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ABSTRACT

Thin semiflexible polymer films are of great interest to organic elecsand other
technologies. Theory and simulations predict that the alignment layer in semiflexible polymers
scales with chain stiffness. However, the thickness of this aligned layer at the buried interface is
challenging to characterize directly. Using Maematrix variable angle spectroscopic
ellipsometry, we havenodekd the optical response of regiorandom polyé3ylthiophene)

P3HT in order to extract the aligned layer thickness. We find that by approximating the optical
properties of the aligned layas regioregular P3HT, the data can be effectively modeled. An
aligned layer with thickness on the order of predictions in previous work is detected in
regiorandom P3HT films greater than 150 nm while thinner films exhibit greater birefringence.

The regioandom P3HT films were all found to exhibit a degree of optical uniaxial anisotropy.
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Chapter 1: Introduction

Motivation

The objective of this thesis is to characterize chain alignment attlesllsemiflexible
polymer substrate interfacRolymers play an increasingly important role in a broad range of
new technologies. While traditionally used as building, structural, and packaging materials,
polymers are found in electronics, sources ofrcier@ergy, membranes, and biomedical devices.

Understanding and controlling polymer morphology is key to engineering these applications.

Figure 1. Chain alignment at the buried polyr&rbstance interface.

Theory and simulatios predict that the alignment layer in semiflexible polymers
scales with chain stiffness, which is quantified using the persistence lengthAigure 1 shows
an example of the predicted chain alignment.

Such alignment promotes charge mobility in eigahin film transistors: > Polymer
chain alignment may improve adhesion or alter membrane transport in som& tasaddition

to organic electronics, semiflexible polymers are found in fuel cell membranes and biopolymer
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systems' ’ The ability toquickly and nordestructively analyze a wide range of buried interfaces

can further the fundamental understanding of the morphology present in many polymer

technologies with posite impacts on the environment.

Polymer thin-film Morphology

Polymer morphlogies, and therefore properties, are ultimately determined by the
interactions that occur between polymer chains. A polymer is considered flexible if the polymer
chains freely rotate. Flexible polymer properties are determined by entropic tensiome, thdibrc
acts to maximize possible chain conformations. Many common polymers including polyethylene
are classified as such. Stiff polymers are polymers with chains that are limited in movement by a
bending energy; there is an enthalpy barrier to motiordiateases with higher temperature.

Very stiff polymers have chains that behave like rigid rods.

Some polymers are best classified as semiflexible because whether the chains
behave as flexible or stiff depends on the length of the chain or segmentdrssideoed. This
has significant implications on how the polymer behaves and on how the polymer should be
modeled. Persistence length, Is the parameter that quantifies the length scale below which the
polymer acts stiff in the sense that chain motioestricted by the bending energy.ih
monomer units is defined in Equation 1 for a 3 dimensional system, where T is tempetiature,
bending rigidity, and kis the Boltzmann constant.

o — (1)

Above the persistence length, the polymer chains can be considered flexible with independent

segments on the order of,land polymers with a persistence length on the order of other
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important scale lengths can be classifisdamiflexibleé® Semiflexible polymers are frequently

found in biological systems, but are also found in the field of organic electronics. Semiflexibility,
or backbone rigidity, can arise from steric effects, bonding, or electronic delocalization within
the polymer?

Theory and simulation has been developed to properly predict and explain the
interfacial behavior of these materials. Morse and Fredrickson outline @sslétenfield
theory to analyze these systems based on the wormlike chain modetkiatha Gaussian
model used to describe fully flexible systefs key prediction of this model is that semiflexible
polymer chains will align parallel to an interface between incompatible semiflexible polymers.
Using a similar approach, Chen, Sullivand Yuan predict parallel alignment to an
impenetrable surface for a polymer chain confined to a narroW§lizanov et. al use Monte
Carlo simulation variants to predict that impenetrable surfaces induce nematic order in
semiflexible athermal polymesolutionst!

Zhang et. al use molecular dynamics simulations of 3paidg chains to estimate
the thickness of a spontaneously aligned layer at the interface of a polymer melt and
impenetrable substratélhis study finds that the thickness is approaiety L,.! A lattice
version of seHconsistent field theory is used to predict that nematic coupling increases the
interface alignment thickne$d.he work described in this manuscript seeks to test the prediction
made by Zhang et. al by characterizing thickness of the alignment layer in semiflexible

polymer film samples.



Ellipsometry

Interface induced alignment has been detected in semiflexible polymer samples. Kline et.
al use Xray diffraction rocking curves to provide evidence for highly oriectgdtals at the
buried interface betweeararious polythiophenes and substrates used in thin film transistor
devices® Xiao et. al use sum frequency generation vibrational spectroscopy to probe similar
systems and conclude that the hydrophobicity of thgitophene sidechains affects the
orientation of the thiophene ring near interfateBllipsometry, however, is best suited to test
the predictions made by Zhang et. al because of its common use in determining the thicknesses
of multiple thin layers witm a film stack. The optical properties of a polymer film are in part
determined by morphology. Optical birefringence is considered a relative measure of chain
orientation'® The optical birefringence as determined from ellipsometry will thereforeds u
to probe the chain alignment throughout semiflexible polymer films and at the buried polymer
substrate interface.

Ellipsometry is a technique involving the generation and analysis of polarized

light. Polarized light is directed at a thin film, andaolges to the polarization state of the light
reflected by the film are analyzed in order to gain information about the optical properties of the
film. In spectroscopic ellipsometry, two independent quantities(p¥aiid deltad) are
measured at each walength allowing more information to be collected than in other similar
methodst® These quantities describe the change in complex Fresnel coefficients as light interacts
with the sample, withta@) bei ng the amplitude PTti o and
determine the optical properties and thicknesses of layers in a film stack, the raw data must be fit
to a model using ellipsometry modeling software such as the CompleteEase software package

from J.A. Woollam. The optical properties are modeled ussuglators to describe the
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refractive index and absorption coefficient functions, which are related by the Krnoaig

relationship'® The KramersKronig relationship is shown in Equation 2 wherés the refractive
indexg; is the absorption coeffient, E is photon energy, and P is the principal part of the

integration.

-0 p -, —XO 2)
When analyzing samples with a complex optical response|l&tumatrix
ellipsometry is preferred. This advanced ellipsometry variant is necessary for accurate
characterization of anisotropic or depolarizing samftl¢$A Mueller matrix is a 4 x 4 matrix
used in the Stokelslueller representation to fully desle the transformation of polarized light
caused by a sampteIn order to measure all 16 Mueller elements, the ellipsometer must be

capable of generating and analyzing 4 basis states of polarizetf Mgte.J. A. Woollam RC2 is

one such comercially avadable instrument.

Hypothesis

If certain reasonable assumptions are made about the optical response of a semiflexible polymer
film, ellipsometry should be able probe thriedinterface and provide information on the nature of a
predicted aligned layerf the aligned layer is present, the optical property model should fit the collected
data better thaa more traditional model. Filnmaf various thickness will be analyzéaltest if the
interface thickness and bulk order in the film changes with totakfilokness

The semiflexible polymer studied in this research is pelhg8ylthiophene) or P3HT.
Polythiophenes are popular research materials for organic electronics due to their easy processability,
high conductivity, and variety of established synthesutes? The regioregular P3HT is known to be

semicrystalline with crystallites that align parallel to substrates, whereas regiorandom P3HT is mostly



6
isotropic!® The structure of these polymers is shown in Figure 2. Mueller matrix ellipsometry will be

used to characterize the optical properties of regiorandom P3HT films of various thicknesses and explore
various models including those that take into account the possibility of an aligned layer at the buried
polymersubstrate interfac®ptical propertie derived from regioregular P3HT will be used as the

properties of the aligned layeultimately, the prediction in Zhang et. al that P3HT exhibits a 4.5 nm

thick aligned layer at the buried interface will be tested.

Figure 2. a) Regiorandom P3HT and b) regioregular P3HT structure



Chapter 2: Materials and Methods

Sample Preparation

Solutions of regiorandom P3HT (&Bregioregular, M = 155kg/mol, SigmaAldrich)
and regioregular P3HT (96 regioregular, M = 17.5 kg/mol) weremade with anhydrous
chlorobenzene (Sigmaldrich) in a N glove box. Solutions were stirred for a minimum of 8
hours at room temperature prior to use.

Thin film samples were created by spin coating on approximately pieges of
silicon wafer with natie oxide Substrates were cleaned by sonication in acetone for 10 minutes
followed by isopropanol for 10 minutes and then 10 minutes of UV ozone treatment. Polymer
solutions were cast in a2iglove box at 1000 rpm for 1 minute and then annealed for a mimimu
of 8 hours at 165 °C to allow the film to dry and equilibrate.

Table 1 lists the regiorandom samphesdekd for this study, and Table 2 lists the
regioregular samplewodekd.

Table 1. Utilized regiorandom P3HT dat&arioussubsets of this data are considered for
different analyses throughout the thesis as indicated.

Approximate film thickness (nm) | Samples| Data collection locations per film

24
37
65
101
154
229

AWWINWW
NINININININ
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Table 2. Utilized regioregular P3HT datd his data will be use to create an accurate model for
regioregular P3HT that will be used in the analysis of regiorandom P3HT as described later in this thesis.

Approximate film thickness (nm) Samples | Data collectionlocations per film
14 1 1
18 1 1
24 1 1
25 1 1
49 1 1

Data Collection

Ellipsometry data was collected on a J. A. Woollam RC2 ellipsometer. Regiorandom
P3HT data was collected at the University of Toledo and regioregular P3HT data was collected
at thre Pennsylvania State Universityniversity ParkData was collected in Mueller Matrix
mode from 210 nm to 1690 niRegiorandom P3HT data was obtained at 50°, 60°, and 70°
incident angles with a 30 second data collection time.

Data was collected from agdst 2 locations on each of the regiorandom P3HT
films. Samples were rotated 90 degrees between measurements to accomplish this. Overlap
between the measurement regions were minimized but unavoidable.

Blank silicon with native oxide wafers were run withch data collection. This
data was used to extract the native oxide thickness for the wafers used to make the polymer

films. Typical oxide thickness was on the order < am.



Modeling

All data modeling was carried out in CompleteEase. A variety of lmedsre used to fit
the data. Figure 3 shows the one and two polymer layer strategies for modeling a polymer film

on top of the silicon with native oxide substrate.

a) b)

Surface roughness

Anisotropic polymer
Isotropic polymer e

Native oxide

Figure 3. Two possible modelfor regiorandom P3HT

a) An isotiopic onepolymer layer model that accounts for surface roughness. b) Aaalymer layer
model with an anisotropic top layer and bottom layer with fixed optical properties matching regioregular
P3HT. This model does not account for surface roughness.

Layers were modeled as having either isotropic or uniaxial anisotropic optical properties.
In the uniaxial anisotropic models, the x and z plane were considered to have a different optical
response and therefore set of optical properties. Optical propess@siated with the x plane are
referred to as ordinary, while z plane properties are referred to asoskitmary.

Models were used to fit either a group of data collected from all samples of a given
thickness, one set of data from samples of eachrtbgsk or just one individual data set. The
models referred to in each figure in this thesis are summarized in Table 1. Regioregular and

regiorandom data sets were analyzed separately.



10
Table 3. Ellipsometry models used to acqudata presented in various figures

Figures Top Layer Bottom Layer Data being fit
4a. 5 Isotronic None One data set of each
’ P thickness
4b, 6 Anisotropic None One da_tta set of each
thickness
. . All data setof one
7 Anisotropic None thickness
8,9, 10,11 Anisotropic None Each data set individuall
. . , . . All data setof one
12 Anisotropic| Anisotropic regioregular P3HT thickness
13, 14, 15, 16, 17, 1{ Anisotropic| Anisotropic regioregular P3HT Each data set individuall
19 Isotropic | Anisotropic regioregular P3HT Each data set individuall

Polymer optical properties were modeled with Gaussian andOa@eatz oscillators,
with each set of properties containing between 3 and 7 oscillators. Oscillators were added or
removed as necessary depending on what dataeuag fit. Generally, thinner films required
fewer oscillators. The substrate in each model was accounted for using silicon with native oxide
properties provided in the CompleteEase software. The native oxide thickness was not fit while
modeling the polymeiilms and was held to a value determined by fitting the blank wafers. All
models were run until they converged or for 10,000 iterations.

Surface roughness was modeled as a 50% Bruggeman effective medium approximation
(EMA) between the top polymer layeptical properties and void. Depolarization was set at
33.3%, the CompleteEase default for EM@upled layers. This layer was added at the top of the

layer stack as shown in Figure 3a.



11
Chapter 3: Discussion and Results

Regiorandom P3HT films of varioukicknesses were prepared from solutions of various
concentrations. One set of data from each total film thickness was first simultaneously fit with a
single layer isotropic model. This model reflects a simplistic but plausible morphology for
disordered rgiorandom polymefilms. As shown in Figurea the model poorly describes
diagonal Mueller matrix elements in the P3HT absorption region for thicker films. This result
strongly suggests that there is some degree of optical anisotropy and therefone thxeler i

system.The optical properties derived froms model are shown in Figure 5
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Figure 4. Selected Mueller matrix elemerfiswith one-layer models that assume constant optical properties for
multiple film thicknesses.

Seleted Mueller matrix elements for a 155 nm thick regiorandom P3HT film at 60° incident angle in the
350650 nm range are shown as solid linasonelayer model shown as dashed lines was derived from
fitting data in the 214690 nm wavelength range for ariy of film thicknesses (2230 nm) with the

same optical properties. a) The optical properties are assumed to be isotropic. Arrows highlight that the
fit is not optimal in the 506800 nm range for M12 and M33. b) The optical properties are assumed to be
anisotropic which leads to a slightly improved fit which justifies adding further complexity to more
accurately describe the film.
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Figure 5. Isotropic egiorandom P3HT optical properties

Regiorandom P3HT optical properties dexd from fitting a ondayer isotropic model to data in the 210
1690 nm range for a variety of film thicknessesZ20 nm) all assumed to have the same optical
properties. Refractive index (n) and absorption coefficient (k) are plotted. These propditidedcribe
the film at all depths and at all angles of incident in this model

A single layer anisotropic modedas subsequently fit to the same data. As shown in
Figure 4, this change significantly improves the fit quality although discernableegesecies
exist in M12 and M33 around 550 nm. The optical properties derived hisrmbdel are shown
in Figure 6 The birefringence exhibited at most wavelengths indicates some degree of ordering

within some of the films.
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Figure 6. Anisotropic egiorandom P3HT optical properties

800

Regiorandom P3HT optical properties derived from fitting a-latyer anisotropic model to data in the
2101690 nm range for a variety of film thicknessesZ28 nm) all assumed to have the same optical
properties. a) Ordinary and extrardinary refractive index (n). b) Ordinary and extoadinary
absorption coefficient (k). These properties describe the model at all depths.

To investigate the relationship between birefringence and film thicknessgjla Isiyer

anisotropic model was simultaneously fit to all data collected from the approximately 154 nm

thick samples. Figuré demonstrates the improvement of this fit over the fits shown in Fgure

This suggest that an optimal model must consider ageh@anoptical properties with thickness.
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Figure 7. Selected Mueller matrix elements fit wiim anisotropic onayer model

Selected Mueller matrix elements for a 155 nm thick regiorandom P3HT film at 60° incident ahgle in t
350650 nm range shown as solid lindsonelayer anisotropic model shown as dashed lines was
derived from fitting data in the 210690 nm wavelength range for all 155 nm samples with the same
optical properties. This fit improvement justifies condiaggmodels in which properties change with
thickness

To quantify the relationship between birefringence and thickness, single layer anisotropic
models were fit to each data set collected. The possibility of surface roughness was included in
these modelt rule out interference from any roughness that was likely present. The roughness
values determined from these modais plotted in Figure.&igure 9shows thebirefringence
results fronthis analysisThis wavelength is selected because the samplésitexxh absorption
and low depolarization at this wavelength, and it is representative of the entire low energy
portion of the birefringence spectrum.

Thereis a statistically significant decrease in birefringence between the thickest two
samples and thiinner samples. Statistical significance was determined using-taivpetest

that does not assume equal variance. The conventional p value of 0.05 was chosen as the
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significant cut off, and pairs for which the p value is less than 0.01 are markedrasdwen

more likely significance. The standard deviations for this measurement decrease dramatically
with thickness, with the 24 nm samples likely being too thin to model with any significant

sensitivity to birefringence.

Roughness (nm)

R A

0 50 100 150 200 250
Total Film Thickness (nm)

Figure 8. Mean surface roughness shown with standard deviation bars for regiorandom P3HT films of
various thickness as determinesingthe onelayer anisotropic model
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Figure 9. Mean 1100 nm birefringence shown with standard deviatosfor a onelayer ansiotropic
model

Mean 1100 nm birefringence shown with standard deviation bars for regiorandom P3HT films of various
thickness as determined using a single layer anisotropic ellipsometry model that accounts for surface
roughness. Thenickest two sets of samples show statistically significantly reduced birefringence as
compared to thinner sets of samples. Statistically different pairs are annotated with stars.

This analysis was repeated without accountingdaghness as shown in FrgulQ The
most significant change occurs in the 38 nm samples, which were also found to be the roughest
samples. However, the 154 nm and 230 nm samples are still found tgrbatesbirefringence

than the 100 nm and 66 nm films.
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Figure 10. Mean 1100 nm birefringence results from a single layer anisotropic ellipsometry model that
does not account for surface roughness

Mean 1100 nm birefringence results from a single layer anisotropic ellipsometry model that does not
account forsurface roughness. The general trend in the data is similar to that of Figure 11, although the
38 nm data point has lower birefringence in this analysis

To investigate of surface induced chain alignment contributes to the birefringence
detected, a secorahisotropic layer was added to the models. This bottom layer was assigned
fixed optical properties matching those derived from simultaneously modeling regioregular
P3HT with a single anisotropic layer. Regioregular P3HT is semicrystalline and therefore
exhibits much higher birefringence than amorphous regiorandom P3HT. Although chain
alignment and crystallization are not synonymous, it is expected that both ordering processes will
result in relatively higher birefringené&.**It was found that the twajer models were not
sensitive enough to independently derive physically realistic optical properties for the bottom
layer, necessitating this assumption. The derived regioregular P3HT @ptipatties are shown

in Figure 11
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Figure 11. Regioregular P3HT optical properties

Regioregular P3HT optical properties derived from fitting a-tayeer anisotropic model to data in the
2101690 nm range for a variety of film thicknesses424m) all assumed to have the same optical
propeties. These properties are used in the buried aligned interface layer for the two layer anisotropic
models. a) ordinary and extrardinary refractive index (n). b) ordinary and exoadinary absorption
coefficient (k).

A two-layer anisotropic model wasmultaneously fit to all data collected from the
approximately 154 nm thick samples. The bottom layer optical properties were fixed as the
previously derived regioregular P3HT properties, while both layer thicknesses and the top layer
optical response werallowed to be fit. Figure 12 demonstrates the improvement of thisefit
the fits shown in Figure 4 and 7, whilable4 shows the improvement in unweighted mean

squared error (MSE) between the fits shown in Figardb, 7, and 12 over the 356860 nm
rangefor Mueller elements M12, M33, and M34.
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Figure 12. Selected Mueller matrix elements for a 155 nm thick regiorandom P3HT film at 60° incident
angle in the 35@50 nm range shown as solid lines

Selected Mueller matrix elemts for a 155 nm thick regiorandom P3HT film at 60° incident angle in the
350650 nm range shown as solid lines. A+ager anisotropic model shown as dashed lines was
derived from fitting data in the 210690 nm wavelength range for all 155 nm sampiés thve same

optical properties. This model fits slightly better than the equivalent one layer model.

Table 4. Unweighted MSE in th850-650 nmabsorption region for selected Mueller elements
for various models

Figure in which modd is | Unweighted MSE (x 10°)
portrayed
4a 16.0
4b 10.7
7 5.1
12 3.8

TheEquation3 is used to calculate unweighted M&BereMeyp is the experimentally
measured Mueller matrix element at a given wavelengithisMhe model Mueller matrix

element athat wavelength, and n is the number of wavelengths data is collected at:

0 "YO -B 0 0 Equation(3)
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TheweightedMSE calculated by CompleteEase is typically three orders of magnitude larger

than the unweighted MSE, and in this work always referff ddweller elements and the entire
spectral range.

To quantify the relationship between top layer birefringence and thickness using this
model, twelayer anisotropic models were fit tookadata set collected. Figure Adts top layer
birefringence vs.dtal film thickness when roughness is included in the model. The results are
similar to the corresponding rdts for the single layer model.egardless of the inclusion of
surface roughness, the 154 nm and 230 nm samples have significantly reduced 1100 nm
birefringence as compared to thinner samples.
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Figure 13. Mean 1100 nm birefringence shown with standard deviation basst\fa-layer anisotropic
modelthat accounts for surface roughness

Mean 1100 nm birefringence shown wstandard deviation bars for regiorandom P3HT films of various
thickness as determined using afager anisotropic ellipsometry model that accounts for surface
roughness. The thickest two sets of samples show statistically significantly reduced hirefrige
compared to thinner sets of samples.
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Figure1l4 shows that as with the of@yer anisotropic models, the addition of surface roughness

does not meaningfully change the conclusion, although p values do increase for several paik5 Figure

shows tle roughness values associated with this analysis.
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Figure 14. Mean 1100 nm birefringence resuits thetwo-layer anisotropic modéhat does not account
for surface roughness

Mean 1100 nm birefringence results from a-fape anisotropic ellipsometry model that does not

account for surface roughness. The general trend in the data is similar to that of Figure 13, although the
38 nm data point has lower birefringence in this analysis. As in Figure 9, there is a statistaraindiéf
between the thickest two data points and thinner films as annotated by stars.
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Figure 15. Mean surface roughness shown with standard deviation bars for regiorandom P3HT films of
various thickness as determingsingthe twalayer anisotropic model.

The twolayer anisotropic model with roughness included was also used to characterize
the thickness of the bottom layer. Figure 16a shows the bottom thickness plotted vs. the total film
thickness. Models for the 154 nm and 230 iimd converge on a bottom layer of approximately
4 nm. This buried aligned layer thickness is in close agreement with the 4.5 nm predicted by
Zhang et. al. When roughness is not included in the model, these results are essentially

unchanged as shown ingiaire 16b.
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Figure 16. Aligned buried interface thickness shown with standard deviation bars for regiorandom P3HT
films of various thickness as determined using alayer anisotropic model

Aligned buried interface thickness showith standard deviation bars for regiorandom P3HT films of
various thickness as determined using a-lyer anisotropic ellipsometry model that a) accounts for
surface roughness and b) does not account for surface roughness. The thickest two spteirshath
models have a buried interface thickness of about 4 nm.

The inclusion of the aligned bottom layer lowers the weighted MSE in all 154 nm and
230 nm thick sample modelor the 154 nm samples, MSE decreases between 9.8% and 1.2%
depending onhte data set. The mean decrease is 5.4% with a standard deviation of 3.2% For the
230 nm samples, MSE decreases between 1.4% and 0.8% depending on the data set. The mean
decrease is 1.1% with a standard deviation 0.3%. The MSE decrease justifies thenirdlasi
aligned layer in the model. Talllesummarizetiow the mean birefringenceterfacelayer

thickness, and MSE change betweee and two layer anisotropicodels for the 154 nrfilms.



Table 5. Comparison of one and two kayanisotropic models for 154 nm films
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Model Roughness| Mean 1100 nm | Mean buried interface Mean
(nm) birefringence thickness (nm) Weighted MSE
roughness
Onelayer without 0 0.0019 0 4.82
roughness
Two-layer with 0.69 0.0006 4.45 4.58
roughnes
Two-layer without 0 -0.0003 4.45 4.60
roughness

Parameter unigueness fits were run for the bottom layer thickness in the 154 nm and 230

nm sampleskigure 17shows sample results at each thickness.
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Figure 17. Parameter uniqueness tests onithieed interfacethickness

Parameter uniqueness tests on Iiieied interfacdayer thickness for a) a 155 nm film and b) a 230 nm
film fit with the twelayer anisotropic model that accounts for surface roughngss.presence of an
obvious minimum MSE is evidence that the thicknesses are meaningful

The test shows that the models do exhibit sensitivity tantieefacethickness, as the fits

cleaty reach a minimum weighted MSEVhen considered with the overall9# decrease for
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the two layer fits, this provides strong evidence that the ellipsometry results are meaningful

rather than over fitting of data.

Although there is no meaningful MSE difference between models with and without
surface roughness, the modelatttio account for it are likely most rigorous. These films are not
expected to be perfectly smooth, and the inclusion of roughness eliminates the possibility that the
model is falsely assigning optical response from roughness to the aligned layer. Aagtamti
surface roughness only adds one degree of freedom to the model.

The correlation coefficients between the top and bottom thjemess in the twdayer
modelsare greater than 0.99, which indicate that the models are more sensitive to the overall
thickness of the sample than to the thickness of the bottom layer alone. Correlation is a
consequence of ellipsometry data analysis being an indirect process, and is not unexpected when
one parameter has a disproportionate impact on the total opticahsespicthe film'® In this
case, the total thickness of the film, which
larger effect on optical response than the much thinner aligned layer.

A two-layer model with an isotropic top and anisotropattbm was fit to all of the data
to see if the anisotropic top assumption is critical to the aligned layer thickness results. As in the
two-layer anisotropic model, the top layer optical response and the thickness of both layers was
was allowed to fit whié the bottom anisotropic layer was fixed with the derived regioregular

P3HT optical properties. Figude shows the bottom layer thicknesses for this model.
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Figure 18. Aligned buried interface thickness shown with standardadiewi bardor regiorandom P3HT
films of various thicknesas determinedsinga two-layer isotropionodel

Aligned buried interface thickness shown with standard deviation bars regiorandom P3HT films of
various thickness as determined using a-yer isotropic top ellipsometry model that does not account
for surface roughness. Although the fit quality is worse for this model than for thay®vanisotropic
model, the results are similar.

The thinnest four samples now exhibit a bottom layer rangorg pproximately 0.4
nm to 1.4 nm in thickness. However, the thicker 154 nm and 230 nm samples are still found to
have significantly thicker bottom layers, which is consistent with theldyer anisotropic
results. The weighted MSE values for fits witle twaelayer isotropic top model are significantly
higher than the twdayer anisotropic model.

The twolayer anisotropic model was determined to best fit and therefore best describe
the optical response of the regiorandom P3HT films. When fit with tfséoveof this model that

considers the possibility of surface roughness, 154 nm and 230 nm thick films exhibit a mean
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bottom layer thickness of 4.4 nm and 3.8 nm respectively. This is consistent with the prediction

made by Zhang et. al. Thinner films exhigreatly reduced mean bottom layer thicknesses.

The 38 nm, 66 nm, and 101 nm films have statistically greateayap 1100 nm mean
birefringencehan the 154 nm and 230 nm films. It is possible that the approximately 4 nm thick
aligned layer only form or can only be detected in thicker films because the thinner films exhibit

a greater degree of alignment overall.
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Chapter 4: Conclusion

Regiorandom P3HT films of various total thickness were prepared and studied with
spectroscopic variable angle Migglmatrix ellipsometry in order to characterize predicted
alignment at the buried substrate interface. Several different models were developed to analyze
the data, including a twlayer anisotropic model in which optical properties derived from
regioreguar P3HT were used to simulate the potential optical response from a bottom aligned
layer. Birefringence and bottom layer thickness were measured in order to study changes with
overall film thickness. Birefringence was used to measure relative alignnteetsamples and
propose an explanation for the buried interface thickness results.

Both one and two layer models in which the bulk of the film is modeled as anisotropic
were found to fit the data better than models in which the bulk of the film is maakeled
isotropic. In these anisotropic models, transparent region birefringence was statistically
significantly higher in thin films than in thicker films. This trend is observed regardless of if
roughness is included in the models or not.

A two-layer modein which the top layer is anisotropic and the bottom layer has the same
anisotropic optical properties as regioregular P3HT was found to best fit the data. Using this
model, the 154 nm and 230 nm samples were found to have a mean bottom layer thickdess of
nm and 3.8 nm respectively, whereas thinner samples were found to have a mean bottom layer
thickness of no more than 0.7 nm. The results remain nearly the same regardless of if roughness
is included in the model or not. This result provides experirheatdence for the 4.5 nm
aligned layer predicted by Zhang et. al for P3HT films. It is possible that this technique is not
sensitive enough to detect the aligned layer in thinner films, or that thinner films align

throughout rather than only at the interé due to interactions not considered by Zhang et. al.
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Appendix: Ellipsometry Modeling

This appendix is designed to help the reader understand the process used to model ellipsometry

data.Figures are screenshots from CompleteEase, the modeling sofsgdrinuhis thesis.

Spectroscopic Ellipsometric (SE) Data
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Example of raw diagonal MM elements data from a single angle of incidence. In standard ellipsometry
this would be equivalent to the NCS plot, which is a transformation of the psi and delta values that
describe the change in the pdlaation state of incident light caused by the sample
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Raw data for 15 MM elements at one angle of incidengeishhot shown as all other elements are
normalized to this element. The rRogro and nofone elements are most critical to modeling thisesyst

Spectroscopic Ellipsometric (SE) Data
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Ellipsometry data fit with a rigorous model in CompleteEase. Over the full spectral range the model
clearly fits the raw data and closer inspection is needed to evaluate the quality as compared to other
plausible models.
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Fully setup model that heconverged on a reasonable result. Bolded values are fit. All fit parameters are
positive numbers of expected magnitude. Gaussian andLTmehtz curves are used as KK consistant
oscillators to model the optical properties of various layers. Layer #feigative oxide thickness of the
silicon substrante. Layer #2 is the buried interface layer with optical properties set to those of
regioregular P3HT. Layer #3 is the bulk of the film modeled as uniaxial and isotropic. Layer #4 is
surface roughness moddlas an EMA of void and the bulk film.









