the D17 neutron flight path is in air, which can
cause background scattering. In order to reduce the background in 2008 and 2009 a vacuum
chamber was used in this region with quartz windows. This reduced the air flight path of the
neutrons to less than 10mm. Five hour counts of the background reflectivity and reflectivity
from sample 5.3 were taken in 2007 and 2008 with and without the vacuum chamber respectively.
Far lower backgrounds were achieved using the vacuum chamber as can be seen from data cuts

in figure 4.6 for the second angle.

A far wider q range can be probed. In the region between the specular peak and the Yoneda
fringe for A = 5 wavelength with no vacuum chamber the scattering from the sample is a

factor of ~ 1.3 greater than the background. However with the vacuum chamber the sample
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Pixel number Pixel number
Figure 4.4: Raw count data from direct beam Figure 4.5: Data from direct beam run aver-
run (from 2008 experiment) (counts are on a log aged over all detector pixels (counts are on a
scale) log scale)

reflectivity is approximately a factor of ~ 8 greater than the background (see fig 4.6 c¢). From
figure 4.6 a) and b) it can be seen that without the vacuum chamber the reflectivity of the
sample becomes swamped by the background at ~ 5 A. With the vacuum chamber in place the
range of wavelengths probed can be extended down to ~ 3 A with the sample reflectivity still

greater than the background reflectivity by a factor of 2.

This result shows that air scattering is a significant source of background scattering for neutron
scattering experiments, and minimising the air flight path of the neutron beam is important
to achieving good statistics in regions of low reflectivity. The slightly lower counts of the 2007
experiment for the same counting time can be attributed to the neutrons scattered out of the

beam due to air scattering.

4.5.3 Scattering from Si and F8 interfaces

The bilayer architecture for samples used in this work is chosen so that scattering will be
dominated by the buried interface. However there will be scattering from other interfaces.
Using scattering from bare silicon substrate and the single F8 layer on a substrate these can
be compared with the background to see if they give any significant off specular scattering.
Comparison between scattering from a silicon substrate and from an F8/Si sample will show if
the strength of scattering from the air/F8 interface and incoherent scattering from the F8 film
gives significant off specular scattering. The scattering length density of the silicon substrate is

approximately a factor of four greater than that of the F8. It is expected that the scattering from
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Figure 4.6: a) Cuts of data without (2007) and with (2008) vacuum chamber around 9 — 1.5°
Cut over 9 A pixels b) Cuts of data without (measured in 2007) and with (measured in 2008)
vacuum chamber around 9 = 2° Cut over 9 A pixels ¢) Cuts of data around A = 5 without

(measured in 2007) and with (measured in 2008) vacuum chamber. Cut is over 110 pixels
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the air/F8 interface will be small when compared with the scattering from the F8/ Si interface
as in the Born approximation the off specular scattering is a function of the absolute difference
of the squares of the scattering length density of the material either side of an interface. Figures
4.7. 4.8 and 4.9 show 9/ A unnormalised reflectivity plots for the substrate, the single F8 layer
and background with the beam not on the detector respectively. The off specular regions show

very little intensity.

Figure 4.7: 9/ A reflectivity plot of Si substrate  Figure 4.8: 6/ A reflectivity plot of single layer
at 9 — 2.5" for 5 hour count time (Scale bar of F8 on Si at, § — 2.5" for 5 hour count time

shows neutron counts) (Scale bar shows neutron counts)

Figure 4.9: 9/ Abackground counts plot for 5 hour count time with 9 —2.5" slit settings with

the beam not on the detector (Scale bar shows neutron counts)

Figures 4.10 and 4.11 show cuts through 9 of the raw count data of the silicon substrate
compared with background runs counted for the same time. They show that slightly higher off
specular scattering from the Si substrate when compared with the background. The intensities

of the background and silicon in the off specular are peaked around A= 5A which corresponds
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with the direct beam spectrum which can be seen by comparing with figure 4.5.

2 12

Background Background
10 10

Q) 5 10 15 20 25 (b 5 10 15 20 25

X(Angstroms) X(Angstroms)

Figure 4.10: Cut. through 0 = 1.5° for silicon Figure 4.11: Cut through 0 —2" forsilicon sub-

substrate and background reflectivities strate and background reflectivities

Figures 4.12 and 4.13 show cuts through the same 6 values for the F8/Si sample and the silicon.
The cuts are eleven pixels wide. The difference in off specular scattering is small, suggesting
that the off specular scattering from the air/F8 interface is insignificant when compared with

the F&/silicon interface.

Si oon

F8/ silicon

Neo 00 OU?*;

X(Angstroms) X(Angstroms)

Figure 4.12: Cut through 0 = 1.5° for silicon figure 4.13: Cut through 9 = 2° for silicon sub-

substrate and F8/Si reflectivities strate and F8/Si reflectivities

In conclusion the main source of background comes from scattering by the air, which is min-
imised using the vacuum chamber. The second most significant source of background comes
from the sample. Background from the silicon is large compared with incoherent scattering

from the F8 film, which is negligible.
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4.5.4 Data reduction

Data reduction was performed using LAMP software provided by the ILL, and specular data

was extracted using the COSMOS routine within LAMP. A road map of the route to extract

usable off specular and specular data from the D17 instrument is outlined in figure 4.14 and

explained in the following list.

a)

b)

f)

Neutron reflectivity is recorded by the detector, measuring the number of neutrons hitting
each pixel and the time taken between the neutron leaving the chopper and hitting the

detector

The reflectivity is plotted as a function of pixel number and the time of flight of neutrons.
Background run data is subtracted from the raw reflectivity data. The data is then divided

through by the water run and the direct beam run to normalise.

The x axis converted to 20 (where 20 = 6; + 6,.). The y axis converted to A. This gives a
plot of the off specular data in §/)\ space. Data analysis, cuts and rebinning can be carried

out on the off specular data

Sum all pixels over the A direction to find the width of the specular peak, which will be

smeared by the resolution

Make a cut in the specular data that corresponds to the width of the specular peak, then

sum all these pixels in over the 6 direction for both angles

Plot against g, of the angle of incidence (g, = 47 /A sin6; for specular data), and rebin the

reflectivity data to smooth the curves

Scale the reflectivity below the critical edge of the first angle to 1. Match the fringes of the
2nd angle to the fringes of the 1st in the overlap region to create complete curve over g,

range. The specular reflectivity data is now ready for analysis

Error

The error bars for each pixel are calculated as the square root of the counts, using Poisson’s

statistics [86]. The error bars were normalised in the same way as the reflectivity data. When

background was subtracted from the reflectivity the error was given by the square root of the

reflectivity counts plus the square root of the background counts.
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Figure 4.14: Steps to extraction of off specular and specular data from D17. Steps are outlined
in the text
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4.5.5 Comparison between different experiments

In order to check the instrument and samples between different experiments data collected
from sample th4 in 2007 and 2008 is compared and data collected from sample ¢4 1 in 2008 and
2009 is compared. Figure 4.15 shows that the specular data for sample ¢4 1 is nearly identical

between 2008 and 2009, showing that results from each experiment can be directly compared.

01 2008

2009
00001

0.00001

0.000001

Figure 4.15: Comparison of specular reflectivity data for sample ¢4\ on D17 for 2008 and 2009

experiments

4.5.6 Experimental Data

The experimental results for the single layers, the different thickness F8/dPMMA bi layers
and the PS/PMMA bilayer are shown below. Examples of the specular and the normalised off
specular results for the second angle are shown below. The second angle gives more features
in the off specular reflectivity. Figure 4.16 shows the normalised off specular data for the first
angle (0 = 0.6°) from sample th4, with ~ 1000A on ~ 480A dPMMA film annealed for three
hours. The off specular scattering at this angle for this sample and all other samples tested is

relatively featureless and so off specular scattering will not be modelled for this angle.

Blank silicon and single layers

There is very little off specular scattering from the bare silicon substrate and the F8 single layer.
There are fringes in the specular of the F8 sample due to interference in scattering between the
two air/F8 and F8/Si interfaces. It can be seen that there is significant off specular scatter-

ing from the dPMMA single layer. The Yoneda scattering is weak, suggesting low interfacial
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Figure 4.16: Normalised off specular scattering from sample th4 (thickness 48nm) for 0, = 0.6

annealed three hours

Specular Reflectivity

0 002 04 006 008 01 012 014 016 018 02
(Angstroms 1)

Figure 4.17: Experimental results for bare silicon substrate at 6, = 2.5° a) Specular reflectivity

b) Off specular reflectivity
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Figure 4.18: Experimental results for single layer F8 on Si substrate of thickness

annealed 3 hrs at - 2.5" a) Specular reflectivity b) Off specular reflectivity
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Figure 4.19: Experimental results for single layer dPMMA of thickness —480A on Si substrate

annealed 3 hrs at () =2.5° thickness, a) Specular reflectivity b) Off specular reflectivity
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roughness, but the lines of heightened intensity running along constant gz are very well defined
suggesting strong correlation between the morphology of the air/dPMMA interface and the

dPMMA/Si interface (see section 2.10.1).

F8/dPM M A bi layer unannealed

Results for the unannealed F8/ dPMMA system

Specular Reflectivity .ZBD
£10
(Angstroms ”)
a) b)

Figure 4.20: Experimental results for unannealed F8/ dPMMA bilayer of thickness  480Aat

6, —2.5° a) Specular reflectivity b) Off specular reflectivity

F8/dPM M A bi layers of different thicknesses annealed for three hours

An example of an experimental result for an annealed F8/dPMMA bilayer is shown below

The fringe spacing of the specular reflectivity decreases with increasing thickness as expected.
All samples show strong Yoneda scattering suggesting roughness at the F8/ dPMMA interface.
The Yoneda scattering becomes systematically stronger as the thickness of the dPMMA layer
is increased, suggesting that the interfacial roughness is increasing with thickness. Lines of
constant gz are present for all the samples, but are not as strong or well defined as for the
unannealed sample suggesting that the correlation between the F8/ dPMMA interface and the

dPMMA/ Si interface is diminished by annealing.
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Figure 4.21: Experimental results for F§/dPMMA bilayer of thickness ~ 480A annealed for 3

hours at 0, = 2.5" a) Specular reflectivity b) Off specular reflectivity

PS/PMM A results

Specular Reflectivity Gy

a) b)

Figure 4.22: Experimental results for PS/dPMMA bilayer a) Specular results b) Off specular

results

The off specular scattering from this system seems weak when compared with the F8/ dPMMA

system.

117



4.6 CRISP

CRISP was used to perform an experiment on sample and a ~ 1000A F8 on ~ 480A dPMMA
bilayer annealed for twenty four hours. The specular reflectivity was extracted from the off
specular reflectivity and fitted. To achieve the required g, range reflectivity has to be measured
at three angles. The angles used were 0.35°, 0.65° and 1.5° with respective current of 80uA,
300pA and 450uA. The slit settings and angular resolution are

Angle Slit 1 (mm) Slit 2 (mm) Angular resolution (%)
0.35 0.672 0.308 14
0.65 1.243 0.567 2.8
1.5 2.87 1.31 6.4

Table 4.2: Neutron reflectivity experiments conducted on CRISP at ISIS 2007

where the sample detector distance is 1.87m. The data is normalised by dividing through by
the wavelength distribution of the main beam and the detector efficiency. The wavelength
distribution is measured by a monitor throughout the experiment which is between the Isit and
the sample. The specular reflectivity was extracted from the off specular reflectivity using a

MatLab code written at ISIS by Dr. Tim Charlton and Dr. Rob Dalgliesh.

4.7 Offspec

Offspec at ISIS was used to measure reflectivity on further examples of the 3 hour annealed
F8/ dPMMA range and also different annealing times of 1000/A F8 on 480A dPMMA bi-
layers to check that 3 hour annealed samples have reached thermodynamic equilibrium. The
P3HT/PCBM samples were tested on offspec. They were all annealed for ten minutes under
vacuum conditions, although the annealing temperature was varied. A PS/dPMMA bilayer
sample was also measured. Table 4.3 shows the samples measured on offspec. Reflectivity was

measured at angles of incidence of 6; = 0.5° and 6; = 1.6°.

The slit settings for offspec were giving df/6 to be . No background was subtracted. The
data was normalised using a direct beam run and by the detector efficiency as for D17. The

instrument has a constant g, resolution of ~ 2.5%.
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Experiment year 2009

Sample | Polymer| Polymer| Thickness | Thickness | Annealing| Count Count

No. layer 1 | layer 2 | layer 1 | layer 1 | time current | current
(nm) (nm) (hrs) b1 (nA) | 62 (pA)

anb F8 dPMMA | 100 48 24 1 40

an? F8 dPMMA | 100 48 67 1 40

th6 F8 dPMMA | 100 12 3 1 40

th7 F8 dPMMA | 100 85 3 1 40

- PS dPMMA | 180 170 3 1 40

Sample | Polymer| Polymer| Thickness | Thickness | Annealing| Count Count

No. layer 1 | layer 2 | layer 1 | layer 1 | temp current | current
(nm) (nm) (°C) b1 (nA) | 82 (pA)

pl P3HT - 11 - 140 1 40

p2 PCBM 130 - 140 1 40

p3 P3HT PCBM 11 130 140 1 40

p4 P3Ht PCBM 11 130 150 1 40

pd P3HT PCBM | 20 130 140 1 40

Table 4.3: Neutron reflectivity experiments conducted on offspec at ISIS 2009
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4.8 Atomic Force Microscopy

Atomic force microscopy (AFM) was used to measure the roughness and the Hurst parameter
of the single layer dAPMMA sample and the roughness of the bare silicon, in order to fix these

parameters as constants in the off specular fitting.

4.8.1 AFM background

AFM is a type of scanning probe microscopy first introduced by Binnig, Quate and Gerber (6]
in 1986. It can be used to give high resolution three-dimensional images of sample surfaces
down to the nanoscale. AFM was used to probe the surface morphology and find the roughness
and other properties of Silicon substrate surfaces and top surfaces of polymer single layer and

bilayer samples.

AFM uses a micro scale cantilever with a sharp tip on it with the tip radius in the order of
nanometers. The tip is brought close enough to the surface to interact with its van der Waals
forces. The interaction between tip and surface causes the cantilever to deflect. The deflection
of the cantilever is measured by shining a laser on the back of the cantilever and measuring
its reflection on an array of photo diodes. The tip is then rastered over the surface using a
piezoelectric tube which can move in the z,y and z directions. The distance between tip and
surface is kept constant using a feedback loop between the photodiode and the piezoelectric
tube. From the deflection of the cantilever the height of the surface can be found at each point.
The whole surface is scanned by performing a series of adjacent one dimensional line scans
and adding them together to construct the three dimensional image of the surface where the
direction of the lines is called the fast scan direction and the perpendicular direction is the slow
scan direction. This is known as contact mode AFM. The AFM can also be used in tapping
mode, where the cantilever oscillates at its natural frequency. When the cantilever is close to
the surface the interaction will cause the frequency of the vibration to change and the feedback
loop is used to keep this frequency constant by adjusting the height of the tip above the surface,
which is used to measure the height of the surface features. A diagram of AFM operation is
shown in figure 4.23. Gain parameters of the feedback loop can be adjusted. Adjusting the

gains appropriately is important to get good images.
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Figure 4.23: Operation of AFM

4,8.2 Data collection

Measurements were collected using a Park systems XE100 AFM in contact mode. The XE100
uses a separate piezo in the scanning stage for x. y movements, separating x,y and z movements,
which helps minimise bowing artifacts in the scans. Scan lines were normalised to each other
using inbuilt functions in the data acquisition software. AFM work was carried out on the
silicon substrate and a duplicate of the single layer dPMMA sample used in the scattering
experiments. AFM scan datasets were analysed using Gwyddion software [64] distributed by

the Czech Metrology Institute.

Extracting RMS roughnesses for dPMM A and Silicon substrate

To extract the roughness of the dPMMA and silicon substrate 45pm x 45pm scans were used
which is of the same order as the coherence length of the neutrons in the reflectivity experiments.
Scans were repeated on different areas of the sample and the RMS roughness was analysed for
each. These averages were then averaged to give an average RMS roughness for the single layer
dPMMA and the Si substrate, to be used in fitting of off specular data. The average RMS
roughness for the dPMMA was 0sse11111 and the average RMS for the silicon substrate was
found to be 0.432nm. Figures 4.24 and 4.25 show trace and retrace of 45pm x 45pin scans for

the dPMMA layer and the silicon substrate respectively, used for finding RMS roughness.
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Figure 4.24: 4 5 x 45/rm AFM scans of dPMMA polymer film on Si substrate showing trace

and retrace
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Figure 4.25: 45/mi x 45firn AFM scans of Si substrate showing trace and retrace
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Extracting Hurst parameter for dPMMA film

Work by Teichert et al [94] and Stone et al [92] show that the height to height correlation c(z, y)
and the auto correlation g(z,y) (see section 2.9.1 for definitions of ¢(z,y) and g(z,y)) can be
extracted directly from AFM data, where z,y are in plane distances on the sample. The Hurst
parameter can be extracted from g(z,y). Gwyddion was used to extract the g{z) curves from
AFM scans, where z is the fast scan direction. The g(z) can be fitted with the self affine fractal
model g(z) = 20%(1 — e_(l%l)%) = 202 — ¢(z). Yang et al [104] show that in the asymptotic

limit where £ << z that

g(z) ~ 2, (z << €) (4.1)

On length scales smaller than the cut off £ the surface is described as fractal and characterised
by the Hurst parameter h. On larger length scales the surface is flat. Plotting the logs z against
g(x) gives a straight line for small z as shown in figure 4.26. The gradient is equal to 2h. AFM
scans of area 1 x 1um have been taken in order to extract g(z,y) and the gradient has been
fitted linearly giving values for h between ~ 0.5 and ~ 0.65 for dPMMA. The average h value
given by fitting is 0.601. Figure 4.26 shows g(xz) for eight AFM scans and the fits at low z << ¢,
including the equations of the lines. From figure 4.26 a) it can be seen that the range in which
g(z) is reasonable is limited by the size of the scan. In order to get a complete g(x) curve then
scans at different sizes should be added together in the regions that they are valid. It was found
for scans of these sizes on silicon that due to its low roughness, good g(z) statistics could not

be extracted at low = << &.

Figures 4.27 show trace and retrace of lum x 1pum scans for the dPMMA layer and the silicon

substrate respectively, used for extracting the Hurst parameter.
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Figure 4.26: a) g(x,y) for dAPMMA for eight different lyin scans b) Linear fits of log(g(x,y))
against /og(x) in the region g(x) ~ x2h
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Figure 4.27: 1/mi x lfim AFM scans of dPMMA polymer film on Si substrate showing trace

and retrace
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Chapter 5

Numerical Modeling of Off
Specular Reflectivity Data
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Fitting of the off specular data was the most challenging part of this work. As far as the author
is aware no attempts have previously been made to fit off specular neutron reflectivity from a
multilayer stack in /) space. This chapter describes the model developed using the distorted
wave Born approximation theory described in section 2.9 and how it was implemented to fit

the experimental data. The code was written in the Matlab language.

5.1 Modeling in 0/) space

The DWBA theory is derived in terms of ¢, and ¢,. Monochromatic reflectivity experiments
have an advantage over TOF experiments in that they experimental data can be measured
directly in q space with experimental set up allowing reflectivity to be measured at constant
q. for a range of g, values. TOF experiments record data in terms of 8 and \. Every pixel on
a 6/ map will have a different value of q, and ¢, which are not linearly related to the ¢./q.
values of the surrounding pixels (see section 2.3.1). This causes difficulties when converting
data from 6/X space to ¢ space, including artifacts due to regridding and non linear pixel size.
For this reason it was decided to model the experimental data in 8/\. There are very few
examples of this in the literature. Pynn (70} has shown examples of model reflectivity maps in
8/ space but has not fitted any data, or shown how he has transformed from 6/ to ¢, /g, and
then transformed back #/) into space. In this work it was decided to use the g, and g, values
at the centre of each pixel of the experimental off specular reflectivity in order to calculate the
off specular reflectivity for each pixel in the model. This assumes that the reflectivity will not

vary greatly with the ¢ range across a pixel.

5.2 Modelling off specular reflectivity from a single inter-

face

5.2.1 Breakdown of terms of the DWBA for a single interface

The simplest system to model is that of a single interface. The off specular scattering for an
isotropic surface with resolution relaxed in the y direction is given by equations 2.112 and 2.114
[88]. The expression for the differential scattering cross section can be broken up into four main

terms, which are shown in table 5.1
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DWBA term break down
Name Formula
1 Integral prefactor ﬁ;e‘((qi)u(qﬁ*)?a?‘,t/?)
2 Scattering strength coefficient (LaELy)I—"?S%Z—)—Z—E
3 Fresnel coefficients |T(k1)|?|T(k2)|?
4 Fourier transform IR dX(e|‘I§|26(X) — 1)eil=X)

Table 5.1: Terms used to calculate off specular scattering from a single interface in the DWBA

The integral prefactor is the result of integrating over the z direction (see Sinha [88] equation
4.20). The scattering strength coefficient is related to the strength of scattering a neutron
travelling through a vacuum with wavevector k, will experience when incident on a surface
with refractive index n. It is a function of SLD and A only. The area of the beam on the
sample is L, , and is constant for TOF experiments, so it can be assumed to be a constant
scaling factor for the reflectivity. The Fresnel coefficients will determine features of the off
specular reflectivity caused by interference effects. In the single layer system they determine
the location of the Yoneda peak. The Fourier transform, in combination with the integral
prefactor term, determines the slope of the off specular reflectivity in both ¢, and g, directions.
The Fourier transform contains the height to height correlation function to describe the interface
of the sample. The self affine fractal height to height correlation function is used in this work,
discussed in section 2.8. The Fourier transform term containing the self affine height to height

correlation has the following form

o 11252 —(1X1/6)h (0 X
F = / dX (el9:I"tace —1)¢9=X) (5.1)
—oc

where

_ 2h
elaiPola e IXVOT (5.2)

is the function to be transformed. Because it is an even function the Fourier transform is just

over the cosine terms and can be written

—(X1/€)2h

F = 2/ dX(e'qilz"lzate — 1) cos(g. X) (5.3)
0
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5.2.2 Input parameters

The initial input parameters required by the model are set to mimic a TOF experiment. The
terms required from the instrumental geometry are; i) the angle of incidence 6,. ii) the array of
angles of reflection 9r and iii) the array of wavelengths A From the sample the square of the
scattering length density N 2B 2 of the scattering medium is required. From these four terms all
the wavevectors, angles and transmittance and reflectance coeffcients can be calculated above
and below the interface as shown in figure 5.1. The other input parameters that are required

by the four terms in table 5.1 are:

* The integral prefector requires the total roughness of the interface atot

* The height to height correlation term within the Fourier transform requires i) Hurst

parameter /r, ii) lateral cut off £ and iii) lateral roughness cr/at

Input parameters

0f = cos 1(n cos0))

0j = cos" I(ncos§ )

Figure 5.1: Road map of how all terms required for the single layer DWBA are calculated from

the input terms

Initially a model was created to find the off specular reflectivity for a single A value, with
the reflectivity a function of o, and of. Solving the first three terms in table 5.1 is quite
straightforward. Solving the Fourier transform integral analytically for the self affine height to
height correlation function is only possible for certain values of 4. Solving it numerically is not

trivial.
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5.2.3 Solving the Fourier transform integral

A Fourier transform over a surface transforms the surface structure into frequency space in
terms of a range of Fourier coefficients. Expression 5.1 transforms the surface from a function
of x to a function of gx. In monochromatic mode where gz can be kept constant for a range of
pixels while gx varies a single Fourier transform can be used to solve for all the pixels at the same
gz value. In a TOF experiment the integral in expression 5.1 has to be solved independently
for each pixel, as gz cannot be kept constant over a range of pixels but changes whenever gx
changes. This makes the TOF model far more computationally intensive than a monochromatic

mode model.

Expression 5.2 tends to zero as x tends to oo. The integral in expression 5.3 is over x = 0 to
x —>00. The range of x that the integral is numerically solved for needs to be over a range from
x —O0 to a value of x where the function tends to 0. The function is extremely sharply peaked
as .t —> 0 as it contains exponential of an exponential of a negative number. The sharpness
of the peak makes the function computationally intensive to solve numerically. The sharpness
of the peak increases as a function of aiat and ¢z and h. Multiplying by cos(gxX) (as in the
cos transform) makes the function oscillating. The period of the oscillations increases as gx

decreases. Figures 5.2 and 5.3 show typical forms of equations 5.2 and 5.3

x(Angstroms) 1o x(Angslroms)
x

Figure 5.2: Function given by equation 5.2, gx = Figure 5.3: Integrand of equation 5.3, gx —
54c - 7. gz = 0.0571, a = 25, £ = 10000, h 54c - 7, gz= 0.0571, a = 25, i = 10000, h
0.35 = 035

Several authors have suggested computationally efficient ways to solve the integral expression.
Bowen et al [§] solve the integral for a range of parameter values and then store these in look up

tables which can be accessed by their fitting routine. Sinha [89] shows that the expression can
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be broken down into an infinite series, with the individual terms less computationally intensive
to solve. Only the first ten terms of the series need to be solved and fast Fourier transforms
(FFTs) could be used to solve them. Pynn [70] suggests that the Fourier transform term could

be represented by a Voight function, which is the convolution of a Lorentzian and a Gaussian.

In this work two methods of solving the integral were formulated and the results checked
using Sinhas [89] infinite series method. The first method used FFTs to solve the integral and
the second method breaks down expression 5.3 into sections then solves each using numerical

integration or an approximation to the area under the curve.

Fast Fourier transform method

FFTs are computationally efficient discrete Fourier transforms which must contain 2™ discrete
z values where n is an integer. For more information see reference [54]. An FFT can be seen
as an approximation to a continuous Fourier transform. The number of points in ¢, after
performing an FFT on the function is the same as the number of points in z. The resulting
function is mirrored around a central point, so effectively there are N/2 + 1 points on the ¢,
axis where N is the number of points on the x axis and the mirrored half is discarded. The
FFT algorithm takes the f(z) at every point and transforms it, without regard to their spacing
in z. Transforming x axis into a g, axis is determined by the sampling frequency of f(z), which

is given by

where 7 is the distance between points on the x axis. This gives a g, axis of

_ ,[0:n:N/2]
QI'—fsT

(5.5)
where square brackets indicate an array of numbers and n is an integer between 1 and N/2.
The minimum and maximum values of the array are 0 and N/2 respectively. From expressions
5.4 and 5.5 it can be seen that for two data sets with the same number of data points the one
with the smaller range in z will actually give the larger range in g,. However for two data sets
with the same x range increasing the number of data points increases the ¢, range because the

sampling frequency is smaller. Figures 5.4 and 5.5 show how changing the number of points
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and the range of x affect the FFT output.

250,
No data points = 512 mmaximum x = 500000
No data points = 1024 mamaximum x = 1000000

200

150

Y S b

I 100

S vous
=
5

05 35
q (Angstroms ') X0 q (Angstroms )

Figure 5.4: Comparison of changing number of Figure 5.5: Comparison of changing the x range

data points in the FFT jn the FFT

The accuracy of the FFT over a range in gx is dependent on the sampling frequency. A higher
sampling frequency will more closely approximate the continuous function. To increase the
sampling frequency either the number of x points can be increased or the x range can be
decreased. However increasing the number of points is costly computationally. Decreasing the

x range of the function means that the spacing in gx is larger.

The solve for term 4 (the Fourier transform term) for the TOF model a separate FFT needs to
be performed for each pixel. The data point on the transformed function corresponding to a
gx value which is closest to the gx value of the pixel needs to be selected to approximately find

the value of the term 4. The steps taken in this process are listed below

1. Perform FFT over suitable x range with the parameter values of the pixel

2. Find the point on the transformed function that has the value of gx that is closest to the

value of gx at the centre of the pixel

3. Use the value of the y coordinate of this point as the solution to the Fourier transform

term

Figure 5.6 shows how the values of the fourth term are selected for a range of pixels. The con-
tinuous lines show the transformed function for a range pixel over a range of gx, corresponding

with step one. The point that is selected from the transformed function is shown by the circles
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in figure 5.G, corresponding to steps two and three. Figure 5.7 shows the value of term 4 for a
range of pixels plotted against the difference in the angle of reflection to the angle of incidence

of the pixel. It can be seen that it peaks around Of —(Q- = 0 as expected.

q (Angstroms 1) < 10

Figure 5.6: Picking points on FFT of function
that correspond with pixel gx. Legend shows Figure 5.7: Representation of equation term 4

the value of Of —0 (see table 5.1) for 21 pixels

Choosing the x range and number of points is critical to finding a good approximation to the
continuous integral equation. In figures 5.4 and 5.5 the transformed functions plotted in green
have higher sampling frequency and are more accurate. At low gx the transformed functions
with lower sampling frequency match the higher sampling frequency functions well, however as
q, increases they diverge. This shows that accuracy of the FFT decreases as it moves away
from gx = 0. To pick an accurate value of gx the maximum of the gx range should be much
higher than the gx value of the pixel being analysed. The x range should be small to give a
larger gx range. However, because of the picking mechanism, if the spacing of the points is too
large then there may be no points in the transformed function that are suitably close to the gx
value of the pixel. Increasing the number of points means a proportionally smaller x range can
be picked which will give the same gx range with closer gx point spacing. However this is more

computationally intensive.

The maximum value of gx from the experiments conducted in this work is ~ 0.003A-1 when
A= 2A. 0 = 2.5° and Of = 0°. For this work the x range was chosen to be 800000 and the
number of x points 8192, which gives a distance of 1.47¢ —5 A-1 between gx points and a
maximum g¢gx range of ~ 0.03, a factor of ten greater than the minimum possible gx value of

a pixel. These values were used for all pixels. A possible way of optimising the model is to
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one

006

002

Figure 5.8: Breaking the function into sections in order to integrate each separately

optimise the x range and number of points for each pixel separately.

Numerical integration method

Numerical integration of the function requires integration of the whole integral in expression 5.3,
which is a sharply decaying cosine curve (see figure 5.3). The integration would be performed
for each pixel separately. Due to the sharpness of the decay rate and the oscillating nature of
the function mean it is difficult to integrate the whole expression numerically. A scheme was
developed to integrate each segment above and below the x axis independently and then sum all
the contributions of each segment. Breaking the function into segments is shown in figure 5.8.
Because of the cosine curve the integral will cross the x axis at iii7/(2gx) where n is an integer.
The largest contributions to the integral will come from the segments closest to f(x) —0 and
will decrease as x increases. Each segment is integrated using the intrinsic MatLab function
quadl, which performs an adaptive Lobatto quadrature routine on the curve between the limits.
The adaptive Lobatto quadrature routine optimises the number of sections it divides the curve
into dependent on its gradient. It is best suited to smooth integrands [45]. It is well suited to
the steep and smooth function of expression 5.3. Each successive segment will contribute less
to the integral than the previous one, and due to the decaying nature of the curve the difference
between the area of two adjacent segments will decrease with x. The function is converging on

0. This allows a limit to be set on the x range used.

As x —* oo the gradient of 5.2 (the function inside the Fourier transform integral) tends towards

0. In this case it can be shown that to a close approximation the area under a segment
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+  Numerical integration

Q  Approximation to cos curve

Segment

Figure 5.9: Comparison of segment area for numerical integration and approximating the area

under the curve to a cos function

of expression 5.1 ~ wf cos(qgxX) where w is the value of expression 5.2 at the x value at
the centre of the segment. The cosine integral can be easily solved analytically. Figure 5.9
shows the area of each segment using the quadl function and approximating the area to the
integral of a cosine curve for typical model parameters. It can be seen that as the index of the
segment increases the cosine integral becomes a better approximation to the numerically solved
integral. In fact after the first few segments they are almost indistinguishable. The model
developed therefore calculates the area of each segment in order using numerical integration,
and calculating the cosine integral for that segment also. When the area of a segment calculated
by the numerical integration is found to be within 0.5% of that calculated by the cosine integral,
the model approximates the area of all other sections to their cosine integral, which is far less

computationally intensive.

Comparison of different techniques to calculate term 4

The Fourier transform integral was evaluated using the two methods described in the preceding
paragraphs and evaluating the first ten elements of the infinite series as described by Sinha [89].
The curves produced should be smooth and continuous. Comparisons show the 4 parameter and
the £ have the largest effect on the integrals. Figures 5.10 to 5.12 show the integral calculated
for different values of 4 and £ using the the three different calculation schemes. It can be
seen that when £ is large (greater than 0.3) the functions behave fairly well and match one
another well, although the FFT method shows some small oscillations. However when 7 is

small the integral method and Taylor series method curves become discontinuous, whereas the
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FFT method curve remains smooth. When £ is made larger for a small 4 the discontinuities
of the integral method and Taylor series method become larger, while the FFT method still
produces a relatively smooth curve. A possible reason for the breakdown of the integral method
at low & is the steepness of the curve being too great for the numerical integration scheme to
approximate accurately. For this reason the FFT method was chosen to solve the integral when

fitting the experimental data, as it works well over the all 4 ranges.

¢ =15, h =05, ], 25000

10
Numerical Integral D
FFT method Numerical integral
Taylor series
Taylor series
1B
K
10
s Ll 05 0 05 | 15 e
qgjef-eP) 45 . 05 0 05 | 15

gpej’-fif)

Figure 5.10: Different methods of calculating Figure 5.11: Different methods of calculating
term 4 in table 5.1 with 2 = 0.5 and £ = 25000 term 4 in table 5.1 with 2 = 0.8 and £ = 25000

Complete 9/Amap

Extending the calculation for a single Acut to a complete 9/ A map requires simply calculating

the reflectivity over the 9 range at each value of Aand arranging the cuts in an array.

5.3 Modelling off specular reflectivity multiple interfaces

The DWBA model has been extended to multilayer systems. In this section when referring to
multilayer stacks of films on a substrate it is assumed that air or vacuum is the first medium
and will be referred to as medium or layer 1. The interface between air and the top surface
will be referred to as interface 1. The interface between the bottom of the last film and the
substrate is interface N and the substrate is layer N + [ where N is the number of interfaces

in the multilayer. With a single layer model interference effects between the layers are not seen
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Figure 5.12: Different methods of calculating  Figure 5.13: Different methods of calculating
term 4 in table 5.1 with # = 0.2 and £= 10000 term 4 in table 5.1 with 2 = 0.2 and £ = 10000

and there are no fringes in the off specular reflectivity at gx — 0, because the 7 coefficients
from a single interface alone do not contain this information. From equation 2.121 in section
2.9 it can be seen that there are now six terms for each interface in the multilayer. The six
terms are caused by the different ¢4 vectors (see equation 2.119). Each of these terms can be
broken into four parts as in the single interface expression shown in table 5.1. Like the single
interface calculation the DWBA expression for reflectivity from each interface in the multilayer
can be broken down into four terms. The four terms for the scattering from each interface are

given in table 5.2

The model developed allows the off specular reflectivity of a multilayer stack of any number
of layers to be calculated. The reflectivity data is stored in a three dimensional array with
dimensions M x O x N, where M is the number of angles of reflection, O is the number of
wavelengths and N is the number of interfaces in the multilayer. The reflectivity is calculated
pixel by pixel for each interface. To find the total reflectivity of the multilayer the array is
summed over N. The parameters required to calculate the reflectivity are either defined by the
user or calculated before the reflectivity calculation. They are stored in arrays whose indexes
correspond with the indexes of the reflectivity array. These parameters have to be calculated
for each layer. Some parameters will be constant for all pixels in a direction, for instance the
angle of incidence 6, is constant for every pixel or array element in a layer, but changes between
layers. The R and T coefficients require knowledge of 6, in the substrate which is after the final

interface so 6, requires a 1x 1x (N -f 1) size array. Table 5.3 shows all the parameters required,
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DWBA term break down

Name Formula
1 Integral prefactor ;J_(quTe(-ﬂ?((qi}u)2+(qi,)*2)/2)
4
2 Scattering strength coeffi- LzLy%frﬂn? - nf +1 |2
cient
3 Fresnel coefficient terms (TYT] + RIRL)|?

(RIT] + T{ R})|?

2Re (T{TJ(RT])* + T} R4(R]R})")
2Re(T{TJ(T{ R})" + R{T](R]R})")
2Re(T{T}(R]R})")

2Re(T] R{(T{ R})")

4 Fourier transform / fsa dX e(—ig:X)) ¢, (h.) (X)) _ 1

Table 5.2: Terms used to calculate off specular scattering from multiple interfaces in the DWBA
where m = 0,1,2,3 and n = 0,1,2,3 and are the indices of the ¢J terms and 0 refers to ¢J*, 1

to —qg"’, 2 to qg' and 3 to —qg' (see equation 2.119).

whether they are defined by the user or how they are calculated and the size of the array they
are stored in. A pseudo code for calculating the reflectivity from a multilayer is shown in figure

5.14

5.3.1 T and R coefficients

The Fresnel coefficient terms become considerably more complicated and now both T and R,
coefficients for each interface are required. The two techniques to calculate T and R terms in a
multilayer are the transfer matrix and the Parratt formalism which are both discussed in section
2.7. The transfer matrix calculates the T" and R terms starting from the top interface, whereas
the Parratt formalism calculates from the bottom interface. This is discussed in detail in section
2.7.6. This means that in a multilayer the R coeflicient should be calculated using the Parratt
formalism or the transfer matrix with the order of the layers in the multilayer reversed. The
T coefficient should be calculated using the transfer matrix or the Parratt formalism with the
order of the layers in the multilayer reversed. The beam transmitted through the multilayer will
see the interfaces in ascending order from 1 to N. However a beam reflected from an interface

will see the interfaces in the descending order from n : 1 where n is the index of the interface
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Parameters for multilayer DWBA

Parameter Equation Description Array size

A User defined Incident wavelength 1x0x1

NZ2B? User defined Scattering length density 1x1xN

Otot User defined total roughness 1x1xN

Olat User defined lateral roughness 1x1xN

h User defined Hurst parameter 1x1xN

13 User defined Cut off length I1x1xN

n nd =1 - ((N?2B?)I)\2/27) Refractive index 1xOxN

0; 0{ = cos™!(cos Of_l/nj‘l) Angle on incidence 1x1x(N+1)

0¢ 0} = cos~!(cos 0;_]/11,7'_1) Angle on incidence 1x1x(N+1)

ki, k;fz = 27” sin 0{ Incident wave vector z direction 1xOx(N+1)

kfz k}z = 27" sin 0} Reflected wave vector z direction MxOx(N+1)

kix k;?z = 2T" cos 0;?' Incident wave vector x direction 1xOx(N+1)

kfz k}z = %—" sinj‘% Reflected wave vector z direction MxOx(N+1)

aF 9 = ki, + k. g: type vector 1xOx(N+1)

gz q;j =k — kg, gz type vector MxOx(N+1)

gz q'; =kiz —kfz gz vector 1XxOx(N+1)

R; see equation 2.68 Reflectivity coefficient of incident | 1 X O X N
beam

Ry see equation 2.68 Reflectivity coefficient of reflected | M x O x N
beam

T; see equation 2.64 Transmission coefficient of incident | 1 x O x N
beam

Ty see equation 2.64 Transmission coefficient of re- | M X O x N
flected beam

Table 5.3: Parameters used in a multilayer DWBA reflectivity calculation where M is the

number of angles of reflection, O is the number of wavelengths and N is the number of interfaces
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Parratt Transfer Matrix
calculation calculation

order order

Transmitted beam

Reflected beam

Figure 5.15: Calculation order of transfer matrix and Parratt formalism

it is reflected from. This is shown in figure 5.15.

The transmitted beam will have no ‘knowledge’ of the interfaces below the ones it has been
transmitted through, whereas the reflected beam will only have 'knowledge’ of the interfaces it
has been transmitted through after reflection. Calculating the T coefficients with the Parratt
formalism for interface u will give them knowledge of interface structure below interface n, which
a physical neutron would not have. This will result in interference fringes in the scattering which
would not be present in the physical situation. A similar argument is true for calculating the R
coefficient with the transfer matrix. When measuring 7 and R in air above the multilayer both
calculation schemes will give the same results, however measuring them inside the multilayer

they will give different results at each interface as shown in section 2.7.6.

The T and R coefficients are required for each interface to calculate the total reflectivity from
the multilayer. The effective 7 and R coefficients in each layer for the two calculation schemes
are only different due to the order the individual 7 and R coefficients in each layer are evaluated
when calculating the total reflectivity of the multilayer. Figure 5.17 shows the effect of using
the transfer matrix to calculate both 7 and R for an F8 /dAPMMA bilayer with film thicknesses
1000A and 500A respectively. The interfaces between the F8/ dPMMA and dPMMA/ Si have

dominant scattering.

It can be seen from figures 5.16 and 5.17 that using the transfer matrix to calculate R gives
the wrong result. This is because when calculating R for the F§/dPMM A interface the scatter-
ing from the air/F8 interface has already been calculated and is added to the dPMMA result,
whereas in the physical system the reflected neutrons will not have experienced the air/F8 inter-
face. However in the physical system reflected neutrons will have experienced the dPMMA/Si

interface, which in the transfer matrix scheme it will not have.
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Figure 5.16: Model of F8/ dPMMA bilayer o1l
Si with him thicknesses 1000A and 500A respec-

tively with T calculated using transfer matrix
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Figure 5.17: Model of F§/dPMM A bilayer oi1 Si
with him thicknesses 1000A and 500A respec-
tively with both 72 and T calculated using the
transfer matrix. The Yoneda scattering is in the

wrong location for a multilayer with dominant

and 7? calculated using Parratt formalism scattering F8/dPMMA interface

5.4 Modelling off specular reflectivity with correlations

between interfaces

The experimental data shows lines of heightened intensity along constant gz contours on the
0/ A maps. This shows there are correlations between the morphology of the polymer him
and the underlying substrate. The model has to be extended to include these terms. There is
potentially correlation between every interface with every other interface in the multilayer. The
interface correlation between any two interfaces a and b are found by multiplying the matrix
element of @ by the complex conjugate of the matrix element of 5 This results in sixteen terms
for each interface pair (see equation 2.124). Each of these terms can again be broken down into
four parts. In the uncorrelated model interfering neutron waves are reflected from the same
interface and so are in phase. In the correlated model a phase factor needs to be included to
take into account the interference effects of waves reflecting from different interfaces. It is the
phase factor that causes the lines of intensity along constant gz (see section 2.10.1) as they are
a function of the film thickness. The cross correlation terms can be calculated alongside the six
single layer terms for each interface and them added to the single layer terms to give the total

reflectivity. The pseudo code for the model developed including the cross correlation terms is
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shown in figure 5.18

Due to the phase factor the cross correlation terms oscillate between positive and negative
maxima and minima. If the magnitude of minima is greater than the reflectivity given by the
single layers then the reflectivity becomes negative at these points, which is not physical. The
effect of these oscillations is to increase the height difference in the fringes at ¢, = 0 and create
the fringes in the off specular data corresponding to the lines of heightened intensity along
constant ¢,. Figures 5.19 and 5.20 show the typical form of the correlation function terms
for F8/dPMMA bilayer with film thicknesses 1000A and 500A respectively which is the same

system described in the previous section without cross correlation terms.

The effect of the cross correlation terms on the model reflectivity can be seen in figure 2.38.

5.4.1 Interface to interface correlation function

The Fourier transform integral function between the different layers requires a interface to
interface correlation function rather than a height to height correlation function as described

in section 2.8.2. The interface to interface correlation used in this work is [79]

1 .
ck(R) =3 [Z—Zc,-m) + ZEen(R) | e/ (281)
J

It contains the o4, h and £ terms of both layers and only one additional term & jx which is
a correlation length scale term perpendicular to the interfaces. The Fourier transform integral
for each pixel for this interface to interface correlation function is calculated in the same way
as the height to height correlation function outlined in section 5.2.3 for the single layer. If
€15k = 0 there is no correlation between layers j and k and there will be no contribution to

the reflectivity.

5.5 Resolution

An advantage of modeling in 6/X space is that the resolution in # and A directions can be
treated separately. Resolution of the experiment was taken into account by convolving the
model reflectivity with a 2D Gaussian in the 6 and X directions independently. The FWHM of

the Gaussian functions was set equal to the instrumental resolutions df/6 and d\/X (see section
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Figure 5.18: Psuedo code to calculate reflectivity from a thin film multi layer
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Figure 5.19: Cross correlation terms of Figure 5.20: Cross correlation terms

of

Fs/dPMMA bilayer o1 Si with film thicknesses Fs/dPMMA bilayer on Si with film thicknesses

1000A and 500A showing maxima and minima 1000A and 500A showing maxima and minima
(note: these are not o11 a log scale due to the (note: these are not on a log scale due to the
negative terms) negative terms)

2.4.6). In the model each time the reflectivity is calculated, the resolution function is applied

to it in both directions.

Reflectivity beyond the limit of the range that is detected by the experimental geometry will
have some effect on the experimental data due to the resolution. Therefore reflectivity for
a buffer of pixels is calculated around the edges of the 6/ A range of the experimental data.
This takes into account reflectivity in the 0/ A range adjacent to the range measured by the

experiment. In this work the buffer is set to be three pixels wide.

5.6 Fitting algorithm

5.6.1 Differential evolution

Differential evolution (DE) was chosen as the type of fitting algorithm. DE is a population
based stochastic minimising scheme aiming to minimise a cost function [67], The population
are vectors and the eclements of the vectors are the fitting parameters and each population
member is labelled with an index. For each generation after the first generation the algorithm

iterates through every population vector and changes their fitting parameters to create a mutant
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vector based on the original population vector. If the mutant vector is a better solution (has
a lower value for the cost function) then the algorithm replaces the original population vector
with the mutant and the original population vector is removed. If the original population
vector is a better solution than the mutant the original population vector is retained. Once all
the population vectors have had mutants generated a new generation iteration begins and the
algorithm repeats the process. Generation of a mutant vector relies on ‘breeding’ with other

population members. The ‘breeding’ steps are shown below

1. Choose population vector to create mutant from (by iteration)
2. Randomly select two other population vectors

3. Sum the difference between the elements of the randomly chosen population vectors and

multiply by a weighting factor between 0 and 1

4. Add the weighted sum of the difference to the original vector to create a temporary mutant

vector

5. Randomly replace some elements of the temporary mutant vector with elements from the

original population vector to create the mutant vector

6. If the mutant vector is a better solution than the original vector replace the original vector

with the mutant vector

As the number of generation iterations increase the difference between population vector ele-
ments decreases and the entire population move towards the optimum solution. The DE scheme
is therefore self organising with no probability distributions required [30]. A schematic of the

basic principles of the DE algorithm is shown in figure 5.21.

The differential evolution scheme in this work was developed to fit the 2D colour map of the
experimental data. Any of the input parameters listed in the first six rows of table 5.3 and the
cross correlation parameters { | ; x for each layer can be chosen as fitting parameters. Limits are
placed on the possible values of the fitting parameters. If a fit parameter in a mutant vector
goes outside these limits then it is returned to the value of the original vector. Initially only the
off specular reflectivity was fitted so a region around g, = 0 containing the specular reflectivity
was excluded from the fitting area. Also a region above the critical angle 8. of the polymer
with the highest SLD 6. was excluded from the fit. In this region the incoherent scattering

dominates the coherent scattering. The cost function used is a x? function which is given by
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Figure 5.21: Basic differential evolution fitting algorithm (taken from reference [30])
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where R exp(i,j) is the experimental reflectivity of a pixel, R mod(i,j) iRthe model reflectivity of
a pixel, ely is the error, N, is the number of Of values and Nj is the number of A values. Also
included in the DE scheme was a function which eliminates the population member with the
highest x 2 value after every generation iteration until a specified minimum population size has

been reached. Details of fitting and results are discussed in chapter 6.

5.7 Combining specular and off specular reflectivity cal-

culations

Since the instruments used measure specular and off specular reflectivity simultaneously, to fit
the experimental data including the region around gx = o the specular reflectivity needs to be

added into the model. It is shown in section 2.9 that the reflectivity at gx = 0 is not only
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specular reflectivity but there will be an off specular component to it. The specular reflectivity
extracted by taking a cut of the data around g, = 0 is not the true specular reflectivity due
to this off specular component. The off specular component will make the specular reflectivity
seem to fall off at a slower rate with increasing g, than the true specular reflectivity, as the
specular reflectivity falls off as a function of g; * whereas the off specular reflectivity falls off as
a function of g 2. Schlomka et al [79] show that fits of specular reflectivity predict interfacial
RMS roughnesses which are lower than the actual RMS roughnesses. This is because the rate
of fall off of the specular is a function of the total RMS roughness oy, (see section 2.7.7). The

true specular reflectivity should have the off specular reflectivity subtracted from it.

Schlomka et al [79] develop a model for x-ray reflectivity in ¢ space which fits the specular and
off specular reflectivity simultaneously using the DWBA to fit the off specular part and the
Parratt formalism (see section 2.7.5) to fit the specular part. At g, = 0 the model reflectivity
is the sum of the DWBA and the Parratt fits. The reflectivity is fitted using the same total
roughness (040¢), thickness and SLD parameters for both parts of the model. In this way the
two components at gx = 0 can be separated. This is the basis of the model developed to fit the

specular and off specular data simultaneously in this work.

The specular reflectivity plots extracted from the experimental data in section 6.2 are summed
over a range of pixels in the 6 direction, due to broadening of the specular reflectivity because
of instrumental angular resolution. In the model developed specular reflectivity is added to
pixels where g, = 0. This specular reflectivity is broadened using a Gaussian convolution with
the FWHM of the Gaussian found by fitting a Gaussian to cuts in A of the direct beam mea-
surement (see section 4.5.1 for details of the direct beam measurement). There is no scattering
in the direct beam measurement, so the broadening of the beam is due purely to instrumental
resolution. The averaged FWHM over several cuts of the direct beam for D17 data was found

to be 0.064°.

Specular reflectivity occurs when #; = 6;. There may be error in the instrument positioning
motors, so the location of the specular reflectivity data on the detector will give a truer value of
6; than the motors. Since each pixel subtends a small range of 6; the exact angle of incidence
may lie anywhere within the range of the pixel onto which the beam is reflected specularly. To
more precisely define the angle of incidence for each data set a small range of angles centered
on the pixel containing the specular reflectivity are fitted with a Gaussian, with the centre and
the width of the Gaussian as fitting parameters. Care is taken to keep the 65 range over which

the Gaussian is fitted small to minimise the off specular contribution. This is important when
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broadening the specular as if the value of §5 at the centre of the pixel corresponding to g, =0
is taken as the angle of incidence then the model reflectivity will be broadened symmetrically
around that pixel. If the beam is not reflected exactly at the 65 value of the centre of the pixel
the broadening in the experiment will be asymmetric. This will impact on the quality of the
fits. The Gaussian broadening of the model specular reflectivity is therefore centred on the

value of 0; found from fitting the Gaussian.

The specular reflectivity is calculated and broadened on a grid the same size as the experimental
data. Any rebinning that is carried out on the experimental data is then carried out in the
same manner on the model /X map containing the broadened peak. Since the off specular

data is rebinned then the broadened map containing the specular data must be rebinned also.

The steps to calculating the the specular and off specular reflectivity simultaneously in order

to fit the model are outlined below:

1. Fit experimental specular peak to find the true 6;

2. Calculate the model specular reflectivity over the A range of the experiment using Parratt
formalisation and put on empty /) map. The 6 pixels in which it is located should be

the same as the maximum of the specular peak of the experiment

3. Broaden the specular peak around 67 = 6; using Gaussian convolution with FWHM d6/¢

and centred at the true 6;
4. Rebin the 8/) map
5. Calculate off specular reflectivity using DWBA formalisation on #/X map of the same size

6. Sum the #/\ map containing the model specular and #/\ map containing the model off

specular

Figures 5.22, 5.23, 5.24 and 5.25 show plots of steps 2, 3, 5 and 6 respectively.

The DE fitting scheme was still used in the same way with the x? minimisation function in

order to fit all the data.
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(Angstroms)

Figure 5.23: Model specular reflectivity plotted
Figure 5.22: Model specular reflectivity plotted at ¢6= 0 on 9/ Amap and broadened by Gaus-

at gx = 0 on 9/ Amap sian function

5.7.1 Scaling between specular and off specular reflectivities

The intensity of the specularly scattered neutrons Ispec at the detector is dependent on the
specular reflectivity and the intensity of the incident beam JO. The intensity of the off specularly
scattered neutrons [, ffFpec is dependent on the off specular differential scattering cross section
( ri h) and the geometry of the instrument [88]. There is a constant scaling factor
which is dependent on the experimental geometry which is not a fitting parameter which scales
the specular and off specular reflectivities [79]. However in practice this scaling parameter was
not known and it was found by fitting the single layer sample, which has the most parameters
predefined and is the simplest to model. Once the scaling parameter is found it should be fixed

for all experiments carried out under the same conditions on the same instrument.

5.8 Conclusions

In this chapter a modeling scheme has been proposed and implemented in order to model off
specular reflectivity from a multilayer stack using the first order DWBA in 9/ A space. The
scheme outlined can potentially be used to model a multilayer with any number of layers.
One of the biggest challenges of the model is solving the integral expression in equation 2.114.
This is computationally intensive as the integral needs to be solved numerically for every pixel
on the map and the function in the integral is sharply peaked. The resolution is taken into

account by separating out the 9 and Acomponents and smoothing using a Gaussian convolution.
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Figure 5.24: Model off specular reflectivity plot- Figure 5.25: Model specular and off specular
ted 6/ A map reflectivity summed and plotted 6/X map |

Specular reflectivity is added to the off specular by adding a specular fringe along ¢ —0, —o,
which is broadened by the resolution function. Fitting of the model to experimental data uses
an evolutionary computer approach, which has been shown to converge quickly and exhibit

robustness. This model is a first attempt to fit off specular neutron reflectivity in 9 / A space.
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Chapter 6

Study of F8/dPMMA Interfaces
using Specular and off Specular

Neutron Scattering
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6.1 Introduction

In this chapter the specular and off specular reflectivity datasets from F8/dPMMA bilayer
samples with different thickness dPMMA films annealed for three hours at 180°C are fitted.
This allows information about the structure of the buried F8/dPMMA interface of each of
the samples to be obtained. To check the samples are at thermodynamic equilibrium specular
reflectivities from duplicate samples annealed for different lengths of time at 180°C are also
fitted. At 180°C the F8 polymer is in a nematic liquid crystalline state [33], which shows both
crystal and liquid properties [17]. Reflectivity datasets from two PS/PMMA bilayer samples
annealed at 180°C for three hours and twenty four hours are also fitted. This is to compare
the nematic liquid crystalline/amorphous polymer interfaces with an amorphous/amorphous

polymer interface.

The main aim is to measure the total interfacial roughness oy,; of the F8/dPMMA interface for
bilayer samples with different thickness dAPMMA films and separate out the the two roughness
contributions. These contributions are an intrinsic roughness ¢;,; which is caused by the
polymer chains mixing at the interface at a molecular level (see section 3.1.3) and a lateral
contribution o,,; caused by thermally excited capillary wave fluctuations (see chapter 3.2).
The theory of capillary waves at polymer/polymer interfaces outlined by Sferrazza et al [84]
predicts the capillary wave contribution o;,; to the total roughness (g4,¢) will increase with
film thickness (see section 3.2.3), while the intrinsic contribution ¢;,; will not depend on the
thickness of the polymer films. The capillary wave spectrum will be dependent on the thinner of
the films in the bilayer. The roughness contributions can be calculated by fitting the specular
and off specular reflectivity data from the samples, allowing the theory that the interface is

broadened by a capillary wave spectrum to be tested.

Fitting of specular scattering data is well established. However it can only give information
about the structure of the bilayer normal to the interface and only the total roughness o;,: can
be obtained from fits. Fitting of off specular data is not well established and fitting techniques
have been developed in this work (see chapter 5). Off specular scattering is sensitive to the
lateral structure of interfaces as well as the in plane structure, so both o, and o4 can be
obtained from fitting off specular data. The intrinsic roughness ¢;,; can be calculated as

o, =02, + 02, allowing the two contributions to be separated.

Specular reflectivity only occurs at g, = 0. There is also off specular contribution to the

reflectivity at g, = 0 as shown in section 2.9.3. Usually it is assumed that the off specular
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reflectivity at g, = 0 is small when compared with the specular reflectivity and no allowances
are made for it. However the fall of the specular reflectivity is a function of g;* while the
fall off of off specular reflectivity is a function of g;2. The off specular reflectivity becomes
an increasingly significant fraction of the specular reflectivity with increasing ¢,. If the off
specular reflectivity from a sample is significant, to fit the true specular reflectivity the off
specular component should be subtracted. Otherwise it is actually the sum of the specular and
off specular reflectivities that is fitted, which may result in false value for g4,;. Separating the
specular and off specular at g, = 0 is not simple. In this chapter efforts have been made to
subtract the off specular component at g, = 0 from the specular data and refitting the specular
data. This off specular component subtracted is calculated using the numerical model. Ideally
both specular and off specular components should be fitted together. A method for doing this
is outlined in section 5.7 and is implemented for the F§/dPMMA system.

Fitting specular reflectivity data

Section 6.2 describes fitting of the specular reflectivity data and is set out as follows:

1. Specular model: The model and routine used to fit the data is described

2. Modeling with an oxide layer: description of the native oxide layer on the silicon substrate

and how it is modeled

3. Fitting single layer: Fits of single films of F8 and dPMMA on Si substrate used to fix the
parameters at the air/F8 and dPMMA /Si interfaces in the bilayer fit

4. F8/dPMMA bilayers annealed for different times: Fitting of reflectivity from F8/dPMMA
bilayers annealed for different time durations to check the system has reached thermody-

namic equilibrium

5. F8/dPMMA 3 hour annealed series of different thickness: Fitting of reflectivity for the
bilayers with different thickness dPMMA and the effect the film thickness has on the

roughness

6. Modeling with no oxide layer: A repeat of the fits made in the previous subsection with

the substrate assumed to be pure silicon, to allow easy comparison with off specular fits

7. PS/dPMMA samples: Fits of the PS/PMMA system for comparison with F8/dPMMA

systems
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Fitting off specular reflectivity data

For each interface in an experimental sample there are up to five fitting parameters that are
required to characterise the interface and fit the off specular reflectivity using the DWBA. There
is an additional fitting parameter required for each pair of interfaces that are correlated. There
is also a scaling factor to scale the experimental reflectivity to the model reflectivity which is
fixed by the instrumental geometry. The aim is to fit the model to the experimental data with
as many of these fitting parameters as possible fixed. The parameters of the buried F8/dPMMA
interfaces can only be extracted by fitting the reflectivity data with a bilayer model. This will
allow the buried interface to be characterised and the roughness contributions separated. The
mcthodology for fitting off specular data is not well established, so several methodologies are

explored.

The parameters of the air/polymer and the polymer/Si interface are fixed by using AFM (de-
scribed in section 4.8) and by fitting the off specular reflectivity of the single layers. These
parameters are assumed not to change for the bilayer samples. It can be shown that both the
specular and off specular reflectivity from the air/F8 interface is insignificant when compared
with the F8/dPMMA interface. The off specular reflectivity from the dPMMA/Si interface is
insignificant compared with the F8 /dPMMA interface. However it is important that the param-
eters of the dPMMA /Si interface are reasonable, as they are included in the layer correlation
term between the F8/dPMMA interface and the dPMMA /Si interface. It is assumed that there
are no correlations between the F8/dPMMA interface and the air/F8 interface or the air/F8
interface and the dPMMA/Si interface. From visual inspection of the off specular data it is
clear that the heightened intensity along constant g, corresponds with correlations between the
F8/dPMMA interface and the dPMMA/Si interface, as they correspond to the Kiessig fringes
in the specular reflectivity, which are dominant acting across the dPMMA medium (see section
2.10.1). Therefore only the interface to interface correlation between the F8/dPMMA interface
and the dPMMA /Si interface are included in the fits in this work.

In section 6.3 fitting of the off specular reflectivity data from the F8/dPMMA bilayer samples
of different thicknesses is described. The different methods to try and fit the data and extract

information about the buried polymer/polymer interfaces are described in the list below:

1. The initial attempts to fit the data fitted only the off specular part of the data assume
that the off specular contribution to the specular data is negligible, so the total roughness

010t could be taken as the value obtained from specular fits. The scaling factor was used
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5.

as a fitting parameter. This resulted in poor fits, which suggests that the off specular
data is significant at ¢, = 0 and o, obtained from fitting the specular data is lower than

the true value.

. The off specular reflectivity is then fitted with o, as a fitting parameter and the scaling

factor as a fitting parameter. This gave much better fits and there was a significant
increase in o, for all the samples when compared to the value of o4, obtained from the

specular fits.

The scaling factor should be the same for fits of all the reflectivity data sets as the
instrumental geometry is the same for all the samples measured. However using it as a
scaling parameter showed some sample to sample variation. The scaling factor is then
fixed to the value obtained from fitting the dPMMA/Si single layer and the data refitted.
The scaling factor from this sample is chosen as it has the fewest adjustable parameters
and has strong features in its off specular reflectivity. The off specular data is refitted
with the scaling factor fixed and it is found that the fits were still good. The repeatability
of the fits is tested.

. It is found that the lateral cut off &;,; obtained from the fits was smaller for samples with

a thinner dAPMMA film than the samples with thicker dAPMMA film. A sensitivity analysis
is conducted in order to characterise the effect of varying £,4; on two samples with a thin

and thick layer of dPMMA.

The off specular reflectivity from the model at g, = 0 is subtracted from the experimental
specular reflectivity and then refitted using the specular model, to see if o4, predicted
from fitting the off specular alone is the same as that from fitting the specular data with
the off specular subtracted. Compared with o,; values obtained from fitting the specular
reflectivity with no off specular subtraction the values for g4,; increase significantly. How-
ever they are still lower than the values obtained from fitting the off specular reflectivity

alone.

. To confine the fit further Schlomka et al [79] suggest that the specular and off specular

components should be fitted simultaneously. The model for the combined specular and
off specular fit outlined in section 5.7 is used to fit the data. It is found that the total
roughnesses predicted are between that obtained from fitting the specular fit the off
specular subtracted and fitting the off specular. Trends in both the lateral roughness and
the total roughness for different thickness dPMMA films are maintained.
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7. A thin layer with variable fit parameters was included between the dPMMA and Si sub-
strate in the combined fits to attempt to model the native oxide layer found on the Si

substrate.

8. The lateral cut off values predicted for the combined fits for the thicker samples are
significantly lower than those obtained from fitting the off specular data. It is suggested
that this is due to the fitting algorithm and the lack of sensitivity to the lateral cut off for
the thicker samples. The reflectivity data from two of the thicker samples is fitted again
with &4 fixed to the value obtained from the off specular fits. The reflectivity data could
still be fitted, but the roughnesses were slightly affected.

The off specular reflectivity of the PS/dPMMA bilayer is not fitted, as the off specular scattering

from this sample had poor count statistics.

6.2 Specular Fitting

6.2.1 Specular fitting model

Specular reflectivity curves were fitted using a program written in house, based upon Parratt
formulisation for specular reflectivity of a multilayer stack (see section 2.7.5) and the a Nevot
la Croce factor to find the Gaussian RMS roughness (sce section 2.7.7). A differential evolution
fitting scheme based on minimising the x2 of the difference between the data and the model
was used to optimise the fit, as used by Wormington et al [102] to fit specular x-ray data. For
information on differential evolution see section 5.6.1 and the the references contained within.
Resolution is accounted for by calculating the reflectivity at a series of equally spaced g, values
centred on the g, value of the experimental data point and averaging them with a Gaussian

weighting. The resolution is fixed by the experimental geometry and is not a fit parameter.

6.2.2 Modelling with an oxide layer

The surface of the silicon substrate is covered in a so called ‘native oxide layer’. This layer is
amorphous and its composition is potentially non-uniform. It’s roughness and thickness may
vary with wafer fabrication conditions [94]. For this reason all measurements were performed

on samples using silicon substrates from the same batch. This layer will have some affect on
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the scattering of neutrons from the sample, generally making the reflectivity reduce at a greater
rate with ¢,. A satisfactory way to treat this oxide layer is not found in the literature. The
thickness of the oxide layer could not be found using neutron reflectivity on a Si substrate
because the g range of the experiment is too small to see any fringes from such a small layer.
In this work specular reflectivity for samples with dPMMA on Si were fitted by including an
oxide layer in the calculation, between the Si substrate and the dPMMA. The oxide layer was
assumed to be a very thin discrete layer with a scattering length density equal to that of SiOa.
The parameters of this layer were fixed to be the same for every sample with the dPMMA / Si
interface. It was found that an oxide layer of ~ 9A and a roughness between 5A and 7A gave
good fits to the specular data and worked for all samples modeled. Fits of the data were made
and repeated for values of oxide layer roughness 5A and 7A. These parameters for the oxide
layer may be different for bare Si because the dPMMA may fill nanoscale pores in the oxide

layer, causing the effective scattering length density of the layer to change.

Including the oxide layer in the off specular calculations is computationally intensive and also
because the roughness is large compared to the thickness potentially causing the DWBA per-
turbation model will break down. For this reason the oxide layer was not considered in most of
the off specular fits. So that comparison could be made with the off specular fits specular fits
were performed on all samples without an oxide layer included and the roughness for Si found

from AFM data was used.

The scattering for bilayer samples will be dominated by scattering from the F8/dPMMA in-
terface and the dPMMA /Si interface. The scattering from the air/F8 interface will be almost
insignificant in the bilayer samples and therefore the F8 scattering length density, thickness and
roughness will be fixed at values found from fitting the specular data of the single annealed F8
layer on Si substrate. The roughness of the silicon substrate was set to 0 for fits including an

oxide layer and 4.3 A for fits with no oxide layer, which is the roughness found by AFM.

As ¢, tends toward 0.2A ~! the decay in reflectivity means that the background scattering
becomes dominant. Therefore a constant value to represent the background scattering (which
is assumed to have no ¢, dependence) is added to the calculated reflectivity in the fits for all g,.
The background scattering was set for each sample by examining the experimental reflectivity
curves in the region where the reflectivity stops falling off at high ¢, values, which shows that
the reflectivity is being dominated by background scattering. The same background was used

for all samples measured on the same experiment.
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6.2.3 Fitting specular reflectivity single layer samples

Fits were made of the single F8 sample and the single layer dPMMA sample reflectivities with
the oxide layers discussed in the previous section. In each case the scattering length density of
the Si substrate was fixed at 2.073e —bA-2. Figures 6.1 and 6.2 show the fits for the F8 and
dPMMA single layers respectively. The parameters found for the thicknesses, scattering length
density,surface roughnesses and | 2 parameter for the two oxide layer roughnesses are given in

table 6.1. Experiments on both samples were performed on D17 at the ILL.

(6] 0.02 0.04 0.06 0.08 0.1 0.12 0.14 016 018 0.2
qz (Angstroms-1)

Figure 6.1: Fits of specular data from D17 for a thin film of F8 on silicon substrate annealed
for 3 hours, assuming an oxide layer of thickness fiA and roughness 5A (errorbars are smaller

than the data points)

The roughness for the top surface of the dPMMA is in close agreement with that found by
AFM studies (see section 4.8).

6.2.4 Fitting specular reflectivity from F8/dPM M A bilayer samples

annealed for different times

To check that the systems examined were at thermodynamic equilibrium bilayer samples of

~ 1000 A F8 on ~ 480A dPMMA were made and annealed for different times to see if the
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Figure ¢.2: Fits of specular data from D17 for a thin film of dPMMA on silicon substrate
annealed for 3 hours, assuming an oxide layer of thickness 9 A and roughness 5A (errorbars are

smaller than the data points)

Fits of single layers

Sample G Si02 X2 d A SLD A”2 a

Fs 5 7.35 1050.51 5.34e-7 33.39
7 3.31 1050.88 5.34e-7 31.27
Mean - 1050.70 5.34e-7 32.33

dPMMA 5 22.31 482.9 6.79e-6 9.31
7 20.48 482.78 6.79¢-6 8.60
Mean - 482.84 6.79¢-6 13.61

Table 6.1: Table showing the fitted parameters of single layer annealed F8 and dPMMA films

on Si substrate with oxide layers included on the fit
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roughness changed as a function of time.

Fits of ~ 1000 A F8 on ~ 500 A dPMMA for different annealing times
Annealing | o Si0, x? dPMMA d A | dPMMA F8/ dP-
time (hrs) SLD A-2 MMA o
0 5 17.45 479.30 6.85e-6 9.67
7 21.16 479.17 6.84e-6 8.98
Mean - 479.24 6.85e-6 9.33
3 5 20.25 483.35 6.83e-6 16.83
7 16.38 483.34 6.84e-6 16.21
Mean - 483.34 6.83e-6 16.52
24 1 5 14.57 482.86 6.87e-006 13.92
7 18.64 482.82 6.87e-006 13.40
Mean - 482.84 6.87e-6 13.66
67 5 48.67 506.14 6.95e-6 23.16
7 53.77 506.16 6.95¢-6 22.29
Mean - 506.15 6.95e-6 22.73
67 * 5 8.40 476.40 6.79¢-6 21.01
7 8.89 476.34 6.79e-6 20.16
Mean - 476.37 6.79e-6 20.59

Table 6.2: Parameters obtained from fitting specular neutron reflectivity data for ~ 1000A F8
on ~ 480A dPMMA bilayer samples annealed for various times (* refer to experimental data

from offspec, T refers to experimental data from CRISP)

From table 6.2 it can be seen that annealing increases the interfacial roughness significantly.
The three hour annealed sample is rougher than the twenty four hour annealed sample, though

since the experiments were on different instruments this may account for the difference.

From these results it is not possible to conclude whether a three hour annealing time is long
enough for F8/dPMMA bilayer samples to reach thermodynamic equilibrium and more exper-
imental data is required. However Higgins et al [38] show that for an F§/dPMMA annealed at

163° that three hours annealing time was enough to reach thermodynamic equilibrium.
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Figure 6.3: Best fits of specular reflectivity data from bilayers of 75 1000A Fs on ~ 480A
dPMMA on Si substrate for Ohr arid 24hr annealing times (fits are separated by 10«2 for
clarity) (note: reflectivity data becomes dominated by the background for ¢~ > 0.12 for 24lir

annealed sample (errorbars are smaller than the data points)

O  Anealing time 3 hrs
[0} Anealing time 67 hrs
Anealing time 67 hrs

Qe v Ve

0.2
qz (Angstroms 1)

Figure 6.4: Best fits of specular reflectivity data from bilayers of 1000A Fs on ~ 480A

dPMMA on Si substrate for 3hr and 67hr annealing times (fits are separated by 10~2 for

clarity) (errorbars are smaller than the data points)
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6.2.5 Fitting specular reflectivity from F8/dPMMA 3 hour annealed
bilayer samples of different thickness dPMMA films

The specular data is analysed for the 100nm F8/dPMMA bilayers with different thickness
dPMMA to find the RMS roughness ¢ of the F8/dPMMA interfaces. It is expected that the
RMS roughness of the interface 0 = oy, will increase as a function of the thickness of the
dPMMA layer if the interface is broadened by thermally excited capillary waves as discussed
in section 3.2. The fits were made assuming the oxide layers described at the beginning of this
section. Figure 6.5 shows fits to experimental data. Table 6.3 shows the parameters obtained

from the fits for each sample for the two different oxide layer models.

Small sample to sample variation in the fitted dPMMA scattering length density can be caused
by small errors in the angle of incidence measured by the instrument. Figure 6.6 shows a plot
of the thickness of the dPMMA layer against the F8/dPMMA interfacial roughness found from

ts of the specular data.

The general trend is that the interfacial roughness increases as the thickness of the dPMMA
film increases and then saturates due to the coherence length of the neutrons. This trend is
the same as found by Sferrazza et al [84] for PS/PMMA interfaces which suggest that capillary
wave fluctuations contribute significantly to interfacial roughness at liquid/liquid interfaces (see
section 3.2). In a reflectivity experiment neutrons will not be sensitive to capillary waves with
wavelengths greater than the neutron coherence length. Therefore for thick films where the
film contains capillary waves with wavelengths larger than the coherence length the roughness
measured will be around the same value. Even though the capillary wave spectrum still increases
with film thickness, the neutrons will not be sensitive to these larger wavelengths. This is the

case for the for the three thicker samples measured.

The x? parameters for the specular reflectivity are high compared to the usual values found
from specular reflectivity. This is because of the large count times of the data in this work
due to the simultaneous collection of specular and off specular data, resulting in small error
bars and therefore large x2. In this work typical counts times at 8; = 2.5° were ~ 15 hours,

compared with ~ 1 hour required to collect specular data alone.
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Figure 6.5: Best fits of specular reflectivity data from bilayers of ~ 1000A F8 on ~ 110A.
~ 160A, ~ 22()A, ~ 420A. ~ 480A. ~ 660A and ~ 850A dPMMA on Si substrate annealed for

3hrs (fits are separated by 10~2 for clarity) (errorbars are smaller than the data points)



dPMMA thickness series fits

Approx o Si0y x2 dPMMA d A | dPMMA F8/ dP-
thickness SLD A-2 MMA ¢
dPMMA
(A)
120 5 4.37 116.04 6.71e-6 9.67
7 4.64 115.94 6.71e-6 8.98
Mean - 115.95 6.71e-6 9.33
160 5 8.82 162.95 6.80e-7 11.28
7 10.04 162.83 6.79¢-6 10.48
Mean - 162.89 6.80e-6 10.88
220 5 20.58 217.02 6.91e-6 13.15
7 23.85 216.90 6.91e-6 12.33
Mean - 216.96 6.91e-6 12.74
420 5 40.11 428.27 6.86e-6 14.92
7 44.41 428.18 6.86e-6 14.16
Mean - 428.23 6.86¢-6 14.54
480 5 20.25 483.35 6.83e-6 16.83
7 16.38 483.34 6.84e-6 16.21
Mean - 483.34 6.83e-6 16.52
660 5 65.36 660.54 6.97¢-6 15.63
7 62.05 660.84 6.97e-6 14.84
Mean - 660.69 6.97e-6 15.24
850 5 41.94 854.99 6.90e-6 15.82
7 44.30 854.92 6.89¢-6 14.94
Mean - 854.96 6.89¢-6 15.38

Table 6.3: Parameters obtained from fitting specular neutron reflectivity data for ~ 1000A F8

on various thickness dPMMA bilayer samples annealed 3 hours
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Figure 6.6: A plot of Fs/dPMMA interfacial roughness against the thickness of the dPMMA

layer from fits of specular reflectivity

6.2.6 Fitting specular reflectivity from F8§/dPM M A samples without

an oxide layer

Specular fits were made of the layer thickness series samples in order to compare directly with
off specular fits where no oxide layer is included. Fits of the specular data without an oxide
layer are shown figure 6.7 and the fitted parameter values for all of the samples in the series

are tabulated in table 6.4.

The x2 values of the fits are generally higher than those where the oxide layer is considered.
The interfacial roughness obtained for each sample is higher for fits that dont include an oxide
layer. The effect of the oxide layer is to increase the fall off of the reflectivity. Examination of
the fits show without the oxide layer the rate of reflectivity fall off is too low and the reflectivity
given by the fits is above that of the experimental reflectivity at high gz values. It is expected
that the reflectivity should increase when the oxide layer is included as it has a higher scattering
length density than Si. However the roughness of it will cause the reflectivity to fall off at a
greater rate, showing that the roughness of the oxide layer is dominant over its scattering length

density in its effect on the reflectivity.

Figure 6.8 shows the Fs/dPMMA interfacial roughness plotted against the dPMMA thickness

for the two different oxide layers and no oxide layer. While the roughness for each sample is
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Thickness dPMMA-115A
o Thickness dPMMA - 160",
Thickness dPMMA - 2207,
Thickness dPMMA -420/.
Thickness dPMMA ~ 480A
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Figure 6.7: Best fits of specular reflectivity data assuming 110 oxide layer from  10OOOA Fs on
~ 160A ~ 48()A and ~ 660A dPMMA annealed for 3hrs (fits are separated by 10-2 for clarity)

(errorbars are smaller than the data points)
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dPMMA thickness series fits with no oxide layer

Approx X2 dPMMA d A | dPMMA F8/ dP-
thickness SLD A-2 MMA o
dPMMA

(A)

120 4.38 118.81 6.71e-6 10.30
160 28.04 166.37 6.80e-6 12.79
220 36.22 219.64 6.89¢-6 13.619
420 34.89 428.71 6.92e-6 15.045
480 39.89 485.87 6.81e-6 17.39
660 63.6 662.88 6.96e-6 16.34
850 43.58 857.62 6.89¢-6 16.65

Table 6.4: Parameters obtained from fitting specular neutron reflectivity data for ~ 1000AF8
on various thickness dAPMMA bilayer samples annealed 3 hours assuming no oxide layer and

using the roughness of the silicon substrate taken from AFM

larger with no oxide layer the dependency on dPMMA thickness shows the same trend.

Comparison of fitting regime against Parratt 32 software

In order to check the validity of the model and the fitting scheme fits of the specular data were
made using Parratt 32 software for comparison [12]. It is well regarded and frequently used
to fit neutron data in published work. The Parratt 32 scheme uses the Parratt formalism [66]
and a Newton- Rhapson fitting scheme to minimise x2. Fits using Parratt 32 were made for
three of the samples with and without an oxide layer (with the roughness of the oxide set at
5 A). The background is set to be constant and both background and resolution were set at
the same values used in the model used in this work. The values for the parameters describing
the air/F8 interface and the dPMMA/Si interface are fixed to the same values described in
the previous sections. Table 6.5 shows values obtained from fitting three samples using the in
house differential evolution fitting program and using Parratt 32 software. Figure 6.9 shows the
calculated reflectivities for one sample using the in house differential evolution fitting regime

and using Parratt 32 software.

From table 6.5 it can be seen that the parameters obtained from the fits are almost identical for
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Figure 6.8: A plot of Fs/dPMMA interfacial roughness against the thickness of the dPMMA

layer from fits of specular reflectivity with different oxide layer models
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Figure 6.9: Comparison of calculated reflectivity from fits of ~ 1000A Fs on ~ 480A dPMMA

bilayer sample using in house differential evolution fitting regime and using Parratt 32 software)
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dPMMA thickness series fits with no oxide layer

Approx Fit method dPMMA d A | dPMMA F8/ dP-

thickness SLD A-2 MMA o

dPMMA

(A)
Diff ev with ox- | 217.02 6.91e-6 13.15
ide
Parratt 32 with | 217.2 6.87e-6 13.09
oxide
Diff ev without | 219.64 6.89e-6 13.62
oxide

220 Parratt 32 with- | 219.88 6.90e-6 13.57
out oxide
Diff ev with ox- | 483.35 6.83e-6 16.83
ide
Parratt 32 with | 483.44 6.82e-6 16.86
oxide
Diff ev without | 485.87 6.81e-6 17.39
oxide

480 Parratt 32 with- | 485.92 6.82e-6 17.32
out oxide
Diff ev with ox- | 660.54 6.97e-6 15.63
ide
Parratt 32 with | 660.03 6.98e-6 15.36
oxide
Diff ev without | 662.88 6.96e-6 16.34
oxide

660 Parratt 32 with- | 662.98 6.96e-6 16.02
out oxide

Table 6.5: Comparsion of parameters obtained from fitting specular neutron reflectivity data
for ~ 1000A F8 on various thickness dPMMA bilayer samples annealed 3 hours using the in
house differential evolution fitting program and Parratt 32 software with and without including

an oxide layer in the fit
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the two fitting programs, verifying the values obtained by the in house program. The calculated
reflectivity curves in figure 6.9 are indistinguishable showing that the implementation of the

Parratt formalism in the in house program is correct.

6.2.7 Fitting specular reflectivity data from PS/dPMMA samples

Two bilayers of PS/ dPMMA annealed for twenty four and three hours were studied using
neutron reflectivity to compare with the F8/dPMMA system. The two different annealing
times were used to see if the system reached thermodynamic equilibrium. From comparison
of the specular reflectivity curves it was apparent that the reflectivity curves exhibited the
same rate of fall off and thermodynamic equilibrium for the samples had been reached. The
analysis presented here is for the three hour annealed sample. The interface in the F8/dPMMA
system is between a polymer in a nematic crystalline phase (at 180°C [33])and an amorphous
polymer. The PS/PMMA system contains an interface between two amorphous polymers. The
mixing of amorphous polymer pairs has been the subject of a large body of research and is
well understood (see chapter 3), whereas the interfacial mixing of the nematic crystalline/
amorphous polymers is not well understood. Comparison of the two systems will allow us to
see if the theory developed for amorphous polymer pairs can be applied to the F§/ dPMMA
system. Fits of the specular data for the PS/dPMMA sample annealed for three hours are
shown in figure 6.10 and the fitting parameters are tabulated in table 6.6.

PS/ dPMMA fits
Parameter Si0 =5 Si0, =7 Average
PSdA 1824.9 1830.0 1827.45
dPMMA d A 1747 1745.1 1746.05
PS SLD A2 1.09e-6 1.24e-6 1.17e-6
dPMMA SLD A-2 | 6.92 6.91 6.91
PSo A 7.27 23.7 15.49
dPMMA ¢ A 17.25 15.00 16.13

x2 A 59.8 76.5 -

Table 6.6: Fit parameters obtained from fitting specular reflectivity data from a PS/dPMMA

bilayer on Si substrate

It can be seen that PS/ dPMMA interfacial roughness is similar to that of the thicker F§/dPMMA
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Figure 6.10: Fits of specular reflectivity data for ~ 1800A PS o ~ 1700A dPMMA sample
assuming an oxide layer of thickness 9 A and roughness 5A and 7A (fits are separated by 10-2

for clarity) (errorbars are smaller than the data points)

samples suggesting that the dynamics of mixing at the interface are similar. However the off
specular data contained few features and so could not be fitted. It is possible that the thickness
of the films meant that there was little off specular scattering. To test this further experiments
will be carried out supplementary to the work presented in this thesis on PS/dPMMA samples
with thinner films. It is also possible that the lack of off specular is due to different interfacial
dynamics than the F8/dPMMA system. In either case further experimental data is required

for verification.

Conclusions

Specular reflectivity has been fitted for F8/dPMM A bilayers as well as a PS/dPMM A bilayer.
The main focus is the roughness of interfaces with different thickness dPMMA layers. The
fits show that the roughness is a function of the thickness as predicted by the capillary wave
model outlined by Sferrazza et. al [84], Larger wavelength capillary waves are suppressed by
dispersion forces across the film. As the films thickness increases the effect of the dispersion
forces is reduced and longer wavelength capillary waves exist. From fits of the specular neutron
reflectivity data the roughness obtained saturate at a value of ~ 1fiA for the four thickest films
measured which suggests the larger capillary wavelengths the interface can support are greater

than the coherence length of the neutrons.
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6.3 Off specular data fitting

6.3.1 Introduction

In this section the off specular data for five bilayer F8/dPMMA samples (samples thl - th5)
with varying thickness of dAPMMA are fitted using the off specular model described in chapter
5. All samples in this section are made on Si substrate and annealed at 180°C for three hours.
The reflectivity was measured on D17 and the reflectivity has background subtracted and is
normalised by the direct beam and water runs as described in section 4.1. The self affine height
to height correlation is used to model each interface in the system and the correlation between
interfaces is described by the interface to interface correlation function defined by Schlomka et

al [79].

6.3.2 Rebinning the data

From examination of the raw reflectivity data a 6; range of 0.6° — 3.2° and a X range of 5 — 22
A was chosen as the limits of the reflectivity to be fitted. The raw reflectivity data 8/\ space
contains 286 6 pixels x 1000\ pixels. However in the off specular region many of these pixels
from the experimental reflectivity do not contain any neutron counts. Rebinning creates a
smoothed map with fewer pixels. The data in the pixels of the rebinned map are calculated
by averaging over the data in a range of pixels in the original map. This facilitates faster
computation. In this work each bin in the 6 direction contains 3 pixels and each bin in the A
direction contains 13 pixels, resulting in a /A map of 50 x 44 pixels. The spacing of pixels on
the detector is smaller than the instrumental resolution, so rebinning makes the pixel spacing

of the same order as the resolution.

Resolution

Since the resolution of D17 in both # and A directions is constant and has no g dependence
(assuming the choppers are closed) %0 was calculated to be 0.05 and % was calculated to be

0.01 (see section 2.4.6). These values were used in the resolution convolution.
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Removing areas not to be fitted

For fits of the off specular reflectivity alone the region of the colourniap containing the specular
reflectivity was removed. A region of 0.18° was removed either side of the angle of incidence.
Outside of the Yoneda peak the model reflectivity is small and the experimental data is dom-
inated by background scattering, therefore this region is excluded from the fit. Figure 6.11
shows experimental reflectivity for sample i/i5 and figure 6.12 shows the data rebinned and the

areas where the data will not be fitted removed.

Figure 6.12: Normalised experimental refleetiv-
Figure 6.11: Experimental reflectivity (counts ity rebinned and areas not to be fitted removed

are on a log scale) (counts are on a log scale)

6.3.3 Lateral length scales probed

The lateral length scales on the sample probed d are dependent on the gx range with d —a

Figure 6.13 shows the length scales probed as a function of 6 and A

6.3.4 Fixed and variable parameters

In the model the reflectivity from each interface is a function of aft the total roughness,

the lateral roughness, # the Hurst parameter, the lateral cut off length and the SLD of the
materials either side of the interface (see section 2.8 for description of these parameters). The
reflectivity from interface to interface correlation between each pair of interfaces is a function

of these five parameters from both interfaces and also the length between interfaces  « There
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x 104

Figure 6.13: Contours of length scale probed (2n/gx) in A by off specular scattering as a
function of Of and A
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is also a scaling parameter to be considered which scales the off specular reflectivity with
the specular reflectivity. It also scales the model off specular reflectivity to the experimental
reflectivity. It will be a constant scaling factor for the entire off specular reflectivity. It is
fixed by the instrumental geometry and is dependent on the solid angle of each pixel on the
detector[88] and is constant for all §/) in TOF experiments. Initially it is used as a fitting
parameter. The F8/dPMMA interface is the interface of interest. The parameters of the F8

top layer and the Si substrate should be the same for every sample and will be fixed.

Fixing parameters at Air/F8 interface

The off specular reflectivity from the F8 layer is orders of magnitude smaller than the reflectivity
from the buried interface. Because there is no intrinsic mixing (at a molecular level) between
the air and F8 it is assumed that oy = 014; = 32.33A for all bilayer samples. The scattering
length density of the F8 is fixed to 5.34e — 7A =2 as found from specular fits. It was found that
the effect of the F8/ air interface on the the model was negligible and the fits were insensitive
to changes in the parameters. For this reason the other parameters for the F8 interface A and

€ are fixed at 0.7 and 50000A respectively.

Fixing parameters at dAPMMA /Si interface

The parameters of the Si interface were fixed by using the AFM data and fitting the off specular
reflectivity from sample sl1 a single layer of ~ 480A dPMMA on Si. It was assumed that there
was no oxide layer and that o;,; = 04¢ for both the dPMMA top surface and the Si surface. The
values of g4, for the dPMMA and Si were fixed to those found by AFM which gave roughnesses
of 8.9A and 4.3A respectively (see section 4.8).

The off specular reflectivity from sample sl1 was fitted. The SLD of Si was fixed to 2.073e — 6A
~2. The h parameter of dPMMA is fixed to 0.6 as found by AFM. The thickness is allowed to
vary slightly around the thickness calculated by fitting of the specular data, and the angle of
incidence was allowed to vary slightly around 6; = 2.5° to allow for any error in the angle of
incidence (caused by inaccuracy of the positioning motor on the instrument). Table 6.7 shows
the parameters that were fixed and the limits on each parameter during fitting. Figure 6.14 and
figure 6.15 show the experimental reflectivity and model reflectivity for sample si1 respectively.

It can be seen from the fit that for the Si interface the h value tends to the higher limit.
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Off specular fit parameters of dPMM A on Si

Parameter minimum maximum value
€— o 100000 43518.07

& N

h Si 0.1 0.99 0.99

{(A) Si 0 100000 25594.59

scaling 0.01 1 0.051

factor

Cl (A 0 100000 7185.05

n 2.4 2.6 2.488

Thickness 470 500 482.37

dPMMA (A)

x2 - - 6.93

Table 6.7: Parameters obtained from fitting off specular reflectivity data for a ~ 480A single

layer of dPMMA on Si substrate

Figure 6.14: Experimental reflectivity data for Figure 6.15: Fitted model reflectivity data for
sample s/1 480A dPMMA on Si (counts are o1 sample s/1 480A dPMMA on Si (counts are o1

a log scale) a log scale)
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For all bilayer fits the Si o, ¢ and h parameters are fixed to 4.3A, 25594.59A and 0.99 re-
spectively. From this point on it is assumed that fitting parameters refer to the F8/ dPMMA

interfaces unless otherwise stated.

6.3.5 Total roughness fixed by value obtained from specular

Following the methodology of Holy et al {43] the first attempt to fit the off specular reflectivity
fixes the total roughness at the value found from fitting the specular data without an oxide
layer. The results are tabulated below. The intrinsic roughness ¢, is calculated from the total
roughness o4, and the lateral roughness 0y4; (02, = 02, + 02,,). Fits of the samples with the

thinnest and thickest dAPMMA layer are shown in figures 6.17 and 6.19.

Fits with total roughness fixed to value extracted from specular fits
Sample number

Parameter | thl th2 th3 th4 thb

Thickness 162.42 215.62 418.78 478.10 652.33

(A)

o0t fized) 10.30 12.94 15.05 17.39 16.34

(A) (fixed)

010t (A) 5.58 6.31 15.06 10.38 15.05

Oint (A) 8.14 11.29484425 | - 13.9548314 6.368023233

h 0.63 0.56 0.18 0.13 0.10

€1 (A) 5860.82 8818.77 48289.66 1339.26 5170.69

scaling 0.17 0.15 0.04 0.10 0.08

factor

&lat (A) 29440.59 22827.30 838.49 16251.42 1555.89

x? 16.89 10.51 21.21 15.14 48.62

Table 6.8: Parameters obtained from fitting off specular reflectivity data for ~ 1000A F8 on
different thickness dAPMMA bilayers on Si substrate, fixing o4, to value obtained from fitting

specular reflectivity

From figure 6.19 it is clear that the fits for thicker samples are very poor. In the fit for sample
th3 ~ 1000A F8 on ~ 420A dPMMA the lateral roughness is actually larger than the total

roughness which is unphysical. It is evident from the theory of off specular scattering that
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Figure 6.16:

Experimental reflectivity for ~

1000A Fs on ~ 160A dPMMA (counts are on a

log scale)

Figure 6.18:

Experimental reflectivity for ~

1000A Fs on ~ 660A dPMMA (counts are on a

log scale)
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Figure 6.17: Model reflectivity for ~ 1000A Fs
on ~ 160A dPMMA with atot fixed to value
extracted from specular fit (counts are on a log

scale)

Figure 6.19: Model reflectivity for ~ 1000A Fs
on ~ 660A dPMMA with a«f fixed to value
extracted from specular fit (counts are on a log

scale)



the roughness extracted from fits of specular reflectivity is artificially small because there is off
specular reflectivity at g; = 0 which should be subtracted [75]. Schlomka et al [79] suggest that

the correct methodology is to simultaneously fit the specular and off specular reflectivity.

6.3.6 Total roughness as a fitting parameter

Using the value of o4, extracted from specular data resulted in poor fits to the off specular
data. The expression for the off specular reflectivity used in the model contains both o, and

01qt- This allows both roughnesses to be used as fit parameters.

Table 6.9 shows the results of the fitting parameters for all the samples. Fits of the samples
with the thinnest and thickest dPMMA layer are shown in figures 6.21 and 6.23.

Fits with total roughness as a fitting parameter

Sample number
Parameter || thl th2 th3 th4 th5
Thickness 161.4 215.04 418.6 479.7 650.1
(A)
Teot (A) 26.0015 22.67 31.24 29.3 30.43
Olar (A) 10.111 9.66 27.91 22.37 26.023
Gint (A) 23.95 20.51 14.03 18.92 15.77
h 0.69 0.65 0.15 0.321 0.25
€1 (A) 99419 37410.1 173510.7 18465.7 172013.2
scaling 0.143 0.122 0.045 0.052 0.059
factor
€1t (R) 20324.78 18943.4 154797.13 127776.6 149748.7
X2 6.08 5.49 6.22 6.81 17.17

Table 6.9: Parameters obtained from fitting off specular reflectivity data for ~ 1000A F8 on
different thickness dPMMA bilayers on Si substrate, with o;,; as a free fit parameter

Fitting the off specular reflectivity data with 0. as a fitting parameter results in values of
0.0t that are larger than obtained by the fitting the specular data. This is due to off specular
data at g, = 0 and discussed further on in this chapter. The fits visually look much better

than the fits with o, fixed to the specular value. The scaling factors obtained vary between
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Figure 6.20: Experimental reflectivity for ~ Figure 6.21: Model reflectivity for ~ 1000A Fsg
1000A Fs on ~ 160A dPMMA (counts are oi1 ~ 160A dPMMA with atot as a free fit pa-

o1 a log scale) rameter (counts are o1l a log scale)

Figure 6.22: Experimental reflectivity for ~  Fjgure 6.23: Model reflectivity for ~ 1000A Fs
1000A Fs o11 ~ 660A dPMMA (counts are o1l a 011 ~ 660A dPMMA with cror as a free fit pa-

log scale) rameter
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samples whereas it should be the same for all samples, as it is dependent on the instrumental
geometry (beam footprint and solid angle per pixel see equation 2.84) which is consistent for
all measurements. The scaling factor for the three thicker samples is similar to that found
from fitting the dPMMA single layer. However the scaling factor for the two thinner samples
is larger. The thinner samples contain less fringes to fit due to the thickness of the dAPMMA
layer in the 6/A. Therefore it is expected that the fit will be less sensitive to the other fitting

parameters and more dependent on the overall scaling as there are less distinct features to fit.

6.3.7 Fixing scaling parameter

In order to treat the reflectivity data correctly a single scaling factor should be used for fits
to all the samples measured on the same instrument under the same conditions. The scaling
factor was fixed at 0.051 for a series of fits, the value fitted from the dPMMA on Si sample.
Fits of the data for samples and line cuts through the data are shown in figures 6.24 toc 6.43.
Table 6.10 shows the results of the fitting parameters for all the samples with the scaling factor
fixed.
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Figure 6.24: Experimental reflectivity for ~
4931.". Fs on ~ 160A dPMMA (counts are oi1 a
log scale)

10"

Figure 6.26: Cuts through A showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A Fg on ~ 160A dPMMA (counts are on

a log scale)
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Figure 6.25: Model reflectivity for ~ 1000A Fs
oi1 ~ 160A dPMMA (counts are o11 a log scale)

10 %

Figure 6.27: Cuts through Of showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A Fs o11 ~ 160A dPMMA (counts are o1l

a log scale)



Figure 6.28: Experimental reflectivity for ~
1000A Fs on ~ 220A dPMMA (counts are on a
log scale) (note reflectivity not scaled by specu-

lar)

Figure 6.30: Cuts through A showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A Fg on ~ 220A dPMMA (counts are on

a log scale)
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Figure 6.29: Model reflectivity for ~ 1000A Fs
on ~ 220A dPMMA (counts are on a log scale)

(note reflectivity not scaled by specular)

Figure 6.31: Cuts through Of showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A Fs on ~ 220A dPMMA (counts are on

a log scale)



Figure 6.32: Experimental reflectivity for ~
1000A Fs on ~ 420A dPMMA (counts are on a

log scale)
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Figure 6.34: Cuts through A showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A Fg on ~ 420A dPMMA (counts are on

a log scale)
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Figure 6.33: Model reflectivity for ~ 1000A Fs
on ~ 420A dPMMA (counts are on a log scale)
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Figure 6.35: Cuts through Of showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A Fg on ~ 42()A dPMMA (counts are on

a log scale)



Figure 6.36: Experimental reflectivity for ~
1000A F8 on ~ 480A dPMMA (counts are on a
log scale)
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Figure 6.38: Cuts through A showing for ex-

perimental reflectivity and model reflectivity for

~ 1000A F8 on ~ 480A dPMMA (counts are on

a log scale)
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Figure 6.37: Model reflectivity for ~ 1000A F8
on ~ 480A dPMMA (counts are on a log scale)
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Figure 6.39: Cuts through 9j showing for ex-
perimental reflectivity and model reflectivity for

~ 1000A F8 onn ~ 480A dPMMA (counts are on

a log scale)
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Figure 6.40: Experimental reflectivity for ~
#27Z7Z.. F8 on ~ 660A dPMMA (counts are o11 a

log scale)

I

=V

Figure 6.42: Cuts through A showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A F8 o011 ~ 660A dPMMA (counts are o1

a log scale)
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Figure 6.41: Model reflectivity for ~ 1000A F8

oi1 ~ 660A dPMMA (counts are o11 a log scale)
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Figure 6.43: Cuts through 6; showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A F8 o11 ~ 660A dPMMA (counts are o1

a log scale)



Parameters fitted with fixed scaling factor

Sample number
Parameter thl th2 th3 th4 thbs
Thickness 161.79 215.06 418.88 480.69 650.21
(A)
o101 (A) 20.64 20.68 30.23 26.66 28.59
Olat (A) 13.07 13.28 29.06 20.74 25.51
Oint (A) 15.97 15.85 8.33 16.75 12.91
h 0.61 0.60 0.10 0.21 0.20
& (A) 197814.16 99956.63 153873.36 186313.76 164693.94
€lat (A) 16677.88 15247.72 71016.73 113202.07 60432.67
x? 11.20 8.64 5.83 7.86 19.67

Table 6.10: Parameters obtained from fitting off specular reflectivity data for ~ 1000A F8 on
different thickness dPMMA bilayers on Si substrate, with the scaling factor fixed to 0.051

With the scaling factor fixed at 0.051 all of the experimental data can be fitted. There is a small
increase in x2, which is to be expected as the number of fit parameters has been reduced. The
roughness of the two thinner samples has decreased substantially from fixing the scaling factor.
From these fits it is evident that o;,; and 0;5; both make significant contributions to the total
roughness 04,;. As a general trend o4o; and o, increase with film thickness, corresponding
with the capillary wave theory for polymers at interfaces described in section 3.2. The intrinsic

roughness o;,; does not seem to have any film thickness dependence.

The fits are good for all the samples at low wavelength. However at higher wavelength the
intensity of the reflectivity is under estimated around ¢, = 0. This can be seen in the 65 cuts
where the model reflectivity does not match the features of the experiment at high A when 65
approaches 2.5°, the angle of incidence. This is clearly seen in the A cuts for every sample. The
highest A value cut for each sample shows the fitted reflectivity not matching the experimental
reflectivity well around #; = 2.5°, with the discrepancy more noticeable as the dPMMA film

thickness increases. The fits become poorer as A is increased and as 6y becomes closer to 6;.

In general the main features of the off specular reflectivity are represented well by the model.
Examining the cuts in A for the three thicker samples show that oscillations in the experimental

data are matched, especially at the lower values of . Examining the §/\ maps for all samples
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Figure 6.44: Plot of atot, <kt and a,nt against thickness dPMMA for F8/ dPMMA bilayers

fitted with the scaling factor fixed at 0.051

show that the lines of intensity at constant gz and the Yoneda are replicated, again this is seen
more clearly on the three thicker samples. The reflectivity around the Yoneda peak in the model
decays away more rapidally when Of < (. than in the experimental reflectivity. This is most
likely due to background incoherent scattering in the experimental data which is not included
in the model. Smaller oscillations which can more easily be seen on the thinner films (with
smaller amplitude and wavelength) in the data are not matched well by the model. This is
particularly evident in the cuts in A for the two thinner samples. These smaller oscillations are
probably caused by correlations between the F8/dPMMA interface and the air/F8 interface.
Interface to interface correlation terms for these two interfaces were set to zero in the model,
so the model cannot replicate the smaller oscillations. This was to reduce computation time.
Including this correlation in the model reflectivity is simply a case of assigning the £_hi the

interface to interface correlation function for the interface pair to a value greater than 0.

The lateral correlation length fiat is considerably smaller for the two thinner samples than
the thicker samples. This agrees with the theory that long wavelength capillary waves in the
capillary wave spectrum are suppressed by dispersive forces acting across the thin film. The
thinner the dPMMA film the stronger the dispersion forces and the shorter the wavelength at
which the capillary wave spectrum is cut off (see chapter 3). The length scale of correlations of
the three thicker films may be cut off by the in plane coherence length of the instrument in this

case. The values of fiat for the thicker films corresponds to gx contours under the resolution
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broadened specular peak (see figure 6.13). where the off specular reflectivity is not fitted. This
is discussed further in the next section. Therefore the fits will be less sensitive to £;at for the
thicker films than the thinner films, where the values of £iat are well within the range of the
off specular reflectivity data that has been fitted. The cut off length obtained from fitting the
data (iat should correspond with the dispersive cut off from suppression of the capillary wave
spectrum adisps Rough calculations based oi11 a PS/PMMA polymer interface show that the
capillary wave cut offs £/at are of the same order as those obtained from the fits of Fs/dPMMA
layers. The maximum cut off length of a capillary wave spectrum a”isp suppressed by dispersive

forces as a function of film thickness is given by [84].

2 4717 4 (rr
adisP = — 7- 1

where / is the film thickness, 7 is the interfacial tension and A4 is the Hamaker constant (described
in section 3.2.3). The surface tension and Hamaker constant for an Fs/ PMMA interface are
unknown. The surface tension and Hamaker constant for a PS/PMMA interface are 3e —3J/m 2
and 2e - 20J. It is likely that these will be similar to the Fs/PMMA values, as the overall
roughness atot for both systems from specular neutron reflectivity is similar (see section 6.2.7)
implying that the combination of intrinsic and capillary wave roughnesses are similar. Using

the PS/PMMA values for 7 and 4

«L,, ~ 2el8/4 (6.2)

For a film thickness of 220A adisp — 6.8448¢3A and for a film thickness of 650A adisp =
5.9751e4A . This compares with £iar values of 1.524e4A and 6.043e4A obtained from the fits
providing further evidence of the validity of the surface being roughened by capillary wave

fluctuations.

The cross correlation lengths are large compared with the thickness of the films, showing that the
dPMMA interface and the underlying Si substrate are well correlated for all samples measured.
The Hurst parameters 4 are notably higher for the thicker films than the thinner films. The

reason for this is unclear at present.
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Sensitivity analysis of fiat

The effect of varying the lateral correlation length £ for a thin and a thick sample was studied
(th2 and thAd). Figure 6.45 shows the effect of varying for a thin and a thick sample on
the x2 parameter. The £iat values are varied around the the value found from fits of the off

specular reflectivity with the scaling factor fixed. All other parameters are fixed to the values

from these fits.

th4
th2

-100000.00 -50000.00 0.00 50000.00 100000.00

Cutoff variation from fitted cut off value | (Angstroms)

Figure 6.45: Effect of varying the cut off value £ of | 2 for samples th2 (~ I000A Fs on ~ 22()A
dPMMA) and th4 (~ 1000A Fs on ~ 480 A dPMMA). The parameter £/at is varied around the

value obtained from fits of off specular reflectivity

It can be seen from the | 2 values the quality of the fits of the thin sample is very sensitive to
changes in fiat whereas the thicker sample is less sensitive, which agrees with the discussion in
the previous section. The thicker sample is far more sensitive to decreasing fiat than increasing
it. Figures 6.46 to 6.49 show cuts through the calculated reflectivity of the thinner of the two
samples with fiai varying and figures 6.50 to 6.53 show cuts through the calculated reflectivity
of the thicker of the two samples with fiar varying. From the cuts it is clear that the thicker
sample is far less sensitive to changes in than the thinner sample, ft can be seen that

increasing fiat increases the reflectivity close to gx = o and decreases it away from gx = o. ft

has been found that the sensitivity of the fits to is dependent on the value of the fiurst
parameter . The thinner film has a relatively high value of # =~ 0.6 whereas for the thinner
film 7 =~ o0.2. So it is the A value rather than the film thickness that is the cause of this

sensitivity. The effect of the & value on describing the capillary wave spectrum is unclear at
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present.

d
4ar =150
Vi =100
Figure 6.46: Cuts through A = 13 A for

model reflectivity from sample th2 (dPMMA
film thickness ~ 220A ) with parameters given

in table 6.10 except for which is varied
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Ht=150

A ar =20000

Figure 6.48: Cuts through Of = 22° for
model reflectivity from sample th2 (dAPMMA
film thickness ~ 220A) with parameters given

in table 6.10 except for which is varied

Repeatability

Fits of sample th4

35

Figure 6.47: Cuts through A = 18 A for
model reflectivity from sample th2 (dPMMA
film thickness ~ 220 A) with parameters given

in table 6.10 except for fiat which is varied

Sa=1000
Spa, = 15000
- far =200
10 4
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Figure 6.49: Cuts through Of = 2.2° for

model reflectivity from sample th2 (dPMMA
film thickness ~ 220A) with parameters given

in table 6.10 except for which is varied

1000A Fg on ~ 480A dPMMA were repeated several times to check the

robustness of the fitting algorithm. The fitting algorithm relies on generating a population of

randomly generated vectors, containing possible solutions and ‘breeding’ and ‘mutating’ them

over many iterations to minimise y2. Since the fitting process is stochastic, fits should be
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Figure 6.50: Cuts through A 14 A for

model reflectivity from sample th4 (dPMMA
film thickness ~ 480A) with parameters given

in table 6.10 except for £fiat which is varied
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Figure 6.52: Cuts through oOf = 2.2° for
model reflectivity from sample th4 (dPMMA
film thickness ~ 480A) with parameters given

in table 6.10 except for £/ot which is varied
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Figure 6.51: Cuts through A = 20 A for

model reflectivity from sample th4 (dPMMA
film thickness ~ 480A) with parameters given

in table 6.10 except for which is varied
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Figure 6.53: Cuts through Of — 2.2° for
model reflectivity from sample th4 (dPMMA
film thickness ~ 48()A) with parameters given

in table 6.10 except for which is varied



repeated to check that the solutions found are repeatable. The results of repeated fits for one

sample are shown in table 6.11.

Repeat fits sample th4

Para- | 1 2 3 4 5 6 7 8 9 10 Mean| Std
me- dev
ter
Thick- | 480.87| 480.74| 480.77{ 480.72| 480.83! 480.69( 480.57( 480.80| 480.48| 480.69| 480.72{ 0.12
ness
Otot 26.89 | 26.79 | 26.69 | 26.52 | 26.84 | 26.86 | 26.67 | 26.62 | 26.79 | 26.92 | 26.76 | 0.13
(A)
Olat 21.05 | 20.92 | 20.77 | 20.56 | 20.99 | 21.06 | 20.76 | 20.66 | 20.92 { 21.01 | 20.87 | 0.17
(A)
Oint 16.73 | 16.74 | 16.75 | 16.75 | 16.72 | 16.67 | 16.74 | 16.79 | 16.74 | 16.83 | 16.75 | 0.04
(A)
h 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.00
&1 135661] 186144] 153596( 188496 66723 | 189421 182439 185404 183097 149664 162064 38646
(A)
&lat 124109| 118971 113084| 106389 123264| 126339 114280( 108391| 118249| 118591} 117167| 6617
(A)
x? 7.87 7.86 7.87 7.87 7.88 7.87 7.87 7.87 7.87 7.87 7.87 0.00

Table 6.11: Parameters obtained from repeated fits of the off specular reflectivity data for

~ 1000A F8 on ~ 480A thickness dPMMA bilayers on Si substrate

The standard deviation of the o4,; and o,4; are less than O.QA, showing that these numbers are
robust. The standard deviation of £ is large, although the correlation length is greater than
the thickness of the dPMMA by several orders of magnitude for each run. This shows that
the lateral morphology of the F8/ dPMMA interface is well correlated with the underlying Si
substrate. In the DWBA expression £, is contained in the expression exp(|d|/£1) where d is
the thickness of the layer. The Hurst parameter h has a standard deviation of 0, so achieving
a good fit is strongly dependent on its value. The lateral cut off length &,; has a fairly large
spread of values. The fit is not very sensitive to {;,: as discussed in the previous section. The
g region of the colourmap which corresponds to such a value of the cut off length is in the part
of the plot around the specular peak, which is not fitted. It is therefore expected that the fits
for this sample will be fairly insensitive to ;¢ as shown in the previous section. The repeated
fits show that the values obtained from fitting are repeatable, especially the roughnesses which

are of most interest in this work.
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6.3.8 Subtracting off specular scattering at ¢, = 0 to find the ‘true’

specular reflectivity

The fall off of specular reflectivity for an ideal smooth sample with ¢, is proportional to g; 4.
However the fall off of off specular reflectivity is proportional to ¢; % [88]. As ¢, increases the
ratio of off specular to specular reflectivity at g, = 0 will increase. The rate of fall off of rough
samples is related to the roughness by equation 2.69 with increased roughness resulting in a
faster rate of fall off. If the off specular scattering at g, = 0 becomes a significant percentage of
the specular reflectivity then the off specular scattering at g, = 0 must be subtracted from the
data to obtain the true off specular reflectivity [79]. If this subtraction is not carried out then
the apparent specular reflectivity will be higher than the true value. Fitting the specular data
will result in roughness being obtained that is smaller than the true roughness. The correct way
to treat the specular data therefore is to subtract the off specular data. However separating

the specular and off specular reflectivities is difficult.

In the next section the specular and off specular reflectivities are fitted simultaneously. In
this section initial calculations of the true total roughness o:0t are made by subtracting the
off specular contribution from the specular data. The off specular reflectivity to subtract was

calculated using the parameters found from fitting the off specular data alone (see table 6.10).

As ¢, gets higher the calculated off specular reflectivity represents an increasing fraction of the
scattering at g, = 0 the specular. The specular reflectivity with the off specular subtracted was
therefore only fitted for a g, range of 0—0.12 A~1. Beyond ¢, = 0.12A~! the data becomes noisy
as the calculated off specular data is at some points greater than the experimental reflectivity
data. No oxide layer was included in the fits and the roughness of the F8 and Si were fixed to
the same parameters used in section 6.2.6. The roughnesses are tabulated in table 6.12 along
with the roughnesses found for the specular reflectivity without the off specular reflectivity

subtracted and no oxide layer in the fit. Figures 6.54 and 6.55 show fits for two of the samples.

From figures 6.54 and 6.55 it can be seen that there is an increase in the fall off of the reflectivity
with increasing ¢, caused by subtracting the calculated off specular reflectivity. It is clear that
the contribution of the off specular to the specular is significant. Subtracting the off specular
data generally results in an significant increase in the roughness (see table 6.12). However
the total roughnesses are not as large as those obtained by fitting the off specular data alone.
From looking at the specular fits without an oxide layer in section 6.2.6 it is clear that the

fitted reflectivity is over estimated when compared with the experimental data at high ¢,. The
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Roughness from specular fits with off specular reflectivity subtracted

Sample Thickness a™t (A) off spec not atot (A off spec sub-
(A) subtracted tracted

thl 166.37 12.79 15.135

th2 217.78 12.94 12.89

th3 428.71 15.045 19.73

th4 485.87 17.39 23.27

th5 662.88 16.34 27.04

Table 6.12: Roughnesses obtained from fits of specular data with off specular data at gx — 0

subtracted
O Specular with off specular subtracted O Specular with off specular subtracted
Fit to specular with off specular subtracted Fit to specular with off specular subtracted
¢ Specular +  Specular
Fit to specular Fit to specular
10 4
10s DS 0 00
106
Figure 6.54: Fit of specular reflectivity with cal- Figure 6.55: Fit of specular reflectivity with cal-
culated off specular reflectivity subtracted and culated off-specular reflectivity subtracted and
specular reflectivity without off specular reflec- specular reflectivity without off specular reflec-

tivity subtracted for ~ 1000A Fg on ~ 220A tivity subtracted for ~ 1000A Fg on ~ 660A
dPMMA (reflectivity is on a log scale) dPMMA (reflectivity is on a log scale)
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model off specular reflectivity subtracted from the area around gr = 0 from the experimental
data becomes larger than experimental data at high ¢gz. This suggests that the off specular
reflectivity calculated by the off specular model is too high for high ¢z and low gx values. In
the case of the specular reflectivity it has been shown in section 6.2 that including an oxide
layer in the model reduces the reflectivity at high gz and better fits to the experimental data
are obtained. This suggests that some allowance should be made for the oxide layer in the off
specular model. However since the DWBA is a perturbation theory the oxide layer used in
fitting the specular reflectivity with a roughness more than half the thickness will not be valid.
The perturbation theory relies on the perturbation (in this case the roughness) being small. In
further work the model could include a series of layers with sharp interfaces to model the oxide

layer.

6.3.9 Combined specular and off specular

Fitting the specular and off specular data separately gives inconsistent results for the samples
interfacial roughness. Given this inconsistency attempts to fit both specular and off specular
reflectivity simultaneously are made. The specular and off specular reflectivity were fitted
simultaneously using the model described in section 5.7. This will constrain the fits further and
check the robustness of the roughnesses found from fitting the off specular reflectivity alone.
Table 6.13 show’s the fitted parameters and figures 6.56 to 6.75 show the fits and cuts through

the fits.

Figure 6.56: Experimental reflectivity for ~
1000A F8 onn ~ 160A dPMMA (counts are on1 a Figure 6.57: Model reflectivity for ~ 1000A F8
log scale) onn ~ 160A dPMMA (counts are o1 a log scale)
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Parameters fitted from combined specular and off specular fits

Sample number

Parameter till th2
Thickness 162.50 215.10
(A)

otot (A) 16.60 17.13

olat (A) 9.59 10.47
oint (A) 13.55 13.56

h 0.61 0.60

a (A) 200000.00 200000.00
ilat (A) 12194.43 12100.70
x 2 38.50 49.30

th3 th4 th5
423.52 482.23 647.18
17.8 22.20 26.47
15.405 15.46 25.69
8.92 15.93 6.38
0.16 0.18 0.12
1133.34 5126.09 200000
3849.78 4789.24 19519.03
82.04 148.29 806.49

Table 6.13: Parameters obtained from fitting combined specular and off specular reflectivity

data for ~ 1000A Fs on different thickness dPMMA bilayers on Si substrate, with the scaling

factor fixed to 0.051

Figure 6.58: Cuts through A showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A Fg on ~ 160A dPMMA (counts are on

a log scale)
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Figure 6.59: Cuts through 9j showing for ex-
perimental reflectivity and model reflectivity for

~ 1000A Fg on ~ 160A dPMMA (counts are on

a log scale)



Figure 6.60: Experimental reflectivity for ~
3922.- Fg o011 ~ 220A dPMMA (counts are on a

log scale)
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Figure 6.62: Cuts through A showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A Fs on ~ 220A dPMMA (counts are on

a log scale)

199

Figure 6.61: Model reflectivity for ~ 1000A F8
on ~ 220A dPMMA (counts are on a log scale)
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Figure 6.63: Cuts through Of showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A Fg on ~ 220A dPMMA (counts are on

a log scale)



Figure 6.64: Experimental reflectivity for ~
1000A Fg on ~ 42t)A dPMMA (counts are on a

log scale)
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Figure 6.66: Cuts through A showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A Fg on ~ 420A dPMMA (counts are on

a log scale)
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Figure 6.65: Model reflectivity for ~ 1000A Fs
on ~ 420A dPMMA (counts are on a log scale)
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Figure 6.67: Cuts through Of showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A Fg on ~ 420A dPMMA (counts are on

a log scale)



Figure 6.68: Experimental reflectivity for ~
1000A Fg o11 ~ 480A dPMMA (counts are on a

log scale)
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Figure 6.70: Cuts through A showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A Fs o11 ~ 480A dPMMA (counts are o1l

a log scale)
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Figure 6.69: Model reflectivity for ~ 1000A Fs
oi1 ~ 480A dPMMA (counts are oi1 a log scale)
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Figure 6.71: Cuts through Of showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A Fg on ~ 480A dPMMA (counts are o1

a log scale)



Figure 6.72: Experimental reflectivity for ~
A F8 on ~ 660A dPMMA (counts are on a
log scale)
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Figure 6.74: Cuts through A showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A F8 on ~ 660A dPMMA (counts are on

a log scale)
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Figure 6.73: Model reflectivity for ~ 1000A F8
on ~ 660A dPMMA (counts are on a log scale)

X(Angstroms)

Figure 6.75: Cuts through Of showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A F8 on ~ 660A dPMMA (counts are on

a log scale)



The total roughnesses obtained from fitting the specular and off specular together lie between
the fitted roughness values obtained when fitting the specular and off specular reflectivites
separately. The trend of lateral and total roughnesses increasing with thickness is still present,
while the intrinsic roughness has no dependence on dPMMA film thickness.. Comparisons
between the roughnesses fitted by the different methods are shown in figures 6.76 to 6.78. From
the cuts through constant 5 t is clear that the specular ridge is fitted well. However the off
specular data around ¢, = 0 at the higher A values is still clearly below the reflectivity of the

experimental data.

The cut off &, is reduced by up to two orders of magnitude for the thicker samples when
compared to the values obtained from fitting the off specular scattering alone. The Hurst
parameter h is also reduced. Increasing &;,; increases the amount the region around g, = 0 is
peaked [70] [88]. The decrease in &jq; could be due to limitations of the fitting regime used in
the model. Using the x? (equation 5.6) value as the minimisation criteria will preferentially fit
the areas with large numbers of counts over the areas with small numbers of counts. The x?
function divides the square of the difference between the model reflectivity and the experimental
reflectivity by the square of the error bars. The error bars are the square root of the number
of counts. For a pixel containing a large number of counts the error bar is a smaller fraction of
the total counts than for a pixel containing a smaller number of counts. This can be seen by
comparing the x? values of the off specular fits with the combined specular and off specular fits.
The region around ¢, = 0 and the specular features have far higher counts than the regions
where only the off specular data was fitted in section 6.3.7. Therefore the combined specular
and off specular fits have far higher x? values than the fits of the off specular region alone. By
making &,; small the model reduces the contribution to the scattering around g, = 0 from the
off specular component of the model. This area is then fitted mainly by the smeared specular
component. This could explain why the values for o;,; are smaller for the combined fits than
for the off specular fit alone. The off specular component of the reflectivity around ¢, = 0 is
too low, so the smeared specular reflectivity around ¢, = 0 increases to compensate. The rate
of fall off of the specular component with increasing ¢, is therefore lower than it should be,
giving a higher value for ¢4, than expected. Since the fitting scheme acts to minimise the areas
of high counts first it will preferentially use a o4, value that fits the specular component best,

resulting in a value for o4, that is too low.

The interface to interface correlation length £, is also made smaller. Reducing this length acts

to decrease the reflectivity contribution of the interface to interface correlation to the model
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reflectivity. This will be most significant around g/ — 0. Around high wavelength the off

specular reflectivity is still underestimated.

35

30

25 + Specular fit (no oxide
? layer)
% m Off specular fit
:ﬁj 20 Acombined fit

Ao ©Specular fit with model
15 off specular subtracted
¢ ©
10
0 200 400 600 800

dPMMA thickness (A)

Figure 6.76: The total roughness values afot calculated from specular data, off specular data
and combined specular and off specular data and specular data with the calculated off specular

data subtracted

Fixing £tat and to the value calculated from fitting off specular reflectivity alone

Combined specular and off specular fits of the reflectivity for the two thickest samples with the
lateral and interface to interface correlation lengths (£,< and £bot) fixed to the values found
obtained from fitting the off specular data alone were made, with the other parameters used as
fit parameters. The values of the fit parameters obtained from fits with £/t and fixed are
compared to the values of the fit parameters with fiat and £ as fit parameters in table 6.14.

Figures 6.79 to 6.82 show cuts through the data.

From examining the cuts it is clear that the fits are still reasonable with fiat and fixed.
The low values of # for both samples mean that the calculated off specular reflectivity is fairly
insensitive to £iat. The values for the roughnesses have not changed significantly, although the
total roughness has decreased in both cases. This is as expected as off specular reflectivity
around gx = 0 is now larger due to the larger lateral correlation length £/at. Reducing oot

reduces the contribution of the specular reflectivity in this region.
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Figure 6.77: The lateral roughness values aint calculated from off specular data and combined
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Figure 6.78: The roughness values from intrinsic mixing aint calculated from off specular data

and combined specular and off specular data
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Figure 6.79: Cuts through A showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A F8 on ~ 480A dPMMA with fiat and
£bot fixed to the values obtained from fitting off

specular scattering alone (counts are on a log

scale)
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Figure 6.81: Cuts through A showing for ex-

perimental reflectivity and model reflectivity for
~ 1000A F8 on ~ 660A dPMMA with fiat and
£hot fixed to the values obtained from fitting off
specular scattering alone (counts are on a log

scale)
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Figure 6.80: Cuts through Of showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A F8 on ~ 480A dPMMA with and
6b,t fixed to the values obtained from fitting off

specular scattering alone (counts are on a log

scale)
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Figure 6.82: Cuts through 9/ showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A F8 on ~ 660A dPMMA with fiat and
£hot fixed to the values obtained from fitting off
specular scattering alone (counts are on a log

scale)



Parameters from combined specular/ off specular fits with ¢ fixed
Sample number

Parameter | th4 (¢ values | th5 (£ values | th4 (£ values | th5 (€ values
fixed) fixed) fixed) fixed)

Thickness 482.11 482.23 646.63 647.18

(A)

0ot (A) 23.38 22.20 27.07 26.47

o1at (A) 18.46 15.46 25.30 25.69

oint (R) 14.35 15.93 9.63 6.38

h 0.10 0.18 0.144 0.12

¥ 164.10 148.29 819.25 806.49

Table 6.14: Parameters obtained from fitting combined specular and off specular reflectivity
data for ~ 1000A F8 on different thickness dPMMA bilayers on Si substrate, with the &4, fixed

to value obtained from off specular fit

Adding a SiO; layer to the combined fits

A layer representing the SiO, layer discussed in section 6.2.2 is added to the combined specular
and off specular model. It is not correct to use the model for the SiO; layer that is used for the
specular fits as the off specular model is based on a perturbation theory and the roughnesses
used in the specular reflectivity model were large compared with the thickness of the layer.
Instead a thin layer is added inbetween the pure Si substrate and the dPMMA film to model
the oxide layer. The model of the S70; layer used for the specular is the best model that was
found that could be used to consistently fit all the specular data. It may be different for the

combined fits.

Ideally the parameters of this SiOs layer should be the same for each sample. However these
values are not known and so they are used as fit parameters for fitting the reflectivity from each
sample. The thickness of this layer was allowed to vary between 0 and 25A. The scattering
length density is allowed to vary between that of pure Si (2.073e — GA‘Z) and that of SiO,
(3.475¢—6 A’2). The roughness of the layer is allowed to vary between 0 and 5A. The roughness,
h parameter and lateral cut off of the Si substrate are set to be the same as that of the SiO,
layer. The layer correlation is now between that of the SiOz/ dPMMA interface and the F8/
dPMMA interface. It is expected that the fits will now be better as there are more fitting
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parameters in the model. Table 6.15 shows the parameters obtained for the dAPMMA layer and
Si07 layer from fitting the combined specular and off specular reflectivity and figures 6.83 to

6.102 show the model to fits to the experimental reflectivity.

Parameters from combined specular/ off specular fits with Si0O; layer
Sample number

Parameter || thl th2 th3 th4 th5

Thickness 161.44 214.56 423.11 480.65 647.95

(A)

Otot (A) 16.43 17.41 18.09 21.89 26.36

o1ar (A) 10.00 10.35 15.33 14.89 24.68

Oint (A) 13.03 13.99 9.6 16.05 9.26

h 0.50 0.57 0.17 0.19 0.14

£ (A) 80618.42 186580.54 130178.06 198947.32 129801.45

&at (R) 16174.27 12950.95 7462.31 8695.83 25719.71

Thickness 22.00 23.66 6.06 20.79 24.98

(A) Si0,

o (A) Si0, 4.70 4.57 2.80 2.99 4.99

SLD (A)~2 || 2.47e-6 2.52e-6 2.54e-6 3.18e-6 2.66

Si0,

x2 31.84 42.41 83.03 107.68 738.01

Table 6.15: Parameters obtained from fitting combined specular and off specular reflectivity
data for ~ 1000A F8 on different thickness dPMMA bilayers on Si substrate, including a SiO,
layer in the fitting model

From comparison of the combined specular and off specular fits with no oxide layer (table 6.16)
it can be seen that the roughness values for both o4, and o4; have not changed significantly.
The x2 values have decreased a small amount suggesting that the fits are slightly improved. The
values for the thickness, scattering length density and roughness obtained for the SiO; layer
are fairly consistent for all the fits. From visual inspection the fits are similar to the combined
fits without the oxide layer included for all the samples. The roughness is between 2.8 and
5A showing that the assumption of the roughness being 4.3A is reasonable. The scattering
length densities of the Si0O; from the fits are closer to that of Si, than Si0. (apart from one

sample). Scattering from the oxide layer that has been added to the model will be insignificant
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Figure 6.83: Experimental reflectivity for ~
1000A F8 on ~ 160A dPMMA on Si substrate

with Si02 layer (counts are on a log scale)

0 X=6 Angstroms
O X=10 Angstroms
O X=14 Angstroms
0 X=18 Angstroms
Figure 6.85: Cuts through A showing for ex-

perimental reflectivity and model reflectivity for
~ 1000A F8 on ~ 160A dPMMA with Si02

layer (counts are on a log scale)
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Figure 6.84: Model reflectivity for ~ 1000A F8
on ~ 160A dPMMA on Si substrate with Si02

layer (counts are on a log scale)

08

XAngstroms)

Figure 6.86: Cuts through Of showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A F8 on ~ 160A dPMMA with SiO-2

layer (counts are on a log scale)



Figure 6.87: Experimental reflectivity for ~ Figure 6.88: Model reflectivity for ~ 1000A F8
1000A F8 o011 ~ 22A dPMMA on Si substrate o011 ~ 220A dPMMA o1 Si substrate with §i02

with SiC)2 layer (counts are o1 a log scale) layer (counts are oi1 a log scale)

o A=6Angstroms

o A=10 Angstroms
0 A=14 Angstroms
0 A=18 Angstroms

108
X(Angstroms)

Figure 6.89: Cuts through A showing for ex- Figure 6.90: Cuts through 0j showing for ex-

perimental reflectivity and model reflectivity for perimental reflectivity and model reflectivity for
~ 1000A F8 on ~ 220A dPMMA with Si02 ~ IOOOA F8 on ~ 220A dPMMA with Si02
layer (counts are o11 a log scale) layer (counts are o11 a log scale)
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Figure 6.91:
1000A F8 on ~ 420A dPMMA on Si substrate

Experimental reflectivity for ~

with Si02 layer (counts are on a log scale)

O X=6 Angstroms
O X=10 Angstroms
O  X=14 Angstroms
O X=18 Angstroms
&
Figure 6.93: Cuts through A showing for ex-

perimental reflectivity and model reflectivity for
~ 1000A F8 on ~ 420A dPMMA with Si02

layer (counts are on a log scale)
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Figure 6.92: Model reflectivity for ~ 1000A F8
on ~ 420A dPMMA on Si substrate with Si02

layer (counts are on a log scale)

O

0QUC
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Figure 6.94: Cuts through Of showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A F8 on ~ 420A dPMMA with SiO2

layer (counts are o11 a log scale)



Figure 6.95: Experimental reflectivity for ~

1000A F8 o11 ~ 480A dPMMA o111 Si substrate

with SiO? layer (counts are on a log scale)

O X=6 Angstroms
O X=9 Angstroms
O X=15 Angstroms
O | =20 Angstroms

103

Figure 6.97: Cuts through A showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A F8 o ~ 480A dPMMA with Si02

layer (counts are o1 a log scale)
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Figure 6.96: Model reflectivity for ~ 1000A F8
o1 ~ 480A dPMMA o1:1 Si substrate with SiO -

layer (counts are o1 a log scale)

107
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Figure 6.98: Cuts through Of showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A F8 on ~ 480A dPMMA with S,0:

layer (counts are on a log scale)



Figure 6.99: Experimental reflectivity for ~

A F8 on ~ 660A dPMMA on Si substrate

with SiO2 layer (counts are on a log scale)
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X=10 Angstroms
X=14 Angstroms
X=18 Angstroms

o oo

10 6

Figure 6.101: Cuts through A showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A F8 on ~ 660A dPMMA with SiO=2

layer (counts are on a log scale)
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Figure 6.100: Model reflectivity for ~ 1000A F8
on ~ 660A dPMMA on Si substrate with SiO2

layer (counts are o11 a log scale)

X (Angstroms)

Figure 6.102: Cuts through Of showing for ex-
perimental reflectivity and model reflectivity for
~ 1000A F8 on ~ 660A dPMMA with SiO2

layer (counts are o11 a log scale)



when compared with the scattering from the polymer/polymer interface, in the same way the
scattering from the Si substrate will be. It is in the interface to interface correlation function
between the polymer/polymer interface and the polymer/oxide interface where the oxide layer
will have an affect. Prom equation 2.81 it can be seen that the roughness atot (which is assumed
to be equal to oiat for the oxide layer), the 7 parameter and the lateral correlation length
£i(lt of the oxide layer is included in determining the strength of the off specular reflectivity
from the correlation between the polymer/polymer and the polymer/oxide interfaces. Allowing
these parameters as variable fit parameters gives the model greater flexibility to scale the
main contributions of the off specular reflectivity, the scattering from the polymer/polymer
interface and the scattering from the correlation between the polymer/polymer interface and

the polymer/oxide interfaces.

Changing the scaling factor

The scaling factor is assumed to be 0.051 from fitting the dPMMA single layer. To show that
choosing the correct scaling factor is important the data is fitted with a different scaling factor.
The scaling factor is set to 0.14 which is the average scaling factor of the two thinner samples
from fits of the off specular scattering, to see if the data can still be fitted with a different
scaling parameter. Table 6.16 shows the fitted parameters. Figures 6.103 to 6.106 show the
experimental and model plots of the reflectivity for the two thickest samples with the scaling

factor set to 0.14

<

Figure 6.103: Experimental reflectivity for ~
1000 A F8 on ~ 480A dPMMA (counts are on Figure 6.104: Model reflectivity for ~ 1000A F8
a log scale) on ~ 480A dPMMA (counts are on a log scale)
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Figure 6.105: Experimental reflectivity for ~
1000A F8 o11 ~ 660A dPMMA (counts are o1l a Figure 6.106: Model reflectivity for ~ 1000A F8
log scale) 011 ~ 660A dPMMA (counts are on a log scale)

Parameters from combined specular/ off specular fits with scaling factor of 0.14

Sample number

Parameter thl th2 th3 th4 ths
Thickness 162.17 214.75 422.77 480.62 645.95
(A)

vior (A) 16.56 17.58 19.27 20.54 26.99
viar (A) 5.31 6.02 14.79 11.43 21.81
&int (A) 15.68 16.52 12.36 17.06 15.89

h 0.59 0.61 0.05 0.20 0.077

a (A) 199999.98 200000.00 897.84 3955.20 74953.51
itat (A) 9125.95 9356.17 1000.44 122.09 2005.92
x2 59.99 71.75 106.40 314.16 856.86

Table 6.16: Parameters obtained from fitting combined specular and off specular reflectivity
data for ~ 1000A F8 on different thickness dPMMA bilayers o11 Si substrate, with the scaling

factor fixed to 0.14
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It is clear that x? increases compared with a scaling factor of 0.051 and the fits are not as
good. This is evident from figures 6.104 and 6.106 showing the fitted data. These fits visually
do not look as good as the fits with the other scaling factor. This shows that choosing the
correct scaling factor is important. In the model around g, = 0 there seem to be additional
fringes not shown in the experimental data. This is due to the negative components of the layer
correlation terms being larger in these areas than the scattering from the buried interface alone.
This results in unphysical negative reflectivity. This effect is discussed in section 5.4. These
negative reflectivites are shown to be positive on the plots as the absolute of the calculated

reflectivity is plotted, because the plots are log|R)|.

6.3.10 Reducing the ) range

Fits of the off specular reflectivity both including and excluding the specular reflectivity using
the DWBA model result in good fits at low wavelength, but poorer fits at higher wavelength
close to g; = 0. To see if the values of the parameters obtained from the fits are reasonable, the
A range over which the reflectivity data is fitted is reduced to between 5 and 18A. Table 6.17
shows the values of the fitted parameters for the reduced A range against the fitted parameters

for the original A range.

From table 6.17 it can be seen that the reducing the A range does change the values of the
roughnesses slightly. However this is not a significant increase, and the intrinsic roughnesses are
similar. The x? values change and increase for the two thinner samples fitted, but significantly
decreases for the thickest sample. Where the fit is good x? is low. When reducing the maximum
A range both areas of low and high x2 contributions will be removed. The x? value is dependent
on the number of data points, which will decrease when the X range is reduced. Therefore the
overall x? value of a fit may go up or down depending on the quality of the fits in all areas

removed.

From all the fits conducted in this work it is clear that the model developed fails to match
the off specular reflectivity around g, = 0 for higher values of A\. The discrepancy between
experiment and theory seems to increase as the film thickness increases. A possible cause is
that the first order DWBA theory begins to break down in this region and second order terms
should be introduced. Deriving such an expression would be an involved task and has not
been carried out for the off specular component of scattering as far as the author is aware.

Pynn et al [71] describe two regimes where the DWBA break down, when the cut off length is
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Comparison of parameters from combined fits with different )\ ranges
Sample number
Parameter || th2 (A|th2 (A|tha (A{tha (A|[th5 (A|ths (A
range range range range range range
5-22A) | 5-18A) |5-22A) |5-18A) |5-22A) |5-18A)
Thickness || 215.10 215.12 482.23 481.76 647.18 651.35
(A)
010t (A) 17.13 17.20 22.20 22.59 26.47 23.51
olat (R) 10.47 9.92 15.46 13.74 25.69 20.94
Tint (A) 13.56 14.05 15.93 17.93 6.38 10.69
h 0.60 0.63 0.18 0.30 0.12 0.17
£ (A) 200000 200000 5126.09 4816.69 200000 199720.6
€1at () 12100.70 | 10265.64 | 4789.24 3614.63 19519.03 | 12716.59
X2 49.30 79.79 148.29 338.15 806.49 241.30

Table 6.17: Fits of off specular reflectivity over a reduced A range

very large compared with the neutron wavelength and when the total roughness is too large.
If the roughness is too large then the assumption that the wavefunction below an interface
is a continuation of the wavefunction above the interface is not valid, as the wavefunction is
extrapolated over too large a distance in z. From studies of the specular part of a second order

DWBA formulation De Boer [23] states that for

glatk?z
Ik

>>1 (6.3)

for the first order to DWBA formulation to be valid. Pynn et al [71] states that this criteria
is also applicable to the off specular part of the DWBA formulation, however no derivation is
shown. As far as the author is aware there are no examples in the literature which describe the
g dependence of the validity of the DWBA. From initial examination of our results it would
seem that the fits fail in the region where 27/q, is large. From figure 6.13 it can be seen that
with increasing A that the contours of 2m/g, curve away from g, = 0. If there is a region that
the DWBA is invalid for along ¢, contours that corresponds with a large value of 27 /g, then
it would affect a larger range of the scattering angle as A increases. At lower wavelengths the

region would be underneath or close to the smeared specular peak at low A. This is shown in
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figure G.107.

Constant gqxcontours

Cut through specular

-»>

Figure 6.107: Diagram to show the regions where the DWBA for off specular reflectivity may

break down if there is a dependence o11 2*n/gx

From looking at the results of the off specular fits this is a possible explanation for the reduced
quality of the fits as A increases and away from the specular region the model fits the data
well. A detailed study of the theory would need to be implemented to verify or disprove this
hypothesis. Workers fitting x-ray data using the DWBA have not reported this problem. This
could be due to x-ray experiments using shorter wavelengths than neutrons and probing smaller
length scales, therefore not reaching values of 2n/qx where these discrepancies in the fits are

noticeable.

Another possible reason for the poor fits at higher wavelengths could be due to the height to
height correlation function used in this work being inadequate to explain the behaviour of the
interface. Polyfluorines such as F8, in a nematic crystalline phase, form domains of orientated
polymer chains measuring approximately 1 to 2 microns across [5]. It. is therefore possible that
the height to height correlation statistics of the sample are different on different length scales.
To check this the sample should be re-measured using a different wavelength range allowing
different length scales to be probed. Then the model can be fitted in both regimes, to see if
different height to height correlation functions need to be used in order to fit the reflectivity
on different lengthscales. Using a sample where there is 110 domain structure of either of the
polymers could also be used to see if better fits of the reflectivity can be achieved using a single

height to height correlation function.
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6.3.11 Comparisons with self consistent field theory (SCFT)

The annealing temperature for the bilayer samples is above the glass transition temperature
(Ty) for the PMMA layer and above the melt temperature (7s) of F8 so the system is at
thermodynamic equilibrium and SCFT calculations can be applied. The Flory Huggins x
parameter can be calculated from the width w of the interface between two polymers (see
section 3.1.6). The interfacial width is given by w = 7"(:’72—) where 0, is obtained from the
fitting. There is no systematic variation in o;,; with film thickness. The intrinsic width o;,;
duc to mixing at the molecular level is calculated from the fits of reflectivity data to be between
~ 7 and ~ 17 A. This range will be used in the SCFT calculations. From the intrinsic width
an estimate for the Flory Huggins x parameter can be calculated. At an interface between
two polymer pairs it is the stiffer polymer that dominates the dynamics of mixing [49]. In the
case of the F8/dPMMA system the F8 conjugated polymer will be much stiffer. The statistical
segment length b and the monomer length a of F8 are ~ 3.7nm and 0.795nm respectively [34].
As stated in chapter 3 the intrinsic interfacial width for finite molecular weight polymers is

given by

b 3 2 1 2 \2] "
~— Y |21~ =)+ 5 (1 = 3.24
Y (6x)1/2){4( xN>+4( xN>J (329
Given that the degree of polymerisation of an F8 molecule is typically between 90 (from M,,)
and 258 (from M,,) (see section 4.1), for w between 7A and 17A results in a range of x between
~ 0.8 and 5 (referenced to the size of an F& monomer). To see if the polymers are in the flexible

regime where equation 3.24 is valid an internal consistency check is performed using the xkx

value, where « is the bending modulus defined as [62].

b2

The value of « for F8 is 10.8 and the range of xxis between 6.38 — 151.7. In the regime xkx >> 1
the polymer chains are too stiff to be modelled as flexible chains and the SCFT theory for
flexible chains result for the interfacial width is invalid. The polymer molecules can become
almost rod like in structure on the lengthscale of the intrinsic width and a random walk cannot
be used to describe them. This has implications for the packing of molecules at the interface as
the mixing will no longer be random. The persistence length of the polymer chains will be of

the same order as the intrinsic width. The x values calculated by expression 3.22 are not valid,
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as they are only valid for polymers described by a random walk. Morse and Fredrickson [62]
show that the interfacial width for two polymers with stiff chains would be a factor of 1/(kx)/?
narrower than that for flexible chains with the same x parameter value. Multiplying expression

3.22 for the intrinsic width of the interface by this factor and rearranging for x

G ”

Putting the values of 0;,; between 7A and 17A results in a range of values for x between ~ 0.2
and ~ 0.3. The value for Ky is between ~ 2 and ~ 3 so is greater than 1. The system is in the
regime where there is significant orientation of the polymer conformation in the plane of the

interface.

6.3.12 Conclusions

In this section time of flight off specular neutron reflectivity data from a conjugated/amorphous
polymer bilayer system has been fitted using a model based upon the DWBA. Values of the
intrinsic ¢,,; and lateral o, contributions to the total roughness o;,; have been extracted.
Both contributions are shown to be significant. The lateral roughness ,4; is dependent on the
thickness of the polymer films and saturates when the film reaches a certain thickness. This
corresponds with the theory that the interface between immiscible polymer pairs is broadened
by capillary waves and the roughness due to capillary waves will increase as a function film
thickness. The saturation of ¢y, is thought to be due to the wavelengths of capillary waves
in the system being larger than the coherence length of neutrons, so these larger wavelengths
are not detected. The intrinsic roughness o;,; is caused by mixing of polymers at a molecular
length scale. From the results it seems there is no dependence on film thickness. Fits of the
off specular reflectivity alone show that thinner films have lower lateral cut off length &;,; than
thicker films which is also predicted by the theory that the interface is broadened by capillary

wave fluctuations.

Fitting the off specular data results in values of the total roughness that are greater than
the values found by fitting the specular data alone. This is due to off specular scattering at
gz = 0. Neglect of this scattering leads to a value of o, that is lower than the true value,
due to the lower rate decay of the specular reflectivity due to the off specular being present.

Separating out the specular and off specular scattering contributions is difficult. Techniques to
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separate the contributions and fit both specular and off specular data simultaneously are used
in this chapter. This allows the complete reflectvitiy data set from a TOF neutron reflectivity
experiment to be fitted. A larger value of the total interfacial roughness is obtained from fitting

combined specular and off specular data than by fitting specular data alone.

Using the values of 0;,; extracted from the fits and SCFT predictions it has been shown that
the F8 polymer chains are too stiff to be modeled as flexible polymer chains. It suggests that
the persistence length of the F8 polymers is on the same length scale as the interfacial width
and that the polymer chain configurations at the interface are not randomly orientated, but
have some order. Further experimental work using techniques where the orientation of polymer

chains at the interface are measured could be used to verify this.

Fits of the model to experimental data around g, = 0 at the higher wavelengths were poor.
This could be due to the theory breaking down in this region. Another possible explanation is
that the height to height correlation function used is inadequate to explain the behaviour of the
interface and different height to height correlation functions are required to model the interface

on different length scales.
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Chapter 7

Study P3HT /PCBM Interfaces
using Specular and off Specular

Neutron Scattering
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7.1 Organic solar cells

Organic solar cells are the subject of a large amount of research due to potential properties
such as low manufacturing costs, high production throughput and flexible devices. However,

they are inefficient when compared to inorganic devices.

Organic solar cells typically involve a mixture of two semi conducting organic materials, one
which will act as an electron donor and one that will act as an electron acceptor. A photon is
absorbed by a molecule of either material and an electron is excited from the HOMO to the
LUMO creating an exciton. Due to high binding energies in organic semi conductors excitons
are usually separated at the interface between donor and acceptor materials, leaving a hole
in the HOMO of the donor and an electron in the LUMO of the acceptor. The electron is
transferred through the acceptor material to a cathode, the hole is transferred to an anode
and current is generated [99]. For the charge to be separated in this way the exciton needs to
reach the interface before the electron and hole can recombine. The lifetime of of an exciton is
less than one picosecond [57]. An exciton diffusion coefficient of ~ 1.8e~3cm?2s~! [85] results
in a typical exciton diffusion distance of ~ 10nm before recombination. If the electron is not
transferred from the donor material within this time the exciton recombines, emitting a photon

and no current is generated.

In an organic device the materials are normally mixed together to create a bulk heterojunction
structure, to maximise the interface between the organic materials and give more efficient
exciton separation. The overall efficiency of such a device depends on the efficiency of photon
absorption, charge separation and transport to the electrodes. Since most charge separation
takes place at the interface between the donor and acceptor materials it is likely that the
efficiency of charge separation is affected by interfacial structure. It has been shown that the
relative orientation of conjugated polymers across a heterojunction can strongly affect charge
separation and emission spectra in optoelectronic devices (inferred from quantum-chemical
calculations and time-resolved photoluminescence experiments) [63], so it is likely that this will
have an affect on photovoltaic (PV) devices also. Higgins et al [37] show that for a F8 and
poly(9,9 dioctylfluorene-alt-bezothiadiazole) (F8BT) bilayer system used in LEDs increasing
the roughness of the interface and therefore changing the composition profile results in greatly
enhanced exciton transfer between F8 and F8BT chains. The photophysics of charge separation
at the interface in PV heterojunctions is more complicated than the photophysics of charge

recombination at a F8 /F8BT interface, and is also likely to be affected by the structure of the
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interface.

Characterisation of the interfacial structure of bilayers and comparison with the photophysical
effects of blends will allow the relationships between interfacial structure and composition and
device performance to be established. The highest efficiency organic solar cells that have been
produced to date use a blend of P3HT (Poly(3-hexylthiophene-2,5-diyl)) which acts as the elec-
tron donor and PCBM ([6,6]-phenyl-Cg;-butyric acid methyl ester) which acts as the electron
acceptor. The work described in this chapter aims to characterise the interface between P3HT/
PCBM films in a bilayer geometry using specular and off specular neutron reflectivity. There
is a contrast in the scattering length density of the two materials which allows the interface to

be investigated by neutrons.

7.1.1 P3HT

P3HT is a synthetic conjugated polymer. The monomer contains a five member ring, with two
double carbon to carbon bonds and a sulphur atom. The 7 orbitals of the double bonds allow

the molecule to act as an electron donor.

7.1.2 PCBM

PCBM is a fullerene derivative of a C60 bucky-ball with a functional group. The functional
group consists of a benzene ring and a functionalised carbon tail. It is soluble in chlorobenzene,
chloroform and toluene [9] allowing for a solution containing donor/acceptor mixes, which is

necessary for printable solar cells.

7.1.3 Annealing of P3HT/PCBM solar cells

Annealing of PSHT/PCBM blends has been shown to increase their phase separation and the
efficiency of solar cells, when the annealing temperature is kept below a maximum cut off.
Above the cut off temperature large PCBM crystals start to form. However it has been shown
that careful control of size and spacing of the PCBM crystals can further increase efficiency

[53).
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7.2 Sample preparation

Single layer and bilayer thin films were prepared on silicon substrates using spin coating and
float coating techniques. Bilayers were prepared with P3HT on top of PCBM. The aim was to
produce two smooth films and anneal them to study the interfacial roughness. The formation

of PCBM crystals should be minimised.

7.2.1 Solvent and solution concentration

The P3HT was dissolved in toluene and smooth thin films could be formed at a range of
concentrations. It was found that using chloroform, chlorobenzene or toluene as the solvent
for the PCBM resulted in isolated dots appearing on the surface of the film, which could be
seen under an optical microscope. AFM analysis of the dots showed that they had a maximum
height of ~ 100nm and an average distance between the dots of ~ 3”m. Filtering of the
solutions did not reduce the dots. It was also found that spin casting the films resulted in
Marangoni flows [81], where the film thickness is not even. Higher concentrations of PCBM in
the solution helped to minimise Marangoni flows, resulting in thicker films. It was found that
using a mixture of 50/50 chloroform and chlorobenzene as the solvent produced a uniform film
with no dots or Marangoni flows. It is clear that particular care must be taken to produce
uniform PCBM films. An AFM scan of a PCBM layer with isolated dots and a line profile of
two dots close together is shown in figure 7.1. It can be seen that the dots have a maximum

height of ~ 150nm.

Ogm 5 10 15 20 25
161 4 nm

70
101

a) b)

Figure 7.1: a) AFM scan of isolated dots o11 PCBM single layer b) Line cut of isolated dots.

Location of line cut is shown on figure 7.1 a)
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7.2.2 Crystalisation

It was found that the rate of crystalisation of the PCBM in the bilayer is related to the annealing
temperature, the annealing time and the thickness of the thin films. For temperatures above
160°C crystallites formed for all samples tested. For temperatures of 150°C or less the extent
of crystal formation was lower. It was found that for the bilayer system making the PCBM
layer thin (< 150A) and the P3HT layer thick (> 1000A) minimised the formation of PCBM
crystals.

7.2.3 Preparing single layers and bilayers

The effect of the P3HT film thickness was compared by studying samples with constant PCBM
film thicknesses and two different P3HT film thicknesses. PCBM films were spin cast onto
Si substrates using a solution of concentration 3.5% and a spin speed of 1.2Krpm resulting
in a film thickness of ~ 122nm. The bilayers were prepared by float coating P3HT films
onto the PCBM/Si samples. The P3HT films were prepared by spin casting onto mica using
concentrations of P3HT 0.65% and 1% and spin speeds of 4K rpm and 4.5K rpm respectively

to give different thickness films.

7.3 Results

7.3.1 Single layers

Specular off and specular reflectivity data were gathered from unannealed single layer PCBM
and P3HT samples and three annealed bilayer samples (see table 4.3). Fits of the specular data
from the P3HT and PCBM single layer samples are shown in figures 7.2 and 7.3 respectively.
The scattering length densities, thicknesses, and roughnesses are tabulated in table 7.1. The Si
substrate was assumed to have a native oxide layer of thickness 9A and a roughness of either 5

or 7A.
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Figure 7.2: Fits of single layer P3HT film of Si substrate assuming Si02 layers with thickness

9A and roughnesses 5 A and 7A (fits are separated by 10~2 for clarity)

WRDBVY N 200
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Figure 7.3: Fits of single layer PCBM film of Si substrate assuming Si02 layers with thickness
0A and roughnesses 5 A and 7A (fits are separated by 10~2 for clarity)
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Fits of single layers

Sample o Si0, x? dA SLD A-2 o
P3HT 5 6.51 133.66 9.54e-7 11.32
7 6.68 133.97 9.29e-7 7.80
Mean - 133.82 9.42 9.56e-6
PCBM 5 4.32 1213.3 4.54E-06 7.79
7 4.33 12134 4.54E-06 7.56
Mean 4.33 1213.3 4.54e-6 7.68

Table 7.1: Fitting parameters from fitting single layers of unannealed P3HT and PCBM on Si

substrate

7.3.2 Bilayers

From figures 7.4 to 7.6 it can be seen that there is minimal off specular scattering from the
P3HT /PCBM bilayers. This can be seen more clearly by comparing with figure 7.7 which shows
off specular scattering from a 100nm F8 on 85nm dPMMA bilayer from experiments conducted
at the same time on Offspec. This suggests there is little lateral structure of the interface in
the z, y plane on the length scale that the neutrons are sensitive to (hundreds of nm to several
microns). This is confirmed by fitting the specular data. Repeated fitting of the P3HT/PCBM
specular reflectivity as a simple bilayer with a rough interface did not give a consistent set of fit
parameters, suggesting that the simple bilayer model is inadequate to model the system. Figure
7.8 shows typical fits of the three bi layer samples with o = 5A for the oxide layer, modelling the
P3HT/PCBM interface as a discrete interface with roughness. It can be seen that the fits are
very poor, especially as ¢, increases. Instead of forming a discrete interface, P3HT and PCBM
mix to a significant extent during annealing. The lack of off specular scattering suggests that
this broadening is due to significant molecular mixing rather than lateral roughening of the

otherwise sharp interface.

The extent of this mixing is investigated by modelling the interface as a series of very thin
films with no interfacial roughness between each layer. Fits are made using a system containing
seventeen thin layers in order to simulate a smooth graded interface, with a maximum thickness
of 50A. The fringes in the experimental specular reflectivity show that there is a thick layer of
a medium of constant scattering length density which is the unmixed PCBM on the substrate.

Because of this beneath the seventeen layers used to model the mixed P3HT/PCBM is a layer of
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Figure 7.4: Raw count data from ~ 130A P3HT Figure 7.5: Raw count data from ~ 130A P3HT
on ~ 130)A PCBM bilayer annealed at 140°C 011 ~ 1300A PCBM bilayer annealed at 140°C

for 10 minutes (counts are o11 a log scale) for 20 minutes from (counts are oi1 a log scale)

pure PCBM. Beneath the PCBM layer is a native oxide layer with thickness 9A and roughness

5A (see section 6.2.2) and the silicon substrate making twenty layers in total.

The Parratt formalism with a DE fitting algorithm was used to fit the specular data as described
in section 6.2. The thickness and scattering length density of the pure PCBM layer was allowed
to vary by 100A and 0.2e —6A ~2 respectively from the values obtained from fitting the PCBM
single layer reflectivity. The scattering length density of each mixed layers was restricted to
lie between that of pure PCBM and pure P3HT. Initial boundary conditions are applied to
the seventeen P3HT/PCBM mixed layers. This is to generate the first generation of random
population vectors in the DE algorithm with roughly a linear gradient of scattering length
density through the as 2 decreases from the air/P3HT interface through to the bulk PCBM. It
was found that not including the initial conditions so the scattering length density for each of
the mixed layers could be anywhere the two limits did not affect the result, though the fitting

routine took longer to converge. The fits are shown in figure 7.9.

Figure 7.10 shows the scattering length density variation with depth for fits of the three samples
using the series of smooth layers model. The general trend for all three samples is that the
scattering length density increases from that of pure P3HT at the top surfaceto thatofpure

PCBM as would be expected if the materials mix.

The graded interface fits are far superior to the discrete rough interface fits, capturing most
of the features and confirming that there is no discrete interface and the two materialshave

mixed. From figure 7.10 it is evident that the scattering length densityvaries from that ofpure
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Wavelength / A

Figure 7.6 Raw count data from Raw count Figure 7.7: Raw count data from ~ 1000A F8
data from ~ 130A P3HT on ~ 1300A PCBM bi- on ~ 870A dPMMA bilayer annealed at 180°C
layer annealed at 150°C for 10 minutes (counts for 3 hours for comparison (counts are on a log

are on a log scale) scale)

P3HT at the top surface to that of pure PCBM. There is a thick layer of pure PCBM on the
Si substrate showing that the materials have mixed, although the P3HT has not had enough
time to diffuse fully into the PCBM. The thick layer of PCBM gives the Kiesigg fringes. The
miscibility of P3HT and PCBM has been recently found by other authors [15], [52], using lower
resolution ion beam methods. This implies that the heterojunction formed in blends may not
be formed as a result of liquid/ liquid phase separation but as a result of other processes such

as crystalisation of the PCBM or P3HT phase.

Conclusions

P3HT and PCBM are miscible. There is no distinct interface between them after annealing,
which means that there will be minimal off specular reflectivity. The DWBA model developed
in this work cannot be used in this case. The composition profile of the interface can be ap-
proximated by fitting the specular neutron reflectivity with a graded interface of many discrete

layers.
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110A P3HT film annealed 140°!:
O 110A P3HT film annealed 150*:
200A P3HT film annealed 140!

002 0.04 0.06 0.08 0.12

24

Figure 7.8: Fits of P3HT/ PCBM bilayer systems assuming a discrete rough P3HT/ PCBM

interface. Samples are ~ 1IOA P3HT on 1210A PCBM annealed at 140°C for 10 minutes,

IIOA P3HT o1 1210A PCBM annealed at 150°C for 10 minutes and ~ 200A P3HT on

1210A PCBM annealed at 140°C for 10 minutes (fits are separated by 10 2 for clarity)

O 110A P3HT film annealed 140" |
O 110AP3HT film annealed 150*:
200A P3HT film annealed 140":

102

=T W

0.02 0.04 0.06 0.08 0.12

z®

Figure 7.9: Fits of P3HT/ PCBM bilayer systems assuming a smooth graded interface with 20
layers. Samples are ~ 11OA P3HT on 1210A PCBM annealed at 1400C for 10 minutes, ~ 110A
P3HT on 1210A PCBM annealed at 150°C for 10 minutes and ~ 200A P3HT on 1210A PCBM

annealed at 140"C for 10 minutes (fits arc separated by 10-2 for clarity)
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Figure 7.10: Scattering length density vs sample depth for the three P3HT/ PCBM bilayers.
Samples are ~ 11OA P3HT on 121()A PCBM annealed at 140°C for 10 minutes, ~ 11OA P3HT
on 1210A PCBM annealed at 150°C for 10 minutes and ~ 200A P3HT on 1210A PCBM

annealed at 140°C for 10 minutes
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Chapter 8

Conclusions
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8.1 Conclusions

Although this work has produced some interesting results about the interfacial structure of
polymer systems the main aim has been to understand and produce techniques in order to
analyse off specular time of flight (TOF) neutron reflectivity data. This has been achieved
by developing a computer model that is based upon the distorted wave Born approximation
(DWBA) formulation derived for surfaces by Sinha [88] and extended to thin multilayers by
Holy and Baumbach [42]. The model can be used to fit experimental off specular reflectivity
data. As far as the author is aware this is the first time this has been achieved for TOF neutron
reflectivity. The model has presented many challenges and the chapter describing the modeling
techniques is justified so that people following this work may avoid many of the pitfalls that

have slowed progress.

The DWBA model developed is able to robustly and repeatably fit the experimental data.
The fitting algorithm developed uses differential evolution, which is an established evolutionary

computing technique but its application to a 2D colour map is original.

The models of the reflectivity produced match all of the main features of the experimental data,
showing that the first order DWBA is valid for neutron experiments conducted on samples with
features on the lengthscales probed. In the ¢ range that the TOF neutron scattering experiments
in this work have been conducted the correlation between the lateral structure of the interface
and the underlying substrate must be taken into account. This results in a far more complicated
model than if there was no correlation between the two interfaces. However it is clear that this
needs to be taken into account when analysing off specular neutron data, otherwise the model
cannot replicate the lines of heightened intensity along constant g, seen in the experimental
data. The model seems to fail to match the off specular reflectivity at the higher neutron
wavelengths measured. This is probably because the theory breaks down in this region and is

discussed at the end of chapter 6, although further study is required to verify this.

It is clear from fitting the off specular data that the results of the roughness of the interface
given by fitting specular data alone are too low. This is because of off specular scattering in the
specular peak where g; = 0. The off specular reflectivity should be subtracted from the specular
reflectivity but separating out the two components is difficult. In order to fit the roughness
accurately a model has been included that simultaneously fits the specular data (broadened by
a resolution function) and the off specular data. A methodology to do this is developed in this

work, summing the contributions of the Parratt formalism to model the specular reflectivity
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and the DWBA to model the off specular reflectivity. Experimental data has successfully been
fitted using this technique. The roughness values obtained seem reasonable, but further work
is required because the fitting algorithm used appears to preferentially fit the specular ridge,
meaning that off specular data is not fitted as well as when the specular data is excluded from
the fit. At the specular ridge the specular and off specular reflectivities are summed, although
the model seems to find the best solution is to reduce the off specular as much as possible in

this region.

The two contributions to the total roughness oj4; and o;,; can be separated out by direct mea-
surement for a polymer bilayer system using neutron reflectivity which has not been achieved
before. The results from this agree with the theory that interfacial roughness is caused by contri-
butions from thermal capillary wave fluctuations and mixing of polymer chains at a molecular
level at the interface. The size of the lateral roughness contributions are dependent on film
thickness, which agrees with the theory that the interface is broadened by capillary waves.
From the information gathered it was determined that F8 polymer chains are too stiff to be
modeled using a flexible chain model. Without extracting the intrinsic roughness by direct
measurement this result could not have been achieved. This shows that study of off specular

data can reveal new insights into polymer properties.

The results from studies on the P3HT/PCBM interface show that these two materials are
miscible. Therefore there is no lateral structure at the interface and little off specular reflectivity
data. The composition profile of the P3HT /PCBM was studied using a thin layer model within
the Parratt formulation. The miscibility of the the two materials will have implications device

performance and why they are good materials to make photo voltaics.

In conclusion the models developed has sucessfully used to analyse off specular neutron scat-
tering data and has produced robust results. It is designed to be adaptable and applicable to a
multilayer system with any number of layers and it is hoped that it may be applied to a range

of systems.

8.2 Future work

The model described in this work is an initial attempt to model off specular reflectivity in 6/A
space, and as such there is much room for improvement and development. There is considerable

scope for improving the computational time required by the model. Development of more
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efficient ways of solving the integral expression is the main way of speeding it up, as this is
by far the most time consuming step. Development of the fitting algorithm for the fitting of
specular and off specular results together is also required, so that fitting of the specular region
does not dominate the off specular completely. Making the model more user friendly would be
useful. It could be used by people not versed in the theory behind it to analyse experimental

data, in the same way that specular models are.

Theoretical work should be carried out in order to find where the model is valid and if necessary

then higher order terms should be derived and included.

In terms of the samples analysed it would be interesting to probe the F8/dPMMA interface at
smaller lengthscales, possibly using spin echo neutron scattering, to see if the height to height
correlation function required to fit the data is dependent on the length scale probed. It would
also be good to measure an amorphous/amorphous polymer interface to see if off specular
reflectivity from this type of interface can be fitted in the regions where the reflectivity from
the F8/dPMMA samples is not well fitted. Though this was attempted in this work the samples

used did not give good results.

The author believes it would be beneficial to build on the model at a neutron source. Many
aspects of experiments that have been fairly insignificant in the collection of specular reflectivity
now become important when collecting off specular reflectivity data. An example of this is
knowing the solid angle of the detector pixels. by precisely defining instrumental geometry.

Ideally the instrument and the analysis software should be developed together.
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Appendix A

Derivation of BA and DWBA

expressions

A.1 Solving for the Wave functions

The scattering cross section for a particle scattered from a point potential is given by (see

section 2.5)

do _ |f(6,9)
&= (A.1)

where the (47)% denominator is given by the solid angle of the sphere which surrounds the
scattering centre squared and the normalisation constant is disregarded. We are now solving to

find an expression for f(6, ). The time independent Schrédinger equation (TISE) is given by

h2
( vZ4 E) Yr(r) = V()i (r) (A.2)

2m

Equation A.2 can be solved by the method of Green’s functions. The Green’s function of the
differential operator is essentially the inverse of the differential operator. Therefore the Green’s

function of the differential operator G(r) acted on by the differential operator gives

237



(h—2v2 + E) G(r) = §(r) (A.3)

2m

The general solution to equation A.2 is

i (r) = Bi(r) + / G, ¥ )V (" (') o (A4)

Because (%Vz + E) ¢r(r) = 0, ¢x(r) can be added to the inhomogeneous equation ) (r) =
J G, )V ((r'")i(r')d®’. It is chosen to represent the incoming wave ¢x(r) = e’**. The
integral represents the outgoing scattered waves. Care must be taken in defining the Greens
function so that it represents the physical problem, a single incoming wave and a spectrum of
scattered waves. An equally valid but unphysical solution could define a spectrum of incoming

waves. The Greens function for outgoing waves G is given by

m eik|(r—r’)

Gi=—rF5—r
+ 2rh? |r—r/|

(A.5)
for information on how to derive the Greens function the reader is referred to reference [72).
This results in the following equation

m etkl(r—r’)

2mh? |r — 1|

i (r) = e — V(") (x')dr’ (A.-6)

This is known as the Lippmann Schwinger equation. Far from the scattering centre it is
reasonable to approximate |r — r'| = r in the denominator as 7' — oo. In the exponential
|r —r'| =7 — rcost’ + :—f In the limit ' — oo, |[r — r/| = ¢’ — rcos#’. A vector k¢ can be de-
fined with magnitude k and direction 7’ so that krcos’ = k¢ - r’, which results in the following

expression for the exponential and its coefficient.

eikr ke
—e v (A.7)
r
This vector k¢ gives the amplitude component of the outgoing scattered circular wave with
magnitude k; and direction (6, ¢). The intensity of these components in all directions relative

to each other give the probability that an incoming wave k is scattered in direction (6, ¢), as

k¢ is a function of magnitude and direction. This is shown graphically in figure A.1.
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Detector

Figure A.l: Scattering into kf

Comparison between equation A.6 and 2.19 reveal that

fO<>) = - » 2 J e~tk'r V(r")'iJjk(r’)d3r' = ki \Ni/jk) (A.8)

The differential scattering cross section is given by

(A-9)

Where C is a constant. The wave function 7k can be expanded into a perturbation series. The

zero order term corresponds to the unperturbed incident plane wave

VCV) =Mr) = eikr (A.10)

The first and second order terms are given respectively by

<Mr) + J dVG+(r,r")I/(r)* (A.11a)

(A.11b)
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The complete expression for ¥ independent of coordinates is

(k) = 165) + 55 (G4 Vigw) + GL VG Vo). = o ﬁzzc+ ") =Tlk)  (A12)

n=0

27’12

where T is known as the transition matrix, and represents all the potential terms of the per-

turbation expansion. Using f(6,®) = — 2% (¢x, |V |¥k)

f= G|V + VG +VGLV Gy . |x) = (kf|T|k> (A.13)

T 2R? <

(kg|T|k) is the transition matrix element, allowing f to be defined in terms of T and plane

waves with incoming and outgoing vectors k and kg respectively.

A.1.1 Born Approximation

Taking the first order approximation of f gives

Jporn = =gz (ke V] 6x) (A.14)

This is the first Born approximation. The wavefunction 1y in equation A.8 is replaced by ¢x.
It is equivalent to Fermi’s Golden rule, which maps the probability of a system in one state

acted on by an operator transforming into any of a continuum of states.

A.2 Incoming Waves

The solution to the Schrédingers equation ¥ can be defined in a unphysical time reversed
state, with an incoming circular wave and a outgoing plane wave where i is replaced with —i

(see Schiff chapter 9 [78]). In this situation the time reversed wavefunction v, is

—sz

g (r) = ™ 4 7 (0,0)°

(A.15)

where f~ is the inverse scattering amplitude. The Greens function in this situation becomes
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m e ikl(r=r')

Go=--—2°%
2rh? |r —r/|

(A.16)
It is the complex conjugate of G . It follows that if V is real then the solution ¥; (r) = ¥ _, (r)
and f = f~* where ¢~ (r) is the time reversed state to ¢; (r) (where ¥y (r) = ¥ (r) defined
above) and has the opposite momentum —k. Solving for the T matrix element in the same way

as in the previous section using these time reversed functions the result is the same ie

(ke|Tk) = (B1c [V Ivie) = Wy [VIdbnee) (A.17)

If V is complex then new wave functions must be defined, but this is not required in any model

in this work.

A.3 Separating the Scattering Potential in two parts

In order to derive the Distorted Wave Born approximation the scattering potential V is divided
into two parts V; and V5, V = V; + V5. The T matrix element is the sum of the wave function
acted on by V; and a correcting term V5. This procedure is useful when the wave equation
V1 term is exactly solvable and V5 is small enough to be described as a perturbation. The T

matrix element for two potentials is defined in the following way.

Following the procedure to define a scattering amplitude f, the time reversed wave function,

Y1y, (T), for scattering from V) alone with wave vector k¢ is described as

djl_kf(r) = ¢1kf(rl) - '227:'};’ /G— (r,r')V1 (r,)wi-kf(rl)d:a’r (Als)
The T matrix element for V; + V5 is
(elTlk) = =57 [ 63, ()(Va + Vo))t () (A19)

Substituting for ¢k, (r’) from equation A.18 into equation A.19 gives for the left hand side
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=g h Er(yne (£)(Vi(r) + Va(@)gyf (r) — G- (r, 2 )i (r' gy, (1) (Vi (x) + Va(x)) gyt (x))
(A.20)

Because of Hermitian conditions ( [ u* Aud3r = f (Au)*ud3r) equation A.20 can be rewritten as

= zﬂh/ds (W7, (1) (V1 + Vo) ()9 (r) = 93, (F) Vi (K) Gy (1, 1) (Vi (x) + Va(r)) 9 (r))
(A.21)

as G4 is the complex conjugate of G_. Noting that G4 (r,r')(Vi(r) + Va(r))¥if (r) = ¢if (r) -

¢x(r) finally the T matrix element can be written

(eltll) = =5 ([ @rvmeM@a - [ S ovew o) a2

which written in Dirac notation is

(ke|TTk) = (Y5, [Vilgw) + (¥, IV2195) (A.23)

A.3.1 Distorted Wave Born Approximation

To approximate the second integral to first order in equation A.22 replace 1/;;' (r) with wi*k(r)
the first order term of the perturbation expansion. This is appropriate if V5 is small. This
result is the first order Distorted Wave Born Approximation. The expression in the ket of the
first term of equation A.23 is simply a plane wave. The expressions in the bras in both terms

are time reversed. The expression for the first order DWBA is

(ke TIk) = (v, [Vildi) + (v, [Valvodie) (A.24)
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Appendix B

Neutron and Matter Interactions

B.1 Scattering from an assembly of atoms

The scattering amplitude f of a neutron scattered by a potential V' is described by the Born
approximation (see section A.1.1, equation 2.21 ). It can be written as an integral equation in
terms of ¢ the momentum transfer as q = k; — k¢ where k; and k¢ are the wave numbers of the

incoming and outgoing waves respectively.

f= —2%_1 e~ keTY (r)e ke T3 = —% e~ TV (r)dr (B.1)
The interaction between neutrons and nuclei (within a scattering medium) are only important

at very small distances. The potential V(r) can be replaced by the Fermi puesdo potential

V(r)= 2th6(r -1') (B.2)

m
so there is only any interaction at the point (r — ') = 0. Substituting into equation B.1 is
a constant multiplied by the Fourier transform of a delta function, which is equal to unity.
f is therefore equal to b which has units of length and is known as the scattering length of
the nucleus. Different atoms and isotopes have different scattering lengths, dependent on the

strength of scattering from them. From a single nucleus the differential cross section (see section

2.5.1) g—;—’l = b%. For an assembly of nuclei the potential is the sum of the potentials from each
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individual nucleus.

V()= 2%7’ > bid(r — 1) (B.3)
J

where j is an index over all atoms. Substituting this expression into ¥k (r) (equation 2.19,

remembering f; = b;, taking the absolute squared and averaging leads to the expression for g—g

do a iq-(rk—ry)
o= > bjbre (B.4)
j.k

where the () denote an average and N is the total number of atoms. Separating B.4 into two

parts for terms where 7 = k and terms where j # k gives

N
7~ )+ 0 S ) (B.5)

The first term on the right hand is simply N times the average value of the scattering length
b2. The second term comes from putting bjby = (b;bx) = (b)2. By defining Ab2 = (b%) — (b)?

B.5 can be written

N
do S )
_ 2 2 iq-(rk—ry)
i NAbD? + (b) jEk (e ) (B.6)

The first term is dependent only on the scattering length and has no dependence on atomic
position. This corresponds to the incoherent scattering. The second term when j # k is the
coherent scattering. The coherent and incoherent cross sections are defined as o.on = 4m(b)?
and o.op = AT Ab2 respectively. If there is no variation in the scattering length of the atoms in
a sample, ie if a sample contains a single isotope of a single type of atoms, then no incoherent

scattering will occur.

B.1.1 Neutron Spin

Neutrons have an intrinsic property known as spin, which can have either of two values % or

—%. This results into a nuclei having two different scattering lengths b* and b~ which are
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dependent on the spin of the interacting neutron. The nuclei also have a fixed spin state i.
There are 2(2i + 1) possible states from the interaction between the nucleus and the neutron,

2(i + 1) states for neutron spin of % and 2(i) states for neutron spin of —%. The probability of

b* occurring and b~ occurring are Atl and 5

pram| i1 respectively. Averaging for (b) gives [41]

i+l 1 _
O =571 Tt (B-T2)
2y _ tt1 4 L -2 B
<b)_2i+lb +2i+1b (B.7b)

The different spin states will cause incoherent scattering as the scattering lengths are different.
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Appendix C

Self Consistent Field theory

A polmer chain with ¢ segments can be described by the function ¢(r,r’,t) where q and ¢’ are
the beginning and end points of the chain respectively. An ideal isolated chain is a random

walk and can be modelled by the diffusion equation

= —V?q(r,v,t) (C.1)

where a/6 is the diffusion coefficient and a is the segment length of an individual monomer. A
chain that is not in free space can be modeled by adding the potential V(r) so equation C.1

becomes

% = %zvzq(r,r’, t) — V(r)g(r,r',t) (C.2)
If a polymer is in a melt with other polymers the potential it experiences will depend on the
position of all chains interacting with it. In order to solve equation C.2 for a single chain, the
location of every other chain must be known. As this cannot be known, a mean field potential is
introduced. It can be assumed that each polymer chain of the same chemical type experiences
a average potential U(r). A system with of two highly immiscible polymers A and B will be
considered. If the interface between the two has planar symmetry then only the z direction

needs to be considered as the interactions will average out in the other dimensions. The mean

field equations for U4 and Up, the potentials experienced by A and B respectively are
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T = x®p(z) +w(z) (C.3a)
U;$’==x¢Au)+u4@ (C.3b)

The potentials in equations C.3 are composed of two parts. The first part depends on the
chemical attraction or repulsion between monomers in the mix and contains the Flory Huggins
interaction parameter x. This first part is proportional to the average voulme fraction of each
species in the mix. The second part is the hard core potential which prevents two polymer
monomers occupying the same volume. The function w(z) must be chosen to enusre that the

mixture is incompressible, satisfying the condition

bu+Pp=1 (C4)

The distribution function equations for A and B are

2

6?714 = %VZ(]A(I', rlvt) - UA(r)qA(ra rlvt) (C5a)
o 2
% - %vqu(r’ I'/,t) - UB(I’)(]B(I‘, I‘,, t) (CSb)

In order to determine the mixing at the interface profile the volume fractions ® 4(z) and ®(2)
across the interface must be determined. ®4(z) and ®g(z) are related to the distribution

functions ga(z,t) and ¢p(z,t) by the equations

N
Da(2) = / dtga(z, N — t)ga(z,t) (C.6a)

N
®g(2) = %/0 dtgg(z, N — t)gg(z,t) (C.6b)

where the expressions are integrated over t the number of segments along a polymer chain, up

til NV the total number of steps. For each 2 the number of segments of polymer A relative to the
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total number of segments 4 and B give the volume fraction $ 4(2). This is shown graphically

in figure C.1.

Polymer species A
'N i Polymer species B

Figure C.I: Polymer chain contribution to volume fraction $ 4, leading to equation C.6

in general iterative techniques must be used to solve for the volume fractions to obtain values

for gA{z.t) and ¢"iz.t) and using them to refine the volume fraction profiles. However there

is one situation when equations C.¢ can be solved analytically, when two highly immiscible

polymers have infinite molecular mass (infinite chain lengths). This is known as the Helfand

theory [36]. In this case all chain segments are equivalent within equation C.s since they are

not affected by their position relative to the end of the chain. Equations C.s are replaced by

$4(z) = qA(z,1)2

@n{z) = qn(z, t)2

the diffusion equations C.5 become

@~ d~q4 XQB Q1 4 w?z)\qA
a2d2qB .
s dza = XQ0B 0B wi{z)qD

(C.7a)

(C.7b)

(€ %)

(C.sb)

In the limits $.4(2 —00) = 0 and *.4(2 —>-—60) = 1 then the following solution can be found
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Qa(z) =

N =

[1 + tanh wil] (C.9)

where w is the interfacial width, the width across which mixing occurs, and is given by

b

where b is now the average statistical segment length . The interfacial tension can be evaluted

as

y= kBpr\/% (C.11)
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