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1. Introduction

Increasing miniaturization of electronic and data storage devices necessitates methods
which enable large area structuring on a nanometer length scale at reasonable prices.
Block copolymers (BCP) are prospective functional materials and promising candidates
for soft matter nanotechnology due to their capability to readily self-assemble into highly
ordered thermotropic or lyotropic phases on a length scale of 10 - 100 nm.
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Figure 1.1.: (a) Theoretical phase diagram of AB diblock copolymers cal-
culated by self-consistent mean-field theory [MB97] and (b) experimentally
measured block copolymer phase diagram of polyisoprene-block-polystyrene
[KFEB*95].  The equilibrium morphologies in the different regions of the phase
diagram are given below the image. The graphic was reprinted in mod-
ified form from http://chemeng.uwaterloo.ca/mwmatsen/research/mec.html  and
http://www.msri.org/publications/sgp/jim/models/copolymers /morphologies /main.html.
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Figure 1.1 (a) displays the theoretical phase diagram of an AB diblock copolymer
calculated by self-consistent field theory. Figure 1.1 (b) shows the experimental phase
diagram of polyisoprene-block-polystyrene [KFB*95]. Depending on the product of the
the Flory-Huggins interaction parameter and the degree of polymerization (xN), and the
volume fractions of the individual blocks (f4, fg) a multitude of mesoscopic structures
are producible [Lei80, BF90, LD95], rendering BCPs viable materials for lithographic
patterning of nanostructures on a length scale beyond the resolution limits of conven-
tional photolithography [KPH09, JHK*13]. The stability regions of the individual phases
(sphere (S), cylinder (C), gyroid (G), lamellae (L), hexagonal perforated lamella (PL))
in dependency of YN and f4 are indicated in the diagram. A schematic of each mi-
crostructure is given below the phase diagrams.

(a) Multied As shown in the image (a) to the left self-
a) Multi-domain

assembled block copolymer samples are com-

(b) Aligned
M monly characterized by a multi-domain struc-
l ture comprising grains whereby the correlation
1 length of ordering merely amounts a few pm?.
| | ? The lack of long-range order is a key issue
which needs to be addressed to facilitate the
I g6 of block copolymers in potential applica-
tions such as data storage, microelectronics, or semiconductors [SGR12]. Methods en-
visaged to obtain large area orientation of block copolymer patterns (image (b)) in-
clude the application of external stimuli such as shear forces [CKS*97, AWA*04], tem-
perature gradients [BBD*07], solvent annealing [GR13, FEMK00, KHH*08|, magnetic-
[GMCO13, GPHO05, TZOS07, MEO10] or electric fields [BEH*02b], as well as chemoepi-
taxy [RLM*99, KSS*03, CRP*03, RKD*08, DMS*06] and graphoepitaxy [BYJ*08,
SYK10, CRT*03].

Benefits of electric field-induced orientation include that they can easily be integrated
into electronic devices, are increasingly effective on diminishing length scales, and the
rapid, stepwise tunability of field strength. Furthermore, substrate preparation proce-
dures are less cumbersome and cheaper than in the case of chemo- and graphoepitaxy ap-
proaches. Additionally, phase transitions between various block copolymer microphases
can be induced allowing structural tunability by simple stimuli application which is of
fundamental interest. This thesis focuses on the analysis of long-range ordering and
phase transitions induced by the application of electric fields. Experiments to Chapters
3-6 were conducted at the DWI - Leibniz Institut fiir Interaktive Materialien, RWTH
Aachen University (Aachen, Germany) and at the ESRF (Grenoble, France) while the
experiments to Chapter 7 and 8 were performed during a research internship in the group
of Prof. Dr. Caroline A. Ross at the Materials Science and Engineering Department of



the Massachusetts Institute of Technology (MIT) (Cambridge, MA, USA).

Part I: Bulk Samples of Block copolymers

Bulk samples are considered to be close to thermodynamic equilibrium, as compared
to thin films where additional effects induced by e.g. surface fields, annealing conditions
or film thickness have to be taken into account. Their analysis gives deeper insights into
the effects of electric field on the nanostructures since it enables the systematic variation
of a single parameter at a time. Therefore, the first four chapters of this thesis deal with
the bulk analysis of the effect of electric field on microphase separated diblock copolymer
nanostructures.

In Chapter 3 we describe the setup developed in this thesis to use birefringence mea-
surements as a supplementary method to synchrotron SAXS giving a general overview
of the scope of this method including example measurements. Birefringence measure-
ments are non-destructive and easily accessible facilitating a higher sample throughput
and hence allowing time consuming measurements which was not feasible with the syn-
chrotron SAXS measurements used before. Apart from transitions between ordered
microphase separated phases and the disordered phase (order-disorder transition), we
show that optical analysis also enables the assessment of transitions between different
nanostructures (order-order transition) and electric field-induced block copolymer reori-
entation.

(i) The Analysis of Order-Disorder Transitions (ODT)

- - Experimentally, electric fields have been

. shown to induce mixing in concentrated so-

E lutions of polystyrene-block-polyisoprene in
- vicinity of the transition temperature between
microphase separated and disordered phases
(Topr) [SSSB09, SPR*13]. A schematic image
of the transition is given to the left. Nonethe-

Lamella Disordered

less, the unambiguous allocation of the cause of mixing was not possible to date consid-
ering that theoretical considerations contradict the experimental results [Tso09]. There-
fore, part of this thesis focusses on explaining this observation which has been under
debate for several decades. For the first time the effect of strong DC electric fields on the
order-disorder transition temperature could be analyzed for various block copolymer sys-
tems as we report in Chapter 4. The developed setup described in Chapter 3 allowed
to conduct these time consuming measurements and the systematic screening of the be-
havior in a large parameter window. The novelty of our findings is that we identify the
parameters that evoke mixing of block copolymers when exposed to electric fields (the
difference in dielectric permittivity Ae between the block copolymer constituents and
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the degree of polymerization (N)) and can hence theoretically explain the experimental
results.

(ii) The Analysis of Order-Order Transitions (OOT)

Another phase transition focused on in this thesis is the electric-field-induced transi-
tion between a gyroid and a cylinder nanostructure as schematically shown in the image
to the right. The gyroid morphology is a candidate for applications in three-dimensional
photonic crystals, microporous systems, and nanoreactors [EUD*01, HTF97, ZFH*98|.
Considering it’s technical applications, the structural control over the gyroid morphology
via electric fields is of great interest.

Through a detailed synchrotron SAXS study
we could unveil the mechanisms of the electric-
field-induced gyroid-to-cylinder transition and =
of the reformation of the gyroid phase after i»

J

turning off the electric field which have not

been reported to date. The detailed mecha-
nistic study is given in Chapter 6. We show Gyroid Cylinder
that the exploited mechanism is determined by

temperature and electric field strength and resolve the conditions under which higher
ordered gyroids could be obtained with the help of electric fields.

(iii) The Analysis of Electric Field-Induced Block copolymer Reorientation

Block copolymer nanoparticle composite materials have attracted much interest in
the past decade. The combination of ordering on a nanometer length scale with various
interesting properties associated with nanoparticles enables applications in e.g. catal-
ysis [JBCMO3], biomedical devices [KNPO7], solar cells [HDA02] or photonic band gap
materials [TGMB02, SHGCO05]. However, few studies exist on how the behavior of block
copolymers in the electric field is altered upon incorporation of nanoparticles.

In Chapter 5 time- and
temperature-resolved in-situ bire-
fringence measurements were ap-
plied to analyze the effect of
nanoparticles on the electric field-
isibialbibdis induced alignment of a mi-
crophase separated solution of
: : 7 polystyrene-block-polyisoprene in
NuClearoR g toluene. With our experiments

Growth . .
we reveal that the incorporation

of isoprene-confined CdSe quan-
tum dots leads to an altered reorientation behavior. Particle loading lowers the order-



disorder transition temperature, and increases the defect density, favoring nucleation
and growth as an alignment mechanism over rotation of grains. Furthermore, a novel
method to analyze the temperature dependent change in the reorientation mechanism
via birefringence was developed which exploits the difference in reorientational time con-
stants between the two mechanisms.

Part II: Thin Films of Block copolymers

It is well known that in thin film samples additional complexity is added through sur-
face and interface energies which significantly influence the structure formation. Com-
monly thermal annealing (TA) and solvent vapor annealing (SVA) are utilized to enhance
the ordering in thin films by increasing the mobility of the polymer. Upon thermal
annealing the thin film sample is exposed to temperatures above the glass transition
temperature (7;) but below the decomposition temperature of the polymers in an inert
gas or vacuum environment. In the case of solvent vapor annealing the sample is placed
in a controlled atmosphere containing selected solvent vapors. The effectivity of SVA is
dependent on the solubility of the block copolymer constituents in the utilized solvents.
Next to pure solvents also solvent mixtures can be used. Both methods accelerate the
self-assembly kinetics of the block copolymer resulting in an augmentation of the size of
ordered domains. Slight changes in annealing conditions and film thickness may already
alter the thin film morphology of the block copolymer. Despite these disadvantages
the thin film analysis of block copolymers is attractive since they account for higher
applicability than the bulk samples and are more interesting for future applications in
nanopatterning:

(i) Enhancing Long-range Order through a Combined Approach

Nowadays high x copolymers are highlighted which afford the formation of tiny
patterns below 10 nm. In this thesis polystyrene-block-poly(dimethylsiloxane) (PS-b-
PDMS) was utilized which furthermore has the benefit of a high etch selectivity be-
tween its constituents - a feature especially important for pattern transfer applications.
Prerequisite for its utilization in future applications is accomplishing long-range order.

5 mm 0.5 M. 0 o 1.5 um In Chapter 7 we .syst.ematically

EJO N analyze how the combination of two

S| \ directing effects (graphoepitaxy and

100 n‘:} 240 W electric field) influences the self-

assembly of cylinder forming poly-
styrene-block-polydimethylsiloxane block copolymer in thin films during solvent vapor
annealing. To our knowledge this is the first study reporting about the interplay of
graphoepitaxy and electric field. Our combined approach allowed to enhance the corre-
lation length of uniaxial ordered striped patterns by an order of magnitude compared to
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the individual methods at reduced annealing times. We analyzed how the angle between
the electric field direction and the topographic guides, as well as the dimensions of the
trenches affected both the quality of the ordering and the direction of the orientation
of cylindrical domains: parallel or perpendicular to the topographic features which was
summarized in a phase diagram of microdomain orientation. This combined approach al-
lows the fabrication of highly ordered block copolymer structures using macroscopically
pre-patterned photolithographic substrates (see image on the left) [KBCI*15].

(ii) Complex Order-order Phase Transitions in Thin Films

The morphologies formed by diblock copolymers are well studied and limited. There-
fore, in Chapter 8 the studies are extended to star-shaped 3-miktoarm triblock ter-
polymers which exhibit an extraordinary structural diversity. These polymers possess a
metalorganic block which alters their behavior upon exposure to electric field compared
to previously analyzed systems. Polymers comprising polyferrocenylsilane (PFS) blocks
represent an interesting class of materials since they combine the structural diversity
of multiblock polymers with the unique physical properties of the PFS block, such as
electroactivity and electrochromism which arise from the presence of transition metals
in the polymer backbone [ZWM14, KMO01]. Through systematic variation of parame-
ters the effect of electric field on the morphological transitions and ordering behavior
of polyferrocenylethylmethylsilane block (PFEMS)-containing copolymers was analyzed

and explained.

Analyzing structures in swollen
films of metalorganic sphere- and
cylinder-forming diblock copoly-
mers, as well as of 3-miktoarm
polyisoprene-arm-polystyrene-arm-
-PFEMS (3u-ISF) terpolymers
we decouple two types of re-
sponses to the electric field: an

increase in the volume fraction of the PFEMS block by oxidation of the ferrocenyl groups
inducing morphological transformation, and orientation of the dielectric interfaces of mi-
crodomains parallel to the electric field vector. In the case of 3u-ISF, the former effect
dominates the morphological behavior at high electric field strengths, leading to a per-
fectly hexagonally ordered dot pattern. Our results demonstrate multiple tunability of
ordered microdomain morphologies, suggesting future applications in nanofabrication
and surface patterning [KBN*15].



2. Methods

2.1. Birefringence !

2.1.1. Polarization States of Light

Light is an electromagnetic wave which is characterized by an electric field strength (E),
an electric displacement density (D), a magnetic field strength (H), and a magnetic flux
density (B) which are all interconnected by Maxwell’s field equations and the associated
constitutive material relations. The state of polarization is defined by E. Regarding a
fixed point in space the vibration of the electric vector can be decomposed into three
individual linear harmonic vibrations:

E=EX+EjJ+E.2 (2.1)

E; = E; cos(wt + ;) (2.2)

Where ¢ = z,y, 2z and X, ¥, and Z are the unit wave vectors in x-, y-, and z-direction,
respectively. The most general state of polarization of monochromatic light is elliptical
polarization. Figure 2.1 displays the parameters defining the ellipse of polarization in
its plane. The orientation of the plane of the ellipse of polarization is described by the
unit vector n which is orthogonal to the displayed x- y- coordinate system and points
to the reader. The state of polarization can be defined by the following parameters:

(1) The azimuth 6 which defines the angle between the major axis of the ellipse and

the positive x-axis. 6 is displayed in purple in Figure 2.1 and can have values between

1
2

(2) The ellipticity e = g where b is the length of the semi-minor axis and a is the

7 and %71’.

length of the semi-major axis.

(3) The handedness which determines if the ellipse traverses in a clockwise sense
(right handed) or counter clockwise sense (left handed) when looking against fi with
—1 < e < 1. The handedness can also be described by the ellipticity angle e defined as

e = tan e which is displayed in dark blue in Figure 2.1 and can obtain values between

_1

1
a7 and e

IThis section is in parts based on a textbook by Azzam and Bashara. [AB77]
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Figure 2.1.: The ellipse of polarization in its plane. This figure was adapted from Ref.
[ABT77].

(4) The amplitude A which has the value A = (a2 + b?)2.

(5) The absolute phase § which describes the angle between the position of the electric
field vector at t=0 and the ellipse’s major axis.

Special cases of polarization are linear (e=0) and circular (e=1: right handed circularly
polarized; e=1: left handed circularly polarized) polarization. Figure 2.2 gives the
direction of the electric field vector in space for examples of (a) linear, (b) circular and
(c) elliptical polarization, where E is displayed by the blue arrows.

2.1.2. Light Passing Through an Uniaxial Linear Birefringent
Medium

Traversing through a uniaxial birefringent medium the light wave will experience dif-
ferent refractive indices (n., n,) depending on if its polarized parallel or perpendicular
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@

¢,

Figure 2.2.: Exemplary electric field vectors of (a) linear (b) circular and (c) elliptically
polarized electromagnetic waves.

to the optic axis. Components of light polarized parallel to the optic axis will there-
fore travel at speed n—ce where n. is the extraordinary refractive index while components
polarized perpendicular to it will traverse through the medium with nio (n,: ordinary
refractive index).

When n, < n, the medium is negative birefringent and the optic axis is the fast axis.
In case of n. > n, the material exhibits positive birefringence, meaning the optic axis
is the slow axis. Components of light polarized along the slow axis will experience a
phase retardation with respect to those polarized along the fast axis. Therefore, the
polarization state of light is altered upon passing through a birefringent medium. A
detailed description on birefringence of block copolymers will be given in Chapter 3.
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2.1.3. Exicor 150AT

I HeNe

! Laser

45° Polarizer
I 0° PEM

Sample

0° Polarizer
Beam SpIittingé

Mirror

-45° Polarizer

u Detector

Figure 2.3.: Schematic image of the setup of
an Exicor 150AT. This image was adapted
from  http://www.hindsinstruments.com/wp-

content/uploads/Exicor-150AT.pdf.

Emomm Sample Stage

Detector

Birefringence measurements are con-
ducted with an Exicor 150AT from
Hinds Instruments which measures
magnitude and fast axis orientation of
the sample’s optical retardation. Fig-
ure 2.3 schematically shows the setup
of the Exicor. Owing to its special de-
sign moving parts in the optical train
can be avoided and the alteration of
measurement angles is not necessary.
The HeNe laser beam is first polar-
ized by a 45° polarizer and subse-
quently passes through a photo elas-
tic modulator (PEM). After travers-
ing through the sample the beam is
divided in two parts by a beam split-
ting mirror. Both beams afterwards
pass through an analyzer, an optical
filter, and a photodetector. A lock-in
amplifier processes the electronic sig-
nals which are further converted using
a software algorithm to determine the
magnitude of retardation and the an-
gle of fast axis orientation.

2.2. Small Angle X-ray Scattering (SAXS) 2

2.2.1. Basic Scattering Theory

Figure 2.4 displays an incident beam with wavelength A in direction of the unit wave

vector u; which is scattered on a sample. The incident radiation is scattered through

angle a and leaves the sample in direction of the unit vector us. When the beam is

coherently scattered at O and j the phase difference A between the two scattered waves

2This section is partly based on textbooks by R.J. Roe and K. Mortensen. [Roe00, Mor01]
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is merely dependent on the difference in optical path length (1) covered by the two rays.
The scattered photons are no longer in phase, whereby the phase difference amounts:

2m 2m
A= Tl = T(Ui — Ug)rj = qr;j (2.3)

The scattering wave vector q is defined as the difference between incident (q;) and

Figure 2.4.: Schematic illustration of scattering from two points in a sample. The inci-
dent beam is scattered under the angle . q displays the scattering wave vector which
is defined by the difference between the incident and the scattered wave vector. This
figure was adapted from Ref. [Roe00].

scattered (qs) wave vectors.
4=di—qs (2.4)

The overall value of q amounts:

e dr . [«
q = l|q| = 2|qi 81n(§)— TSIH(E) (2.5)

Diffraction patterns can be described by Bragg’s Law:
nA = 2dsin(«) (2.6)
Comparison of equation 2.5 and 2.6 reveals that the distance between two scatterers (d)
can be determined from the diffraction pattern through the scattering vector q:
2mn

== (2.7)

In real samples the radiation is scattered from several different points described by
vectors rj. The overall scattering amplitude can be expressed by:

Alq) = Z b; exp(iqr;) (2.8)

11
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Where b; is the scattering length which describes the interaction between radiation
and matter. When the x-rays enter the sample its electrons are accelerated by the
electric field of the radiation. The beam is scattered by each electron proportional
to be = €*/(m.c®). e and m, are charge and mass of an electron and c displays the
speed of light. To account for their interactions an integration over all electrons is
performed which yields an expression for the scattering length as a function of the
charge distribution within the atom (p(r)):

b, = /bep(r)d3r (2.9)

The scattering intensity is given by I(q) = K|A(q)|?, where K is dependent on the

geometry, the intensity of incident flux and the transmission through the sample.

2.2.2. Scattering from Block Copolymer Microstructures

In the phase separated regime each thermodynamically stable structure can be identi-
fied by a characteristic sequence of Bragg reflections. Table 2.1 summarizes the ratios
between successive Bragg peaks for the most common block copolymer microstructures.

Table 2.1.: Ratios of successive Bragg peaks for different diblock copolymer

morphologies.
Morphology

Space group 1 3 4 5 6
Spheres (hkl) 110 200 211 220 310 222
Im3m G/a0 1 V2 V3 VA V5 V6
Cylinders (hkl) 100 110 200 210 300 320
P6mm aw/qo0 1 V3 VA VT V9 V12
Gyroid (hkl) 211 220 321 400 420 332
Ta3d Qhkl/ q100 \/§ \/Z \/7 \/§ \/E \/H
Lamellae (hkl) 100 200 300 400 500 600

Pm /G0 1 2 3 4 5 6

Usually only the first few Bragg peaks can be observed as broadened peaks when
analyzing the Intensity vs q plots obtained from scattering patterns of block copolymer
solutions due to the limited domain size and regularity.

12
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2.3. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a non-destructive measurement technique which was
developed by Binning et al. in 1986 to probe nanometer sized objects on a scale of a
few pm?. [BQG86] A schematic image of the setup of an AFM is given in Figure 2.5
(a) A cantilever with a tip composed of silicon or silicon nitride scans a section of the
specimen surface whereby its position in x- y- and z- is controlled by a piezo-element.

Figure 2.5 (b) displays the cantilever deflection as a function of piezo displacement
upon approaching the surface (red curve) and retrieving from the specimen (green curve).
Approaching the surface attractive van der Waals and electrostatic forces act on the tip.
When the distance between tip and specimen is reduced even further, repulsive forces
dominate. Retrieving from the sample surface hysteresis can be observed, meaning that
the tip jumps off contact further away from the sample than it jumped to contact.
Reason for this are adhesion forces between the tip and the surface. This interaction
with the sample results in deflection of the cantilever according to the height profile of
the specimen. In Figure 2.5 (b) the cantilever deflection is displayed as a function of
piezo displacement.

Photodiode

(a) (b)

Mirror
Laserdiode Jump to
.\Contact §
J = E
=
[o)
[a}
Sample §
Q@
e
8
Jump off
Feedback Contact

Piezo Displacement

XYZ Piezo-Scanner

Figure 2.5.: (a) Schematic image of an AFM. (b) Cantilever deflection as a Function
of piezo displacement upon approaching (red curve) and retrieving from (green curve)
the specimen surface. This figure was adapted from the lecture notes of ”Optische
Spektroskopie und Streumethoden zur Untersuchung komplexer Fluide” from Prof. A.
Boker.

A laser beam pointing to the cantilever is reflected onto a position sensitive photo
detector comprising two photodiodes. The amount of laser light on each individual photo
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diode varies depending on the deflection of the cantilever. A topographic image of the
surface is constructed by converting the optical information into height information.

Three different measurement modes can be distinguished: contact-, tapping-, and non-
contact mode. In contact mode the tip is in direct contact to the surface. Advantage of
this mode is the relatively good resolution at high scan rates. An unfavorable implication
is that tip and sample are more likely damaged [DPCGHB98, BQGS6].

Measuring in non-contact mode, the cantilever is excited to oscillate slightly above its
resonance frequency at a distance of a few nanometers from the sample surface. Van der
Waals and other long range forces acting between the specimen and the tip, give rise to
a reduction in cantilever resonance frequency which causes attenuation in the amplitude
of oscillation. By means of a control loop, the amplitude is held constant leading to a
topographic image of the sample. [GHBMO00)]

In the tapping-mode the cantilever is brought to oscillation at or slightly below its
resonance frequency by a piezo-crystal. Only periodic contact between tip and specimen
is established through which the method is less damaging than the contact mode. The
resonance frequency of the system is shifted through the forces acting between tip and
surface. To gain a topographic picture of the sample the oscillation amplitude is held
constant as in the non-contact mode. [DPCL*00)]

From the phase shift between excitation and oscillation information on the hardness
respectively the softness of the surface can be gained. Attractive interactions between
tip and specimen cause a negative phase shift while repulsive interactions implicate a
positive phase shift. When interpreting the phase shift, the influence through material
properties and measurement parameters has to be considered.

The lateral resolution is determined by the radius of the tip, the larger the radius
the higher the relative broadening of the imaged structures. If the distance between the
pictured particles is too small they cannot be imaged individually. Another disadvan-
tage of the method is that only a small part of the sample can be analyzed making it
impossible to prove a homogenous covering of the sample surface.

2.4. Electron and He-lon Microscopy 3

Using optical characterization methods the smallest distance d that can be resolved is
proportional to the wavelength A of the incident radiation as stated by the Rayleigh
criterion for visible light microscopy given in equation 2.10. The refractive index is
denoted by n, and [ is the semi-angle of collection of the magnifying lens. Therefore, it

3This section is in parts based on a textbook by Williams. [WC96]
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is not possible to image structures in the size range of a few nanometers by conventional

light microscopy.
.61
0= 0.61A (2.10)

nsin 3

Applying an acceleration voltage of 100 kV, the wavelength of electrons is in the order
of a factor 104 smaller compared to the wavelength of UV radiation making imaging of
nanometer sized objects feasible. Under consideration of relativistic effects the wave-
length of electrons A can be calculated according to equation 2.11 where h is the Planck
constant, V the acceleration voltage of the electron microscope, mg the electron mass, ¢
the speed of light and e the elementary electric charge.

A= h (2.11)

2
(QmoeV(l N 2;362))

Field-emission guns are commonly used as electron source. Through the applied volt-

age the emitted electrons are accelerated to energies of 1-30 keV for scanning electron
microscopy (SEM) and to values between 80 and 400 keV for transmission electron mi-
croscopy (TEM). The electron beam can be focused by usage of magnetic lenses. Next
to elastic and inelastic scattering electrons as a type of ionizing radiation can produce
a variety of secondary signals when interacting with matter such as the emission of sec-
ondary electrons (SE), Auger electrons, back scattered electrons (BSE) and the emission
of visible light or X-rays through the relaxation of excited atoms which can be used to
gain information on the sample.

In scanning electron microscopy (SEM) the sample is scanned by an electron beam
focused on the sample through an electronic lens system. Scanning of the sample is
accomplished by the use of deflection coils. Upon interaction between electrons and
matter such as elastic and inelastic scattering, emission of secondary electrons, emis-
sion of Auger electrons and emission of radiation such as x-rays or cathodoluminicence,
different information can be obtained.

Due to the relative low energy of the electrons, the penetration depth into the sample
is rather small. The secondary electrons (SE) emitted from the near surface layers of the
sample give information on the topography and are detected by an Everhart-Thornley-
Detector which consists of a scintillator and a photomultiplier. In energy dispersive
x-ray analysis for each element characteristic x-rays emitted by excited atoms during
relaxation are analyzed to determine the chemical composition of the surface. Here the
energy of the x-ray corresponds to the energy difference between the two atomic energy
levels. Since the scattering intensity is dependent on the atomic number, back-scattered
electrons (BSE) can be used to gain information on the morphology of the sample.

15
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For the detection of BSE, microchannel plates are used since the Everhart-Thronley
detectors are insensitive to high energetic electrons.

For sensitive materials such as polymers and biomolecules it is desirable to use low
energy electron beams to avoid destruction of the sample. By the use of a field-emission
(FE) cathode in the electron gun of a scanning electron microscope, narrower probing
beams at high and low electron energies are accomplished. As a result sample charg-
ing and damage can be decreased by simultaneously improving the spatial resolution.
Therefore, metallization of nonconductive materials is not required.

The principle of He-Ton microscopy is similar to that of scanning electron microscopy
just that the sample is scanned by a He-Ion beam. Advantages compared to scanning
electron microscopy include the small De Broglie wavelength of the He-lons and the
high source brightness. High resolution images can be obtained from a larger variety of
materials compared to SEM.

2.5. Ellipsometry *

Ellipsometry is a non-destructive sensitive optical measurement technique from which
information on the thickness and dielectric properties of thin films can be gained by
investigation of the change of polarization of light reflected from a sample. Film thick-
nesses of a few nanometers can be determined with excellent accuracy. Information on
e.g. morphology, chemical composition, and electrical conductivity can be gained from
the complex refractive index and the dielectric function tensor. Figure 2.6 shows a po-
larization ellipse of an elliptically polarized wave which propagates along the z-axis of
the right handed Cartesian coordinate system.

X and Y denote the amplitudes of the electric field in x- and y-direction. The electric
field vector E(t) in the pictured z=0 plane is given by:

o-[g]-m ([P e

The y-component reaches its maximum at t = ¢, and the x-component after another
time interval A/w, where w is the angular frequency and A the phase shift. The state
of elliptic polarization is characterized by the phase shift A and the relative amplitude
X/Y which can be expressed using the angle U as stated in equation 2.13.

X
tan ¥ = — 2.13
an v ( )

4This section is in parts based on a textbook by Tompkins. [TE05]
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1 y (s direction)
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X

Figure 2.6.: Polarization ellipse of an elliptically polarized wave which propagates along
the z-axis of the right handed Cartesian coordinate system. The y-component reaches
its maximum at ¢ = to and the x-component after another time interval A/w, whereas
A is the phase shift and w the angular frequency. X and Y are the amplitudes in x- and
y-direction. This figure was adapted from Ref. [TE05].

The elliptic polarization can therefore be expressed by the Jones vector:

{ Slgsiil? ] (2.14)

Basis of ellipsometry is the manipulation of the polarization state of light by polarizing
elements and the measured sample. The conventional ellipsometric setup consists of a
light source, a linear polarizer, optionally a compensator, the sample, another linear
polarizer called analyzer and a detector as schematically shown in Figure 2.7.

According to the Fresnel-equations the linear polarized, incident light experiences a
change in polarization state upon reflection from the sample. The incident and re-
flected beam lie in the plane of incidence which also contains the normal of the sample
surface. The incident beam can be decomposed into components polarized parallel
(p-polarization) or perpendicular (s-polarization) to the plane of incidence. Upon re-
flection the s- and p-polarized components behave differently. The reflected wave can
be described by multiplying the complex amplitudes of the s- and p-polarizations by

17
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Sample

Compensator

Polarizer
Analyzer

Light source Detector

Figure 2.7.: Schematic setup of an ellipsometer. This figure was adapted from Ref.
[TE05].

the complex reflectivity r, (complex reflectivity of the p-polarizations) and ry (complex
reflectivity of the s-polarizations). In ellipsometry the complex reflectance ratio p, is
measured which is given by equation 2.15. A is the relative phase of the vibrations
along the x- and y-directions.

Pr = v _ tan(W)e'? (2.15)
Ts

A and ¥ can only be converted directly into the optical constants when measuring op-
tical infinitely thick films. If this criterion is not fulfilled a layer model must be applied.
This model must consider the optical constants and thicknesses of the individual layers
as well as their correct sequence. Disadvantage of the method is that detailed knowledge
about the layer composition is essential to obtain accurate data. In an iterative proce-
dure the optical constants are varied and A and ¥ can be calculated using the Fresnel
equations until the values fit the experimental data. Advantages of ellipsometry are
that no reference measurement has to be conducted since intensity ratios are measured
instead of intensities leading to a low sensitivity concerning intensity fluctuations.
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3. Birefringence Analysis of Block
copolymers

3.1. Introduction and Theoretical Background

3.1.1. Electrothermodynamics of Dielectric Materials

Infinitesimal changes in the internal energy (dU) of a system comprising N; molecules
in a volume V can be described by thermodynamics according to 3.1 [LLP04].

dU = TdS — pdV + Y pdN; (3.1)

Here S is the entropy of the system, T' the temperature, p the pressure, and p; the
chemical potential of the i-th component. Under use of the particle density p = 3 and
the entropy per unit volume s = % 3.1 can be rewritten to

du = Tds + Z widp;. (3.2)

By introducing the free energy density f the system can be described by consid-
ering the change in temperature rather than the change in entropy. The Legendre-
transformation, f = u — T's of Equation 3.2 yields

dfo = —sdT + Y pudp; (3.3)

describing infinitesimal changes in the free energy density, df.

When the system is exposed to an external stimulus an additional term must be
added to the equation and the change in free energy density can be described according
to Equation 3.4.

df(r) = —sdT + ) pudp; — D(r)dE. (3.4)

The last term of the equation describes the electrostatic contribution when the external
stimulus is an electric field. Here E is the electric field vector, and D is the displacement
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field related with E through D = ¢E where € is the dielectric constant of the medium.
We now picture a system comprising two materials with different dielectric constants
€1 and €y separated by a sharp interface which is exposed to an electric field. D and
E each have a component perpendicular and parallel to the interface between the two
media. While the perpendicular component of D is continous across the interface the
perpendicular component of E is discontinous and given by ¢;E; = eEs where E;
and Eq are the electric fields in perpendicular direction. Opposed to this the parallel
component of E is continous across the interface, while that of D is not [Tso09].

To obtain the electrostatic energy density (F.s) the electrostatic contribution to the
free energy per unit volume is integrated over the volume of the system:

1 [ D?
F., = ——/ —d*r (3.5)
2 v €

A Legendre transform and the relation D = ¢E yields the electrostatic energy for
linear dielectrics (Fps):

Foo=F—F= —% / cE2dPr. (3.6)
14

Here Fy is the free energy without application of electric field. The important result
of Equation 3.6 is that an electric field lowers the free energy of a system with intrinsic
composition fluctuations. The derived equation is universal and not dependent on the
medium’s constituents.

3.1.2. Block Copolymers in Electric Fields
3.1.2.1. In the Weak Segregation Limit

To analyze the effect of electric field on liquid mixtures of two dielectrics and block
copolymers a spacially dependent order parameter ¢(r) is defined as a dimensionless

quantity describing the relative composition of one liquid or copolymer component at r
(0<op<1).

o(r) = ¢o + (r); (¢(r)) =0 (3.7)

Here ¢ is the average composition and ¢ the variation from the average. The variation

in composition results in a variation in dielectric constant e. Under assumption that the

system is isotropic € is a scalar and not a tensor. In case of small ¢, €(¢) can be expressed
as a Taylor series expansion to second order:

1
€(p) =€+ Aep + 56”@2 (3.8)
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Now an electric field Eq is defined which is present in the system when € is con-
stant throughout the sample. Since € and E are connected through Laplace’s equation
variations in € lead to variations in electric field. [Tso09]

1
E=E;+E;p+ §E2902 (3.9)

The quadratic term of the expansion vanishes in the limit of ¢ << 1. An analytical
expression for the linear term E;p was given by Amundson [AHQS93]

Eip =Y E(q)exp(iqr) (3.10)
E(q) = —§¢(Q)(QE0)Q (3.11)

b= g—; describes the sensitivity of the dielectric constant to composition fluctuations.
Landau and Lifshitz evaluated how the Gibbs free energy density, F'(¢) changes as a
function of e [LLP04]:
1

6F(€) = —§E25e (3.12)

Under consideration of Equation 3.6 the electrostatic energy density in a medium of
average dielectric constant € is given by:

F =~ eB(o)f (3.13)

Neglecting the second order term in expression 3.9 the electrostatic free energy con-
tribution of small composition fluctuations is obtained:

2
F= 5 (@B e(@)e(-a (3.14)
q

Equation 3.14 is valid for small variations in ¢(r) when the dielectric contrast between
the systems constituents is small compared to €. It can be applied to ordered phases in
the weak segreation limit i.e. in proximity to the critical point and in the disordered
phase. According to equation 3.14 composition fluctuations with wave vectors normal
to the applied field minimize the electrostatic energy and are hence stabilized. Com-
position fluctuations with wave vectors parallel to E generate interfaces perpendicular
to E and are therefore destabilized. This has severe influence on the orientation of the
block copolymer nanostructure: interfaces preferentially align parallel to the electric field
vector in case of morphologies for which 3.14 is non-zero i.e. those of uniaxial symmetry.
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3.1.2.2. In the Strong Segregation Limit

In the strong segregation limit interfaces are sharp and the composition and hence the
dielectric constant does not vary smoothly over the interface but exhibits a square-wave
composition profile (see Figure 3.2 (c)). Hence, equation 3.14 does not apply. While
phase A is characterized by dielectric constant €; the dielectric constant of phase B
amounts €o. Tsori and Andelman [TA03] derived the electrostatic energy (F.s) of lamella
with orientation parallel and perpendicular to the direction of electric field. For their
calculations they assumed a parallel-plate capacitor analogy with distance L between its
plates and potential difference V (see Figure 3.1).

(@) [] (b) []

|| L

Figure 3.1.: Simplified illustration of a lamella stack in a parallel-plate capacitor analogy
with lamellae interfaces oriented parallel (C}) (a) and perpendicular (C ) (b) to E. This
figure was adapted from Ref. [T'so09].

The electrostatic energy per unit area for lamellae with interfaces oriented parallel
(F.s) and perpendicular (Fis1) to E amounts:

1 €1€9 V2
Fo= —= 22 3.15
I=~"57 I (3.15)
and
1 V?
FesL - _EET (316)

The average dielectric constant is given by € = %(61 + €). Equations 3.15 and 3.16
imply that dielectric interfaces oriented parallel to the electric field vector are elec-
trostatically favored over those oriented perpendicular to E. The electrostatic energy
difference is proportional to the square of the dielectric contrast between phases A and
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B ((A€)? = (&1 — €2)?). Consequentially, the dielectric interfaces perferentially align
parallel to the electric field vector similar as in the weak segregation limit.

3.1.2.3. Experiments and Theory

Amundson et al. were the first to demonstrate electric-field-induced ordering in a lamel-
lae forming diblock copolymer melt of polystyrene-block-poly(methyl methacrylate) (PS-
b-PMMA) in 1991 [AHD*91]. The block copolymer was shown to rearrange with its
interfaces parallel to the electric field vector (E) when exposed to strong DC electric
fields. Driving force for the reorientation is the electrostatic energy penalty associated
with dielectric interfaces not oriented parallel to E [SPR*13]. As described in the pre-
vious paragraph the energy difference between parallel and perpendicular orientations
with respect to E was found to be proportional to the square of the dielectric contrast
(A€)? between the two copolymer constituents and to the second power of the electric
field strength E? [Tso09]. Experimentally block copolymer nanostructures have been
shown to align with their interfaces parallel to the electric field vector as well in bulk
[AHQS93] as also in thin film [MLU*96].

Further work by Amundson et al. [AHQS93, AHQ*94], Boker et al. [BEH*02a,
BEH*03, BSK*06], Schmidt et al. [SBZ*05, SSS*07] and Ruppel et al. [RPL*13] un-
veiled the kinetics and mechanisms of the reorientation process. Using concentrated
polystyrene-block-polyisoprene (PS-b-PI) solutions in toluene as a model system, three
reorientation mechanisms were distinguished. The degree of phase separation as well as
the pre-orientation of the block copolymer sample were shown to determine the exploited
mechanism.

In the strong segregation limit (SSL) the rotation of entire grains is observed while
"Nucleation and Growth” - i.e. the growth of lamellae grains aligned parallel to the
electric field vector at expense of those oriented perpendicular to E - is the predomi-
nant mechanism at lower degrees of phase separation [BEH*02a]. The reorientation of
block copolymers in even closer vicinity to the order-disorder transition was found to
proceed via ”Selective Disordering” [RPL*13]. Selective disordering is associated with
the selective disintegration of ill aligned lamellae upon exposure to sufficiently large
electric fields while no disordering is found for grains aligned parallel to the electric
field vector. Theory and simulations support the experimental results [Gur94, KSZF03,
PW99, TTLO03]. Next to lamellae block copolymer morphologies also cylindrical block
copolymers [TADRKO02, TADRJO0O0] as well as triblock copolymers [BKE*02] have been
oriented in the electric field.

In the past decade block copolymer/nanoparticle composite materials have gained
considerable interest since they afford a variety of potential applications. While the
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nanoparticles exhibit interesting catalytic, [JBCMO03] optical, [MUY*02, BLB03, BT04]
mechanical, [BLBO03] or magnetic properties, [THD02] block copolymers, can effectively
control particle location and patterns [TGMBO01, TGMBO02]. Simulations by Yan et al.
imply an alteration in reorientation mechanism and kinetics upon exposure to electric
fields when nanoparticles are added to the system [YSB10]. A more precise description
of the reorientation mechanisms will be given in Chapter 5 which deals with the effect
of nanoparticles on the reorientation mechanisms of block copolymers under application
of electric fields.

While morphologies of uniaxial symmetry (lamellae, cylinders) readily align upon ap-
plication of electric field - provided that the threshold voltage for the particular system
is exceeded [TADRJ00, BEH*03| - interfaces with an unfavorable angle to E cannot
be eliminated in cubic phases (spheres, gyroids) by altering their orientation. In these
cases minimization of the electrostatic free energy can merely be achieved by distor-
tion of the unit cell leading to elongation in direction of E upon exposure to electric
fields. Consequently, order-order transitions are induced when the copolymer composi-
tions is in vicinty of the phase boundary and the field is of sufficient magnitude. The
following electric field-induced order-order phase transitions have been analyzed in simu-
lations and experiments: gyroid to cylinder [SPS*10, LHKZ07, PZ08], sphere to cylinder
[XZS*04, LZS06, Mat06, TTAL03, WCR08, WDO08], HPL to lamella [PSR*15], and HPL
to cylinder [LHKZ08, LHKZ09]. Despite the fact that Schmidt et al. [SPS*10] reported
the synchrotron SAXS study of an electric field-induced gyroid to cylinder transition,
its mechanisms could not be resolved to date. Therefore, in Chapter 6 a detailed syn-
chrotron SAXS analysis of the electric field strength and temperature dependent mech-
anisms characterizing the transition is given.

Electric fields were also shown to shift the order-disorder transition temperature
(Topr) of lamellae forming block copolymers to lower values favoring the disordered
phase [SSSB09, SPR*13]. This stands in direct contrast to theoretical considerations
which anticipate the shift of Topt into the opposite direction [Tso09, GSTAT07, OF95,
STAO09]. Chapter 4 deals with this problem in detail and gives a general overview over
hitherto performed calculations and experiments. Therefore, we refer to the introduction
of Chapter 4 for a detailed description of the theoretical background behind the effect
of electric fields on the Topr.

3.1.3. Birefringence

Previously, synchrotron small angle x-ray scattering (SAXS) was utilized to analyze
block copolymer solutions under application of an electric field. Block copolymer mi-
crostructures can exhibit as well form- birefringence as also intrinsic- birefringence

26



3.1. Introduction and Theoretical Background

[BEH*02b, BEH*03, SBZ*05, RPL*13, PRS*11]. In this chapter birefringence measure-
ments are probed as an alternative measurement technique since they are easily acces-
sible, inexpensive, non-destructive and therefore allow high data throughput. In-situ
birefringence measurements display an effective means to analyze the kinetics of align-
ment processes [CIK*97], order-disorder transitions [AHPQ92, BPS92] as well as order-
order transitions between birefringent and non-birefringent block copolymer phases with
excellent time resolution and therefore display a valuable supplementary method to syn-
chrotron SAXS, especially for time-consuming measurements. First a general literature
overview on birefringence measurements of block copolymer microstructures is given,
then the sample cell is described which was likewise used for birefringence measure-
ments as also for synchrotron SAXS measurements and allowed a precise control over
temperature and electric field. In the last part of this chapter exemplary measurements
are presented to demonstrate the scope of this method.

3.1.3.1. Intrinsic Birefringence

Intrinsic birefringence results from the orientation of block end-to-end vectors, and the
stretching of block copolymer chains away from the block-block interfaces as schemati-
cally shown in 3.2 (a). Lodge and Fredrickson predicted that the intrinsic birefringence
is directly proportional to the stretching of the chains defined by %, where L is the
layer thickness and (h?)q is the mean-square unperturbed end-to-end distance [LF92].
In strongly segregated lamella and cylindrical block copolymer systems (yN > 10) this
represents a significant contribution to the overall birefringence strength of the sample
and can even be comparable to or greater than the form birefringence [LF92]. In the
Strong Segregation Limit (SSL) the interfaces separating the microdomains are very
narrow since the system wants to minimize the unfavorable A-B interfacial area. This
results in perturbed, extended chain configurations and therefore in an entropic penalty.
Figure 3.2 (c) displays the one dimensional composition profile characterizing the SSL,
where ¢4 is the volume fraction of the A block.

In block copolymer samples close to the order-disorder transition temperature (Weak
Segregation Limit) the intrinsic birefringence only plays a minor role [AHPQ92]. In the
weak segregation limit the individual polymer chains are largely unperturbed and the
one dimensional composition profile 3.2 (b) is near to sinusoidal.

In the disordered phase A-B interactions are weak and the individual chain statis-
tics are Gaussian like [BF90]. Therefore, the intrinsic birefringence diminishes in the
disordered phase.
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Figure 3.2.: (a) Schematic representation of a lamella block copolymer phase in the
strong segregation limit (SSL). The individual block copolymer chains are stretched
away from the interfaces to minimize the unfavorable A-B contact area. (b, ¢) One
dimensional composition profiles characterizing the WSL (b) and SSL. ¢4 displays the
volume fraction of A while r displays the position in the sample. The dotted black line
in the plots corresponds to a ¢4 volume fraction of 0.5. The yellow line in (a) displays
the position r in the sample. Parts of this figure were adapted from Ref. [BF90].

3.1.3.2. Form Birefringence

Form birefringence arises from an ordered anisotropic arrangement which is large com-
pared to the size of the individual molecules but small with respect to the wavelength of
light. Since a vast majority of the birefringence measurements in this thesis were per-
formed on lamellae systems form birefringence is explained on the example of a lamellae
stack. A lamella microdomain pattern is characterized by a uniaxial optical anisotropy
resulting in form birefringence. Figure 3.3 displays a simplified illustration of a lamella
stack, its optic axis and the direction of the fast and the slow axis. The axis of symme-
try, also known as the optic axis, which is indicated by the green arrow in Figure 3.3, is
perpendicular to the lamella interfaces. Components of light propagating through the
sample are exposed to different refractive indices n, and n. depending on whether their
direction of polarization is perpendicular (ordinary wave (o), direction indicated by blue
arrows) or parallel (extraordinary wave (e), direction indicated by red arrows) to the
optic axis. In the case of negative uniaxial birefringence, as found in a lamella assem-
bly, the fast axis coincides with the optic axis while the slow axis is perpendicular to it.
Light polarized along the slow axis will be refracted with a refractive index n, while light
polarized along the fast axis is exposed to a refractive index n.. [BW59] Therefore, the
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Negative uniaxial birefringence:
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Figure 3.3.: Simplified illustration of a lamella stack, its optic axis and the direction of
the slow and the fast axis with respect to the lamella interfaces.

ordinary wave will experience a phase retardation I' with respect to the extraordinary
wave [BW59]. The magnitude of the resulting phase retardation I" amounts to Eq. 5.1.

r= 2W§An0@2> sin? 0 (3.17)

Here [ is the optical path length, A describes the wavelength of light while passing
through the medium, (V) denotes the periodic lamella pattern, and 6 is the angle between
the propagation direction of light and the unit wave vector of the lamella pattern é.
An = n, — n, is the birefringence of the sample. The overall birefringence strength of a
block copolymer is dependent on its degree of phase separation. In the strong segregation
limit (SSL) the interfaces are sharp and a maximum form birefringence strength An® is

attained [AHPQ92].

3.1.3.3. Birefringence in the Disordered Phase

The disordered phase is characterized by a lack of long-range order. Upon approaching
the transition to the ordered microphase concentration fluctuations increase. Since these
concentration fluctuations have no preferred orientation, and are barely larger than
molecular dimensions the material will appear optically isotropic and therefore, will not
exhibit form birefringence [AHPQ92].
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3.1.3.4. Birefringence of Optically Anisotropic Ordered Phases

When no directing force is applied, the block copolymer sample exhibits a multidomain
structure of optically anisotropic, randomly oriented grains without any preferred di-
rection of alignment. Each grain has a constant optic axis which is perpendicular to
the lamellae interfaces or parallel to the cylinder axis for lamellae and cylindrical block
copolymer microstructures, respectively [AGM*04]. When light propagates through the
sample, each individual grain induces a small phase retardation depending on its size,
degree of phase segregation, and orientation, whereby typical grain sizes lie in a range
of 1-10 pm.

Figure 3.4.: Poincaré sphere. S; to S3 are the Stokes Parameters. Each point on the
surface of the sphere represents a different polarization state of light.

Amundson et al. [AHPQ92| described the propagation of light through a macroscop-
ically disoriented sample as a random walk on the poincaré sphere - a spherical surface
of unit diameter on which each point corresponds to a different polarization state of
light [AHPQ92]. A schematic image of the poincaré sphere is given in Figure 3.4: The
north- and south- pole display right- and left circular polarization, respectively, the
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equator corresponds to linear polarization along an axis with a direction varying with
longitude. The other points on the surface represent different states of elliptical po-
larization. Si, So, S3 in Figure 3.4 display the Stokes parameters which are commonly
utilized to describe the polarization state of electromagnetic waves through the Stokes
vector S = {Sy, S1, S2, S3}, where Sy represents the total intensity of the wave, S; defines
the difference between the intensities of the x- and the y- components, S, indicates the
preference of the wave to either the +%7T or the —%LTI' linearly polarized component and
S3 represents if the wave has a preference to either the right- or the left-handed circularly
polarized component [AB77].

Upon passing through the sample each encounter of light with a grain can be described
as a small change of position on the poincaré sphere, whereby direction and magnitude of
the step are determined by the orientation, the birefringence strength and the size of the
grain. This results in a series of uncorrelated small phase retardations. The associated
trajectory on the poincaré sphere can be described as a random walk and is exemplified
in yellow in Figure 3.4. The overall birefringent phase retardation is determined by the
position of the end point.

The laser beam utilized in this study has a diameter of 1 mm while typical grain
dimensions lie between 1 ym and 10 gm. Therefore, one ray of light traverses through
various microstructural arrangements, displaying different random walks on the poincaré
sphere. The overall polarization state of the laser beam exiting the sample will be a
mixed state composed of the individual end points of the random walks.

3.1.3.5. Birefringence Analysis of Order-Disorder and Order-Order Transitions

In 1992 Amundson [AHPQ92] and Balsara [BPS92] reported that the order-disorder
transition of optically anisotropic block copolymer phases is accompanied by a change
in birefringent phase retardation. As reported in the previous paragraphs both the
intrinsic- and the form birefringence diminish upon approaching the disordered phase.
Therefore, the birefringent phase retardation can be used as a direct measure to analyze
the order-disorder transition of lamellae and cylindrical block copolymer phases, mak-
ing it possible to determine the order-disorder transition temperature (Topt) as well as
the kinetics of the transition. Opposed to lamellae and cylindrical microstructures op-
tically isotropic block copolymer structures such as bee and gyroid do not exhibit form
birefringence. Therefore, order-order phase transitions between optically isotropic and
anisotropic structures can likewise be detected by birefringence measurements [LJK*02].
This enables the optimization of the conditions under which the order-order transition
takes place with optical techniques and saves time when subsequently performing syn-
chrotron SAXS measurements to get closer insights into the underlying mechanisms.
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3.1.3.6. Birefringence Analysis of Alignment Kinetics

In the past birefringence measurements have been utilized to analyze the alignment of
block copolymers under shear flow [GKCK96, GKKS95, WNC*00]. Chen et al. proposed
a combination of in-situ rheo-optical measurements, ex-situ electron microscopy and in-
situ SAXS to probe alterations in microstructure and orientation upon flow-induced
alignment [CKO98]. Birefringence measurements offer excellent time resolution while
providing information on the degree of alignment of optically anisotropic block copolymer
microstructures and are therefore well suitable for the real-time analysis of the alignment
kinetics.

The degree of alignment of a block copolymer sample is described by the orientational
order parameter Ps.

3(cos? ) — 1
P, = 3{eos”0) — 1 5 ) (3.18)
A macroscopically disordered sample is characterized by P, = 0 while a maximum

alignment of lamella interfaces parallel to the electric field vector corresponds to an
order parameter of -1/2. For perfect alignment perpendicular to the electric field vector
P, = 1 is found. The effective overall birefringence strength of the block copolymer
sample is directly proportional to the order parameter and amounts:

An = An0<ﬁ2)Pg sin? 6. (3.19)

Therefore, the phase retardation can be used as a direct measure to analyze the reori-
entation kinetics.

3.2. Experimental

3.2.1. The Sample Cell

A sample cell was constructed which could likewise be utilized for birefringence and
SAXS measurements. Figure 3.5 shows photos of the sample cell (a-b) as well as its
engineering drawing (c¢) and a schematic cross sectional view. The sample cell was
milled from a single polyetheretherketone (PEEK) block, a high performance polymer
with excellent temperature- (T, = 143°C; T,, = 343°C) and solvent resistivity against
most common solvents. Furthermore, the high dielectric strength of the material of 20
kVmm ™" permits the application of high voltage.

The parallel plate capacitor in the middle of the setup comprises two polished gold
electrodes (3 (Figure 3.5; 15 mm X 5 mm X 1 mm) which afford electric fields of high
homogeneity. A thin platinum wire connects the back side of the electrodes with the
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connectors to the high voltage power source (). Quartz glass slides above and below
the capacitor (9) are tightly screwed to the cell preventing solvent evaporation. Solvent
resistant O-rings made from perfluoroelastomer (FFKM) properly seal the sample cell.
When SAXS measurements are performed with this setup the glass slides can easily be
replaced by kapton sheets covered with a thin layer of teflon (DuPontTMKapton®
Films, 300FN929 and 500FN131). Normal kapton sheets did not show sufficient resis-
tivity against the utilized solvents. The teflon covered kapton sheets were immersed
in solutions of THF and toluene to determine the material compatibility. Even after
weeks no deformation of the film in solution was observed. Teflon pieces with the same
dimensions as the glass slides (thickness: 1 mm; diameter: 3 cm) were pressed to the
kapton sheets and screwed to the sample cell. This on the one hand fixed the kap-
ton and on the other hand prevented voltage breakthrough to the outside of the cell.
Measurements were performed through a 1 mm wide centered hole directly above the
middle of the capacitor. Next to SAXS and birefringence measurements this sample cell
was constructed in such a manner that it can likewise be used for Small Angle Neutron
Scattering (SANS) and Polarization Optical Microscopy (POM) measurements.

3.2.1.1. Temperature Regulation

A circular Peltier element (7) (EURECA Messtechnik GmbH, TEC1C-24.0-9.8-21/78-
CS) with a maximum operating temperature of T,,,, = 120°C underneath the lower
glass slide permits precise regulation of heating- and cooling cycles. The Peltier element
has a thermoelectric strength of o = 0.0157 VK1, an internal resistance of p = 0.624()
and a coefficient of heat conductivity of v = 0.153 WK™! and is addressed remotely
via a LabVIEW software module. A metal plate (4) which stands in direct contact to
the back side of the Peltier element assures the necessary heat transfer between the
Peltier element and the surrounding. The temperature is measured in solution via a
PT100 thermosensor (3) covered by thin glass. In Figure 3.6 the measured temperature
is plotted against the time in seconds. Prior to the measurement the sample cell was
filled with a concentrated block copolymer solution in toluene. The feedback of the
PT100 is used to control the temperature. When a heating- and cooling rate of +
1.5 °Cmin~! was provided by the LabVIEW program (see Appendix 3.12 for the block
diagram of the software) the respective heating- and cooling rates determined by the
PT100 thermosensor were 1.47 °Cmin~! and -1.44 °Cmin~!. The terminal values were
in accordance with the set temperatures. Figure 3.6 displays a uniform temperature
augmentation and diminution which is especially important for the precise determination
of for instance the order-disorder transition temperature.
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Figure 3.5.: (a,b) Photos of the sample cell used for the bulk analysis of block copoly-
mers under the application of electric field. The block copolymer solution is sandwiched
between two polished gold electrodes (4). Two glass slides (9) tightly seal the chamber
above and below the parallel plate capacitor preventing solvent evaporation as demon-
strated in the schematic cross section image (d). Heating- and coolingrates can precisely
be regulated via a circular Peltier element (7). A metal plate (6) below the Peltier el-
ement ensures rapid heat transfer to the surrounding. The Head (2) which seals the
sample cell comprises a tiny PT100 thermosensor covered by thin glass (7) for precise
in-situ temperature determination. The high voltage power source is connected to the
gold electrodes via (5). (c¢) Engineering drawing of the sample cell. The sample cell was
built by Guido Kirf from the Mechanical Lab at Institute of Physical Chemistry, RWTH
Aachen University.

3.2.2. Birefringence Measurements

Concentrated solutions (32-43 wt%) of the block copolymer in THF and toluene were
prepared 24 h prior to the measurements to assure complete dissolution, and remove-
ment of bubbles from the solution. The exact compositions and concentrations of the
polymer solutions will be given in the experimental section of the corresponding chapter.
A syringe was carefully filled with the block copolymer solution avoiding the formation
of bubbles and subsequently given into the sample cell which was then sealed tightly.
Birefringence measurements were performed with an Exicor 150AT birefringence mea-
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Figure 3.6.: Temperature measured by the PT100 theromsensor as a function of time
in s upon heating and cooling via the Peltier element.

surement system from Hinds Instruments which allowed high-speed measurement of the
optical retardation and fast axis orientation with high accuracy and resolution. The
laser beam with a spot size of 1 mm and a wavelength of A = 632.8 mm traversed the
sample in the center of the capacitor directly between the two gold electrodes. The
optical path length amounted 5 mm.

3.3. Results and discussion

3.3.1. Order-Disorder Transition
3.3.1.1. Determination of Topr

In Figure 3.7 the evolution of birefringent phase retardation (I") is displayed as a function
of temperature upon heating through the order-disorder transition (ODT). A schematic
of the ordered lamella and the disordered phase are given inside the plot. In this example
a concentrated solution (32 wt%) of polystyrene-block-polyisoprene S;I:° in THF was
utilized. The subscripts define the weight fractions of the blocks and the superscripts
denote the average molecular weight in kg mol~!. The heating rate amounted 1 °Cmin~".
Prior to the measurements the sample was oriented at an electric field strength of 5 kV
mm~!. Upon heating a slight continuous decrease in the phase retardation is observed
up to a temperature of about 37.4 °C. This initial decrease can either be attributed to a
softening of lamellae interfaces upon heating or to a reorganization of grains away from
the preferred direction induced by the electric field applied prior to the measurement over
time. This initial decrease is followed by a steep continuous decline in optical retardation
between 37.4 °C and 39.4 °C when the order-disorder transition is approached. Above
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Figure 3.7.: The red curve displays the measured optical retardation (I') as a function

of temperature upon heating a 32 wt% solution of 8461é28 in THF through the order-

disorder transition temperature. The Topt is the intersection point of the two black
linear fits. The phase separated and disordered phase are schematically displayed inside
the plot. This figure was adapted from Ref. [KKKB15].

this temperature a constant minimum retardation value is measured. As stated above
the disordered phase is characterized by directionless concentration fluctuations, and
chains are Gaussian like. Therefore, no intrinsic- or form birefringence is observed. To
determine the precise order-disorder transition temperature (Topr) two linear functions
are fittet to the data as presented by the black fitting functions in Figure 3.7. The Topr
is identified as the intersection point of the two linear fits. In the following chapter
the Topr measurements presented here will be used to analyze the factors resulting in
electric field-induced mixing of block copolymers.

3.3.1.2. ODT-Jump Kinetics

Schoberth et al. [SSSB09] observed a downward shift of the Topr in concentrated
solutions of polystyrene-block-polyisoprene in toluene under application of electric fields.
This implies that switching on an electric field in a certain temperature interval below
the Topr induces a sudden order-disorder transition. As will later on be demonstrated
in Chapter 4, this temperature interval depends on the block copolymer constituents
and the overall chain length of the polymer. The kinetics of the phase transition can be
monitored by birefringence measurements since the measured phase retardation strongly
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Figure 3.8.: Phase retardation as a function of time for a 42.8 wt% solution of SsoI2) in
THF at a temperature of 36.5 °C. At t=0 an electric field of 4 kV mm™" (blue circles)
and 5 kV mm™ (red squares) is applied.

depends on the degree of block copolymer phase separation. An example measurement
for a 42.8 wt% solution of Ssl2) in THF is given in Figure 3.8.

The order-disorder transition temperature of the solution was measured before and
after recording the melting kinetics and amounted 37.8 °C. The measurement was per-
formed at a temperature of 36.5 °C thus 1.3 K below the Topr. Upon application of
the electric field a steep but continuous decline in phase retardation is observed which
can be attributed to the melting of the block-block interfaces. The curves are fitted by
a single exponential function to obtain the time constants 7 which amount 3.4 s when
the electric field strength is 4 kV mm™' and 2.1 s for 5 kV mm~!. Looking at the
final retardation values merely the 5 kV mm~! jump induces complete mixing of the
microstructure. In case of the 4 kV mm™! jump a residual phase retardation of around
22 nm is observed which implies that the structure has not fully reached the disordered
phase. This corresponds to the measurements in the ODT shift. When applying 5 kV
mm~! to the sample a downward shift in the Topr of 1.7 K was observed while for 4
kV mm™! the shift amounted 1.2 K. The temperature interval was too large to induce
complete mixing at an electric field strength of < 4 kV mm™!.

In Figure 3.9 the time constant 7 in s which was obtained as described above is
displayed as a function of the distance from the Topr at which the measurement was
performed for a 32 wt% sample of SuI53° in THF (Topr=40 °C). The melting kinetics

were measured at an electric field strength of 5 kV mm~!. For this specific block copoly-
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Figure 3.9.: Time constant (7) describing the kinetics of the electric field-induced order-
disorder transition as a function of temperature distance (AT) from the Topr for a 32
wt% sample of S4GI§]918 in THF (Topr=40 °C). The order-disorder transition was induced

by sudden application of an electric field of 5 kV mm™1.

mer sample the Topr was shifted by -3 °C upon application of an electric field of 5 kV
mm~*. Therefore, complete mixing was observed in the analyzed temperature interval
of 2.5 °C. The distance from the Topt has profound influence on the kinetics of melting.

3.3.2. Threshold Voltage

The threshold voltage is the minimum voltage which needs to be applied to the block
copolymer sample to induce an electric field-induced reorientation process. It strongly
depends on the dielectric contrast between the block copolymer constituents, chainlength
and experimental conditions. In this paragraph the experimental procedure to determine
the threshold voltage via birefringence measurements is described.

A 32 wt% sample of SulE3° in THF (Topr=40 °C) was heated to 55 °C, thus 15 K
above the Topr to eliminate any pre-orientation based on the sample history. After
10 min the sample was cooled down to 30 °C exhibiting an isotropic multi-domain
structure. As previously described the overall phase retardation upon passing through a
non-oriented block copolymer sample can be described as a random walk on the poincaré
sphere and is therefore comparably small. When the electric field is large enough to
reorient the block copolymer sample an increase in phase retardation is observed since
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Figure 3.10.: Measurement of the Threshold voltage for a 32 wt% sample of SyIi}° in
THF (Topr=40 °C). Prior to the measurement the sample was heated above the Topr
to obtain an isotropic multi-domain structure. After subsequent cooling to 30 °C the
respective electric field strength was applied at t=0 s. The plot displays the measured
phase retardation as a function of time.

the small phase retardations induced by each single grain are no longer uncorrelated as
described in detail in the section ”Birefringence Analysis of Alignment Kinetics”.

In Figure 3.10 the measured phase retardation is plotted against the time in s. At t=0
the respective field strength was applied to the sample. Up to an electric field of 500
V mm™! no significant increase in phase retardation is observed. The threshold voltage

for this particular sample lies at 600 V mm™".

3.3.3. Order-Order Transitions

Order-order transitions between birefringent and non-birefringent microphaseseparated
nanostructures can easily be detected by measuring the change in birefringent phase
retardation. In case of order-order transitions additional methods such as synchrotron
SAXS have to be applied to determine end and transition states. Non the less the
birefringence measurements are useful to screen samples and check which concentrations
and polymers are worthwhile to measure in time limited synchrotron SAXS. This is
important since order-order transitions can only be induced in close proximity to the
boundary between two different microstructures and therefore much time can be saved
by excluding samples through pre-observation.
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Figure 3.11.: Birefringent phase retardation as a function of time for a 44.3 wt% sample
of Sy V35 in THF. (a) An electric field of 5 kV mm™! is applied after 5 s. (b) Decrease
in birefringent phase retardation after turning off the electric field.

In Figure 3.11 the phase retardation of a 44.3 wt% sample of polystyrene-block-poly(2-
vinylpyridine) with a polystyrene weight fraction of 22 wt% and a molecular weight of
98 kg/mol (SpV5s) in THF is displayed as a function of time at different temperatures
between 25 °C and 40 °C. Previously performed SAXS measurements confirmed a gyroid
microstructure when no electric field is applied to the sample. In Figure 3.11 (a) the
electric field is applied after 5 s. The resulting increase in phase retardation can be at-
tributed to an order-order transition into a birefringent block copolymer microstructure
and its subsequent orientation in direction of the electric field vector. Figure 3.11 (b)
displays the decline in birefringent phase retardation after turning off the electric field.
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This demonstrates that the order-order transition is reversible. In Chapter 6 the results
of the synchrotron SAXS measurements on this sample will be evaluated which give
insights into the mechanistic pathways of the electric field-induced gyroid to cylinder
transition and of the reformation of the gyroid phase.

3.4. Summary

In this chapter we establish an experimental approach to analyze block copolymers in
electric fields via birefringence measurements. Birefringence measurements can be uti-
lized to determine the Topr as well as melting kinetics, reorientation kinetics, the thresh-
old voltage and to detect order-order transitions from birefringent to non-birefringent
block copolymer phases and vice versa. In the following three chapters of this thesis three
different projects are demonstrated were birefringence was either applied on its own or
in combination with synchrotron SAXS to analyze novel aspects of block copolymers in
electric fields.
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3.5. Appendix
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Figure 3.12.: Blockdiagramm of the Labview program regulating the temperature of
the sample cell. The program was written by Bernd Huppertz and Christoph Heeren
of the Electronics workshop of the Institute for Physical Chemistry at RWTH Aachen

University.
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4. The Effect of Electric Fields on the
Order-Disorder Transition
Temperature1

4.1. Introduction and Theoretical Background

As previously described electric fields can be utilized to induce order-order [SPS*10] and
order-disorder [SSSB09] phase transitions implementing reversible switching between
different BCP morphologies. Therefore, the control over BCP morphology is enabled.
Thus, a precise knowledge of the impact of electric fields on BCP nanostructures is of
fundamental interest. In this chapter the long discussed issue why electric fields are
experimentally found to induce mixing as well in block-copolymers as also in polymer
mixtures will be addressed. This questions has been under debate since the first ex-
periments on the effect of electric fields on the critical temperature of simple binary
mixtures.

Recently, Schoberth et al. [SSSB09] revealed that the Topr of a 32.5 wt% solution of
poly(styrene)-block-poly(isoprene) in toluene is lowered by about 2 °C upon application
of an electric field of 8.5 kV/mm. Numerous experimental studies on the phase diagram
of simple binary mixtures likewise indicate electric field-induced mixing upon exposure
to an electric field although the effect is much less pronounced. For low molecular weight
substances a downward shift in the critical temperature 7, by merely a few millikelvins
scaling with the square of the applied electric field strength was observed [WF93, Orz98|.
Reich and Gordon who worked with a mixture of poly(vinyl methyl ether)-polystyrene
found that the cloud point temperature is decreased by several °C upon exposure of the
mixture to an electric field [RG79].

!This Chapter and its figures have been published in modified form. [KKKB15], Reprinted (adapted)
with permission from C. C. Kathrein, W. K. Kipnusu, F. Kremer, and A. Boker, Birefringence
Analysis of the Effect of Electric Fields on the Order-Disorder Transition Temperature of Lamel-
lae Forming Block Copolymers, Macromolecules 2015, 48, 3354-3359. Copyright 2015 American
Chemical Society.
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In contrast to the experimental results, classical thermodynamics predict the evoca-
tion of phase separation by homogeneous electric fields [Onu95, SBMG80, DK65, WF93,
Orz98]. The influence on the transition temperature is expected to merely lie in the
millikelvin range, rendering the effect unsuitable for any application. Gunkel et al.
additionally considered the non-mean field effect of homogeneous electric fields on com-
position fluctuations in symmetric diblock copolymer melts which likewise yielded a
shift in the opposite direction than observed experimentally. An example calculation on
poly(styrene)-block-poly(methyl methacrylate) predicted an upward shift in the critical
temperature by 2.5°C upon application of an electric field of 40 V/um [GSTATO07]. Due
to the contradiction in experimental and theoretical results the cause of the electric
field-induced mixing is heretofore ambiguous.

Tsori concluded that the difference in dielectric contrast Ae between the two blocks
not taken into account in the calculations stated above is the dominating parameter when
mixing microphase separated BCPs by exposure to an electric field in close vicinity to
the Topr. Furthermore, the large molecular weight was anticipated to be the cause of

the enhanced effect the electric field exerts on the transition temperature of polymeric

Ae2
samples [Tso09]. The Topr was presumed to be lowered according to AT, oc N UO?EE(%

where N denotes the degree of polymerization, Ae is the difference in dielectric permit-
tivity between the two BCP constituents, Ey defines the applied electric field strength,
€ is the mean dielectric permittivity of the solution, and vy is the monomer volume
[Tso09]. The experimental evidence for these theoretical considerations is still pending.

This chapter reports a detailed birefringence analysis of the effect of dielectric con-
trast Ae and chain length on the electric field-induced shift in Topt and compares the
obtained results to theoretical considerations and previously performed experiments.
With the results presented in this study, previous findings can be explained and the
understanding of the effect of electric fields on the phase diagram of block copolymers
is greatly enhanced. The reported large shifts, induced in the transition temperature,
facilitate the reversible switching of optical- and structural properties of a material in a
large temperature range by simple application of an electric field. With the findings pre-
sented in this chapter the temperature range of switchability can be tuned exactly. This
could find application in future devices but also has to be taken into account when the
effect is not favorable. Especially, during the preparation of thin film samples by solvent
vapor annealing or thermal annealing the distance from the order disorder transition
temperature has a crucial influence on the obtained structure.
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4.2. Experimental

4.2.1. Materials and Sample Preparation

The lamella forming diblock copolymers poly(styrene)-block-poly(isoprene) (SI), poly-
(styrene)-block-poly(2-vinylpyridine) (SV), poly(styrene)-block-poly(tert-butyl methacrylate)
(ST) and poly(styrene)-block-poly(hydroxy ethyl methacrylate)-block-poly(methyl methacry-
late) (SHM) were synthesized by sequential living anionic polymerization [HUM99].
The short poly(hydroxy ethyl methacrylate) block of SHM mixes with the poly(methyl
methacrylate) block allowing the BCP to be treated as a diblock [BKE*02]. The poly-
mers utilized in this study are listed in Table 4.1. The subscripts mark the weight
fractions of the blocks and the superscripts denote the averaged molecular weight in

kg /mol.

Table 4.1.: Investigated block copolymer solutions in THF. Topr = 40°C at E = 0

kV/mm.
M,
Polymer N cone wt% (polymer)
Saslay 1.05 32.0
Ssolle  1.02 36.0
Ssolzy  1.04 42.9
Si7Vey  1.00 37.0
SsaVie  1.05 34.2
SerVis®  1.03 32.0
SisHaME?  1.06 32.8
Sy;7Hi oM 1.06 40.5
SssTis’  1.04 34.5

Concentrated solutions (32-43 wt%) of the block-copolymers in the non-selective good
solvent tetrahydrofuran (THF) were prepared [HCLB98, EK04]. For comparability all
samples were adjusted to a Topr of 40°C at E = 0 kV/mm. The polymer concentration
in solution is given in Table 4.1.

4.2.2. Birefringence Measurements

Measurements were performed in-situ in the home-built capacitor described in Chapter 3
with an Exicor 150 AT birefringence measurement system from Hinds Instruments which
allowed high speed measurement of the optical retardation and fast axis orientation with
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Figure 4.1.: Schematic illustration of the sample setup used for the birefringence
measurements.

high accuracy and resolution. A schematic illustration of the sample setup is given in
Figure 4.1. The block copolymer solution was sandwiched between two gold electrodes
with an electrode spacing of 2 mm. The electrodes were cased in polyether ether ketone
(PEEK) and had a length of 1.5 cm. The capacitor was tightly sealed to prevent solvent
evaporation. Two glass slides covered the gold electrodes making it possible to directly
measure the birefringence signal in solution when the voltage was applied. The laser
beam (A = 632.8 nm) with a measurement spot size of 1 mm traversed the sample
directly between the two gold electrodes perpendicular to the electric field vector. To
preclude an effect by fringe fields close to the electrode edges all measurements were
performed in the middle of the capacitor. A volume of 1 mm x 1 mm X 5 mm was
detected by the laser beam. Heating and cooling rates (0.45°C/min and 0.25°C/min)
were controlled precisely by a circular Peltier element directly beneath the capacitor.
Changes in temperature were measured in solution via a PT100 thermo sensor with a
temperature resolution of +0.1°C covered with thin glass. The sample was heated from
8 °C below to 8 °C above the respective Topr of each sample. Upon heating the phase
retardation I' was monitored as a function of block copolymer solution temperature.
The Topr of the BCP samples was measured upon application of electric fields with
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strengths between 0 kV/mm and 5 kV/mm. The voltage across the capacitor and the
current were monitored during the experiment and, no current flow was observed. To
exclude systematic errors, the different electric field strengths were applied in random
sequence. For determination of the error each measurement was repeated five times.

4.2.3. Broadband Dielectric Spectroscopy Measurements

The relative dielectric permittivities of the homopolymers were measured by broadband
dielectric spectroscopy (BDS) [KS02] at a temperature of 41 °C, which lies in the range
of the Topr measurement. 100 pm thick films of the homopolymers from melt state
were sandwiched between platinum electrodes separated by glass spacers.

4.3. Results and Discussion

4.3.1. ODT Determination

BCP melts of molecular weights comparable to the ones analyzed exhibit Toprs near
or above their decomposition temperature. The dissolution of the copolymers in neutral
solvents significantly lowers the Topr compared to the pure bulk samples circumventing
this difficulty. Fredrickson and Leibler derived a theory to describe the microphase sep-
aration behavior of BCPs in non-selective good solvents and revealed that the theories,
valid for the molten state, were also a good approximation for BCPs in solution [FL89].
The Topr of the BCP sample and the polymer concentration are linearly dependent
[SPR*13, HT72, LPJ*95, HL98]. For comparison, the concentration of the BCP samples
was adjusted to obtain a Topr of 40°C at E = 0 kV/mm. Small angle x-ray scattering
(SAXS) measurements confirmed that all samples exhibit a lamella microstructure in
solution below Topr.

Due to its high accuracy and high sensitivity, birefringence was chosen to determine the
Topr. In 1992, Amundson [AHPQ92] and Balsara [BPS92] demonstrated that the Topr
of diblock copolymers can be detected easily by measuring the decrease in birefringent
phase retardation upon heating through the Topr of lamella forming poly(styrene)-
block-poly (methyl methacrylate) (SM) as described in detail in the previous chapter.
Despite this fact, the majority of studies were performed by synchrotron SAXS or neu-
tron scattering (SANS). Birefringence measurements have the advantage of being in-
expensive, non-destructive, and with high-throughput capacity allowing the analysis of
a higher quantity of samples. Figure 4.2 shows the evolution of measured phase re-
tardation upon heating a highly concentrated solution of SyI33* (32.0 wt%) in THF
through the Topr without an electric field (light gray circles) and under application of
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Figure 4.2.: Evolution of the birefringent phase retardation (I') of a sample of SyIr)®
(32.0 wt%) in THF as a function of temperature upon heating through the Topr at
5 kV/mm (dark gray triangles) and at 0 kV/mm (light gray circles). This figure was
adapted from Ref. [KKKB15].

an electric field of 5 kV/mm (dark gray triangles). The birefringent phase retardation is
plotted against the temperature. A downward shift in the transition temperature with
increasing field strength was observed for all samples. Due to its optical anisotropy the
lamella microstructure shows a high degree of form birefringence. A higher degree of
ordering yields an increased birefringence signal [AHQS93, AHPQ92]. Upon heating a
slight decrease in the phase retardation signal was recorded when no electric field was
applied to the sample. This can either be attributed to a reorganization of lamella do-
mains over time [BPS92] or to lamella softening upon approaching the order-disorder
transition (ODT) [RBA*95]. When an electric field was applied fluctuations in the phase
retardation signal were observed as long as the sample was in the phase separated state.
These fluctuations were less pronounced the lower the electric field strength was. The
monitored fluctuations most probably arise from local composition variations induced by
the electric field. They are the cause for a higher amount of dielectric interfaces oriented
perpendicular to the direction of the electric field vector and hence contribute to the
electrostatic energy penalty [OAWT14]. Approaching the Topr, a steep but continuous
decrease in phase retardation was observed at all field strengths. In the disordered phase
the sample is optically isotropic and therefore the phase retardation dropped down to
minimal values upon entering it. To determine the Topt two linear functions were fit-
ted to each curve as shown in Figure 4.2. The Topr corresponds to the intersection of
the two linear fits. The high resolution in measured phase retardation (+0.01 nm) and
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Figure 4.3.: (a) ATopr as a function of E for SusH,Mi3*, S47VES, Su61i® and S5 T4 (b)
ATopr upon heating and cooling as a function of E for SyIt5° measured at two different
heating and cooling rates. This figure was adapted from Ref. [KKKB15].

temperature (40.1°C) facilitated the precise determination of the Topr of the block
copolymer sample.

4.3.2. Effect of Electric Field Strength

In a first set of experiments, the effect of the electric field strength on the shift in the
transition temperature (ATopr = Topr(E) — Topr(0 kV/mm)) was evaluated. From
electrostatic considerations [LLP04, Tso09] and observations for low molecular weight
mixtures [WF93, Orz98] an increase in ATopt proportional to E? is expected. The
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corresponding diagram is presented in Figure 4.3. In contrast to this our data implied
a scaling as ATopr o E. A possible reason for this discrepancy could be the very high
electric field strengths applied during the measurement. Given that the analyzed field
strength range only lies between 1 kV/mm and 5 kV/mm it might not be sufficiently
large to determine the correct exponent. Onuki predicted the electric field dependency
scaling as E'® in the limit of strong electric fields as applied in our experiments while
for weaker fields a dependency proportional to E? is expected [RZ04]. A further reason
for the observed discrepancy could be a slight conductivity in the THF. In this case a
scaling with Ep would be expected where p is the charge density.

4.3.3. Influence of Heating- and Cooling Rates

To exclude that the shift in transition temperature is merely a kinetic effect a 32 wt%
sample of SyIt%® in THF was measured at different heating and cooling rates. In Figure
4.3 (b) ATopr is plotted against the electric field strength applied upon heating and
cooling. The red data points are the values in phase transition temperature shift obtained
upon heating. The blue data points were acquired during the corresponding cooling
cycle. The shift in transition temperature was monitored in dependency of the heating
rate. When the temperature was altered at a rate of 0.45°C/min a discrepancy between
the electric field-induced shifts of the transition temperature obtained from heating and
cooling was observed. This hysteresis diminished at a heating rate of 0.25°C/min. Here
the same shift in Topt was monitored upon heating and upon cooling. As reported by
Amundson a critical domain size is required for the electric field to effectively interact
with the BCP [AHD*91]. At high cooling rates this critical domain size is not reached
until the temperature is already below the actual value at which the phase transition
would take place. Therefore, the shift can merely be monitored upon cooling at very
low rates. The shift in Topt upon heating was found to be independent of the heating
rate.

4.3.4. Effect of Chain Length

To evaluate the effect of chain length, three different samples of SI and SV of differing
molecular weights were analyzed. In Figure 4.4 the shift in the Topr upon application of
an electric field strength of 5 kV/mm is plotted against the molecular weight of the block
copolymer samples. While nearly the same shift was observed for Syl and Sygl5,, the
sample with the lowest molecular weight (850128) showed a decreased shift in Topr.
For SV the situation differs. Here ATopr increased with chain length in the observed
molecular weight range. From the data it was concluded that ATopr < N as it was
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Figure 4.4.: The electric field-induced shift in the Topr upon application of an electric
field of 5 kV/mm as a function of molecular weight for SI and SV. This figure was
adapted from Ref. [KKKB15].

predicted by Tsori. The dependency on chain length only seems to be valid until a certain
BCP specific molecular weight is reached at which the maximum ATgpr is attained. The
observed chain length dependency accounts for the much higher shifts in the transition
temperatures found for polymeric systems [RG79, SSSB09] than for low molecular weight
mixtures upon exposure to electric fields. For the latter, a downward shift in the critical
temperature (T.) by merely a few millikelvins was observed [WF93, Orz98|.

4.3.5. Effect of Dielectric Contrast

This section focuses on the effect of the dielectric contrast Ae on the electric field-induced
shift in the Topr.

To determine the dielectric contrast between the blocks the dielectric permittivities
of the homopolymers which correspond to the individual block copolymer constituents
were meastured by BDS.? The isothermal plots of the real part €’ of the complex dielectric
permittivity of the homopolymers are shown in Fig. 4 (a). The real part of the complex
dielectric permittivities at 0.1 Hz for all analyzed homopolymers is given in Table 4.2.

2BDS measurements were performed and evaluated by Wycliffe K. Kipnusu from the group of Prof.
Dr. Friedrich Kremer at the Institut fiir Experimentelle Physik, University of Leipzig, Germany.
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Figure 4.5.: (a) The real part of the complex dielectric permittivities of the homopoly-
mers Poly(styrene)(PS), Poly(2-vinylpyridine) (P2VP), Poly(isoprene)(PI), Poly(methyl-
methacrylate)(PMMA), Poly(tert-butyl methacrylate)(PtBMA) and Poly(hydroxy ethyl
methacrylate)(PHEMA) is plotted against the measurement frequency in Hz measured
by dielectric spectroscopy at a temperature of 41°C. (b-c) The electric field-induced
shift in the Topr as a function of Ae?/e for BCPs of a molecular weight of about (b) 120
kg/mol and (c) 80 kg/mol. The symbols denote different BCPs as indicated above (b),
52the colors mark different field strengths. This figure was adapted from Ref. [KKKB15].
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Table 4.2.: Real part of the complex dielectric permittivites of the homopolymers mea-
sured by Broadband Dielectric Spectroscopy (BDS) at 0.1 Hz.

Homopolymer ¢ (0.1 Hz, 41°C)

PHEMA 7.09
PMMA 4.72
P2VP 4.13

PS 2.57

PtBMA 2.49

PI 2.15

The dielectric permitivitites of the poly(hydroxy ethyl methacrylate)-block-poly(methyl
methacrylate) blocks HyMso and HigMys were calculated from the measured data ac-
cording to Looyengas mixing rule [Loo65]. The resulting dielectric contrast which was
calculated according to Ae = ¢/, — €3 for the BCPs at 0.1 Hz is given in Table 4.3. Since
the measurements were performed in DC electric fields, the lowest frequency was chosen
for analysis of the data.

Table 4.3.: Dielectric contrast Ae = ¢, — €’3 between the block copolymer constituents.
Block copolymer Ae (0.1 Hz, 41°C)

PS-PI 0.42
PS-P2VP 1.6
PS-PtBMA 0.08
PS-PHEMA-PMMA '3 2.3
PS-PHEMA-PMMA®? 2.5

ATopr was plotted against the square of the dielectric contrast between the block
copolymer constituents divided by the mean dielectric permittivity of the sample Ae? /€
for electric field strengths between 2 kV/mm and 5 kV/mm for polymers of molecular
weights around 80 kg/mol (Figure 4.5(c)) and 120 kg/mol (Figure 4.5(b)). The effect of
the electric field on the transition temperature is more pronounced with higher dielectric
contrast between the block copolymer constituents. The results clearly demonstrate
that the dielectric contrast is a dominating factor which promotes mixing in BCPs when
exposed to electric fields in close vicinity to the Topr.

Schoberth et al. showed that the shift in the transition temperature scales with the
initial lamella orientation with respect to the electric field vector ¢ as ATopt o cos?p
[SPR*13]. These experimental findings are in accordance with a theory published previ-
ously by Amundson and coworkers [AHQS93]. Under the precondition that the dielectric
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permittivities of two liquids differ, their dielectric interfaces become instable in the pres-
ence of an electric field. When these interfaces are normal to the field vector, they
possess a maximum excess in free energy density AG compared to those parallel to the
electric field vector. Dielectric interfaces not parallel to the electric field are therefore
rendered instable according to AG o< Ae?E?cos®p, where ¢ is the angle between the
applied electric field E and the normal to the lamella interfaces . The dependency of
the electric field-induced ODT shift on Ae presented here supports these results and the
importance of this effect for the phase diagram of BCPs under the influence of electric
fields. The variations in composition observed during the phase retardation measure-
ment (Figure 4.2) increase the amount of dielectric interfaces which are not parallel
to the electric field vector. Due to this electrostatic energy penalty which scales with
the dielectric contrast between the block copolymer constituents electric field-induced
mixing is observed. Furthermore the obtained results indicate that there is a further
contribution, independent of the dielectric contrast between the blocks, which likewise
induces mixing. This can be concluded from the relatively large ATopt obtained for
PS-PtBMA for which the dielectric contrast merely amounts to 0.08. For contributions
to the mixing under the influence of strong electric fields we refer to a paper recently
published by Orzechowski et al. [OAWT14] in which the downward shift of T was esti-
mated from mean field theory taking into account the linear and quadratic components
of an expansion of the relation between the dielectric constant and the composition of
the mixture.

4.4. Conclusion

For the first time the effect of homogeneous DC electric fields on the Topt of concen-
trated solutions of various BCPs was analyzed. FElectric field-induced mixing can be
induced in a relativly large temperature interval in the vicinity of the ODT. The main
parameters determining the degree to which the Topr is shifted by the electric field are
the difference in dielectric permittivity Ae between the individual blocks and the chain
length. In the measured field strength range the shift is proportional to E for all BCPs
analyzed. The results are in accordance with previously published theoretical considera-
tions by Amundson and Tsori. Both predicted a destabilization of interfaces between two
dielectric media of differing dielectric permittivity proportional to Ae? when exposed to
an electric field. Tsori concluded that the chain length is a relevant factor determining
the degree to which the Topr is shifted upon application of the electric field.
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5. Block copolymer/ CdSe Quantum
Dot Composites

5.1. Introduction and Theoretical Background

Block copolymer /nanoparticle composite materials have gained considerable interest in
the past decade due to their wide variety of potential applications. While the nanopar-
ticles exhibit interesting catalytic, [JBCMO03] optical, [MUY*02, BLB03, BT04] mechan-
ical, [BLBO3] or magnetic properties, [THD02] block copolymers, can effectively control
particle location and patterns [TGMBO01, TGMB02|. Utilizations include photonic band
gap materials, [TGMB02, SHGCO05| solar cells, [HDA02] and catalytic [JBCMO03] and
biomedical devices [KNPO7].

The properties of the composite materials are not only determined by particle size
and shape, but also by the spatial distribution within the polymer matrix. Therefore,
precise control over the particle assembly and orientation is required. Block copolymers,
which are capable of forming a rich variety of structures in a size range of 10-100 nm, are
the ideal scaffold for the assembly. Through selective insertion into one block copolymer
domain, highly ordered arrays of nanoparticles are producible. The crucial parameter
determining the affinity to the individual block copolymer constituents is the chemical
surface modification of the particle [CKKPO05]. The localization within the domain is
mainly influenced by its core diameter and the grafting densities and molecular weights
of the ligands [BMTO05].

Although much effort has been given to understand the effects of electric fields on the
block copolymer microstructure, [PRS*11, BEH*03, SSR*08, LPR*12] only few studies
exist on how nanoparticles influence the electric field-induced alignment. Cell dynamic
system simulations by Yan and coworkers revealed that the nanoparticles alter the mor-
phology and reorientation dynamics of block copolymers under the influence of electric
fields [YSB10]. Furthermore, Yan et al. anticipated that the inclusion of nanoparticles
leads to an alteration in alignment mechanism with a preference of NG over RG [YSB09].
Liedel et al. showed that selectively-confined gold nanoparticles lower the critical field
strength necessary to align polystyrene-block-poly(2-vinylpyridine) thin films [LSP*13].
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Foundation of the realignment process under application of an electric field is the
difference in dielectric permittivity Ae = €4 — eg between the copolymer blocks. Dielec-
tric interfaces perpendicular to the electric field vector are electrostatically unfavorable
compared to those parallel to the external field. The energy difference between the two
orientations is proportional to the second power of the dielectric contrast (Ae)? between
the two blocks [Tso09]. To obtain the energetically favorable orientation with interfaces
parallel to the electric field vector, block copolymers can undergo three different micro-
scopic mechanisms of alignment: nucleation and growth (NG), reorientation of grains
(RG), [BEH*02b, PSZ09] and selective disordering (SD). Selective disordering is merely
found in close vicinity to the order-disorder transition temperature Topt and therefore
will not be discussed in this chapter. For a detailed explanation it is refered to an
article by Ruppel et al. [RPL*13] A precise description of the two other reorientation
mechanisms will be given in the course of this chapter.

This chapter presents the first reported experimental studies of the influence of nanopar-
ticles on the realignment kinetics and mechanisms of a concentrated diblock copolymer
solution in non-selective solvents exposed to electric fields. It is analyzed whether the
nanoparticles are capable of switching the reorientation mechanism of electric field-
induced alignment as anticipated by Yan and coworkers. Polystyrene-block-poly(isoprene)
(SI) (33.2 wt%) in toluene was chosen as a model system due to the fact that its
alignment kinetics and reorientation mechanisms under exposure to an electric field
have been intensively analyzed via synchrotron small angle x-ray scattering (SAXS)
[BEH*02b, SBZ*05]. Therefore, the comparison to previously performed experiments is
straightforward. Oleylamine functionalized CdSe quantum dots were incorporated into
the lamella-forming block copolymer. The oleylligands have previously been shown to
favor the poly(isoprene) domain over poly(styrene), leading to a selective confinement of
the particles within the poly(isoprene) matrix [KLL*08]. The quantum dots were chosen
since they show no absorption at the wavelength of the laser beam (A = 632.8 nm).

5.2. Experimental

5.2.1. Sample Preparation

Lamella forming poly(styrene)-block-poly (isoprene) of a molecular weight of 180 kg mol ™
and a polydispersity index of 1.05 was synthesized by sequential living anionic polymer-
ization. The weight fraction of the poly(styrene) block was determined to be 0.46 by
LH-NMR spectroscopy. 33.2 wt% solutions of the block copolymer in the non-selective
good solvent toluene were prepared. Oleylamine-stabilzed CdSe quantum dots with a
peak emission at 525 nm and a particle diameter of 2.8 nm in hexane solution were pur-
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chased from STREM Chemicals Inc. Through addition of twice the amount of ethanol
absolute to the particle solution the quantum dots were precipitated. Subsequently, the
mixture was centrifuged at 11000 rpm for 10 min. The hexane/ethanol mixture was
decanted and the particles were dried under high vacuum for 2 hours. Afterwards, the
quantum dots were redissolved in toluene which was then given to the block copoly-
mer to attain concentrated solutions with a polymer concentration of 33.2 wt% and
nanoparticle loadings of 0 wt%, 1 wt%, 2 wt%, and 3 wt% with respect to the amount
of polymer.

5.2.2. Birefringence Measurement

Time- and temperature-resolved in-situ birefringence measurements were performed
with an Exicor 150 AT birefringence measurement system from Hinds Instruments which
measured the optical retardation with high accuracy (0.01 nm) and time resolution al-
lowing the acquisition of up to three data points a second. The electric field was applied
in a home-built capacitor described in the previous chapters. The block copolymer solu-
tion was sandwiched between two gold electrodes of a length of 1.5 cm with an electrode
spacing of 2 mm and a path length of light of 5 mm. The laser beam with a diameter
of 1 mm and a wavelength of 632.8 nm propagated through the solution directly be-
tween the gold electrodes perpendicular to the electric field vector. Measurements were
performed in the middle of the capacitor to avoid any influence by fringe fields close to
the electrode edges. Above and below the capacitor, two glass slides prevented solvent
evaporation which were tightly screwed to the sample cell. The temperature of the sam-
ple was precisely controlled using a circular Peltier element which was placed directly
underneath the capacitor. Additionally, the temperature was monitored in solution via
a PT-100 thermosensor covered with thin glass. To prevent solvent degradation of the
sample cell, this was built from polyether ether ketone (PEEK).

5.2.3. Determination of the Reorientational Time Constants

The sample was heated to 10 °C above the Topr and subsequently cooled to 10 °C
below the Topr at a heating and cooling rate of 1 °C min~!. While the lamella phase is
characterized by a strong degree of form birefringence, the disordered phase is optically
isotropic. Therefore, the Topt can be determined by monitoring the decrease in phase
retardation as a function of temperature. Afterwards, the block copolymer solution
was quickly adjusted to the desired temperature. After cooling, the sample exhibits a
microphase separated, isotropic multidomain structure with no preferred direction of
orientation. Upon application of an electric field of 1 kV mm™", the increase in phase
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retardation is measured as a function of time. The data was fitted by a single exponential
function to retrieve the overall reorientational time constant 7.

5.3. Results and Discussion

5.3.1. Analyzing Block Copolymer Reorientation Kinetics via
Birefringence.

In the following we will discuss how birefringence measurements can be utilized to ana-
lyze the reorientation kinetics of block copolymers as demonstrated by Amundson and
coworkers [AHPQ92, AHQS93].

Figure 3.3 of Chapter 3 displays a simplified illustration of a lamella stack, it’s optic
axis and the direction of the fast and the slow axis. A lamella microdomain pattern is
characterized by an uniaxial optical anisotropy resulting in form birefringence. The axis
of symmetry, also known as the optic axis, which is indicated by the green arrow in Figure
3.3 , is perpendicular to the lamella interfaces. Components of light propagating through
the sample are exposed to different refractive indices n, and n. depending on whether
their direction of polarization is perpendicular (ordinary wave (o), direction indicated
by blue arrows) or parallel (extraordinary wave (e), direction indicated by red arrows)
to the optic axis. In the case of negative uniaxial birefringence, as found in a lamella
assembly, the fast axis coincides with the optic axis while the slow axis is perpendicular
to it. Light polarized along the slow axis will be refracted with a refractive index n, while
light polarized along the fast axis is exposed to a refractive index n.. Therefore, the
ordinary wave will experience a phase retardation I' with respect to the extraordinary
wave [BW59]. The magnitude of the resulting phase retardation I' amounts to Eq. 5.1.

r= 2W§An0<§2> sin? 6 (5.1)

Here [ is the optical path length, A describes the wavelength of light while passing
through the medium, (V) denotes the periodic lamella pattern, and 6 is the angle between
the propagation direction of light and the unit wave vector of the lamella pattern é.
An = n, — n, is the birefringence of the sample. The overall birefringence strength of a
block copolymer is dependent on its degree of phase separation. In the strong segregation
limit (SSL) the interfaces are sharp and a maximum form birefringence strength An®
is attained. [AHPQ92] For a more detailed description of the birefringence of block
copolymers we refer to chapter 3.

In Figure 5.1 (a, b) the evolution of the phase retardation signal (I') upon exposing

a sample with 0 wt% and 1 wt% of quantum dots to an electric field of 1 kVmm™' is
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plotted against time in seconds at three different temperatures. At the beginning of the
measurement a phase retardation of around 0 nm is observed.

This is due to the fact that prior to application of the electric field, the block copoly-
mer sample was heated to 10 °C above the order-disorder transition temperature (Topr)
at which the lamella microstructure disintegrates and approaches the disordered phase.
Subsequently, the samples were cooled to 10 °C below Topr at a cooling rate of 1 °C min ™.
After cooling, the sample exhibits an isotropic multidomain structure without any pre-
ferred direction of alignment as presented in Figure 5.1 (¢). When light propagates
through the sample, each region of coherence induces a small phase retardation depend-
ing on its size, degree of phase segregation, and orientation. Since these individual phase
retardations are uncorrelated, the resulting overall I' is near to zero. For a precise de-
scription we refer to section 3.1.3.4. (Birefringence of Optically Anisotropic Ordered

Phases) of Chapter 3 of this thesis.

After an electric field of 1 kV mm ™" was applied, the electric field-induced reorienta-
tion process set in and an increase in I' over time was observed. The degree of alignment
of a block copolymer sample is described by the orientational order parameter Ps.

20y _
P, — 3(cos 29> 1 (5.2)

A macroscopically disordered sample is characterized by P, = 0 (Figure 5.1 (c)) while a
maximum alignment of lamella interfaces parallel to the electric field vector corresponds
to an order parameter of -1/2 (Figure 5.1 (d)). For perfect alignment perpendicular to the
electric field vector P, = 1 is found (Figure 5.1 (e)). The effective overall birefringence
strength of the block copolymer sample is directly proportional to the order parameter
and amounts Eq. 5.3.

An = Ano(@2>P2 sin® 0 (5.3)

Therefore, the phase retardation can be used as a direct measure to analyze the reori-
entation kinetics. To retrieve the overall reorientational time constant 7 the data was
fitted by a single exponential function I' = T'og + Ae(=4/7).

As can be observed in Figure 5.1 (a, b) the maximum I' values differ from each
other after application of the electric field. The higher the temperature, the lower the
overall attainable birefringence strength is after alignment. This can be attributed to the
fact that the interfacial boundary between the block copolymer constituents becomes
less defined in the weak segregation limit (WSL) upon approaching the order-disorder
transition temperature.
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Figure 5.1.: Evolution of phase retardation of a sample of Poly(styrene)-block-
poly(isoprene) (33.2 wt%) in toluene without (a) and with nanoparticles (b) upon appli-
cation of an electric field of 1 kV mm ™" at different temperatures. The phase retardation
sample. The data was fitted by
a single exponential function (black line). (¢, d) Schematic illustration of the lamella
microstructure before (¢) and after (d) electric field-induced alignment. (e) Schematic
illustration of a lamella microstructure oriented perpendicular to the electric field vector.
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5.3.2. The Reorientation Mechanisms under Application of an
Electric Field.

As stated above electric field-induced reorientation of block copolymer samples can pro-
ceed via three different mechanisms depending on the distance from the order-disorder
transition temperature and the degree of prealignment in the sample. Previously the
analysis of the time-evolution of the azimuthal intensity distribution of small angle x-
ray scattering (SAXS) images upon inception of the electric field has been utilized to
distinguish between the reorientation mechanisms [BEH*02b]. In the following we will
compare the two mechanisms relevant to our study: reorientation of grains (RG) and
nucleation and growth (NG) and explain which factors influence the reorientation be-
havior.

Well below the ODT, at lower temperatures, RG is the prevailing mechanism as re-
ported by Boker et al. [BEH*02b] In this case, the orientation of entire grains rotates
as demonstrated in Figure 5.2 (a). In the strong segregation limit (SSL), the average
dimension of one region of coherence is larger and the formation of grain boundaries is
thermodynamically unfavorable [AHD*91]. Therefore, the reorientation does not pro-
ceed via NG in this regime.

Nucleation and Growth (Figure 5.2 (b)) proceeds via the formation of nuclei of lamella
with an enthalpically preferred orientation parallel to the electric field vector and their
subsequent growth. The starting point for the nucleation are defects, such as, for ex-
ample, dislocations. NG is the prevailing mechanism at elevated temperatures, in the
vicinity of the order-disorder transition, where the segregation between the blocks is
weaker [BEH*02b]. In this weak segregation limit (WSL), the energetic penalty induced
by the creation of boundary interfaces is lower whereby small nuclei which have a large
boundary area in comparison to their volume are more readily formed. Furthermore,
this region is characterized by a higher defect density and mobility which also favors
NG.

Compared to RG the reorientation through NG proceeds relatively slow whereby the
time constants of reorientation at a given temperature can differ by an order of magnitude
[SBZ*05].

Another important factor which greatly influences the reorientation of lamella do-
mains under application of an electric field is the initial degree of order in the block
copolymer sample. In misaligned samples, RG is the prevailing mechanism, while highly
ordered block copolymers with lamella interfaces perpendicular to the electric field vec-
tor preferentially reorient via NG. [SBZ*05] The boundary between the two mechanisms
is not sharp; at medium conditions both can coexist. Therefore, conditions prior to re-
alignment are crucial. By heating the sample to 10 °C above the Topr and subsequent

61



5. Block copolymer/ CdSe Quantum Dot Composites

cooling into the phase separated state, a macroscopically isotropic multidomain struc-
ture is generated with no preferred orientation. This ensures that the initial conditions
of alignment are comparable at all temperatures and nanoparticle loadings.

Since the realignment behavior of the block copolymer system used in this study has
been throughly analyzed via synchrotron SAXS the results described above are used to
interpret the data of the birefringence measurements.

5.3.3. Analyzing the Switch in Reorientation Mechanism via
Birefringence.

The reorientation kinetics of the block copolymer with different nanoparticle loadings
(0 wt%, 1 wt%, 2 wt% , and 3 wt%) were analyzed via birefringence measurements at
a field strength of 1 kVmm™" in a temperature range between 30 °C and 60 °C.

The large difference in the time constants of the two reorientation processes is exploited
to determine the temperature at which NG is established as an alternative reorienta-
tion mechanism to RG [SBZ*05]. In the following, a description on how the switch in
reorientation mechanism can be detected by birefringence measurements is given.

In Figure 5.2 (c) the determined reorientational time constants 7 are plotted against
the temperature for a sample with 0 wt% and 1 wt% CdSe nanoparticles. The reori-
entation kinetics are strongly dependent on the temperature of the sample. At first we
will focus our discussion on the development of the reorientational time constants with
increasing temperature of the sample with 0 wt% nanoparticles (black squares Figure 5.2
(c)). Between 28°C and 50°C 7 decreases with rising temperature. In this low tempera-
ture regime all block copolymer domains reorient via RG. Upon raising the temperature,
chain mobility is enhanced while the viscosity of the sample is lowered, leading to a faster
reorientation. As long as all grains realign via RG, a decrease in 7 proportional to the
increase in temperature is found as expected. The fact that the reorientational constant
increases again upon further temperature elevation between 50°C and 60°C can only be
explained by the onset of a slower realignment mechanism, namely NG, in this region
both mechanisms coexist. With increasing temperature, the slower NG mechanism is
increasingly preferred over RG. Since the percentage of grains realigned via NG increases
with temperature, 7 rises upon temperature elevation. This increase in reorientational
time constant with rising temperature is observed until the order disorder transition is
reached. Therefore, it can be concluded that even at elevated temperatures the reorien-
tation does not proceed via a pure NG process. If this were the case a renewed decrease
in the reorientational time constants is expected. Reason for this is the misalignment
in the sample prior to the electric field application which favors RG as an alignment
mechanism over NG.
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(a) Grain Rotation (RG)  (b) Nucleation and Growth (NG)
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(c) 4 W Owt% CdSe [
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30 35 40 45 50 55 60
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Figure 5.2.: (a, b) Schematic illustration of the two alignment mechanisms Grain Ro-
tation (a), and Nucleation and Growth (b). (c¢) Time constants of the electric field-
induced reorientation at 1 kV mm™" for a sample of Poly(styrene)-block-poly (isoprene)
(33.2 wt%) in toluene without nanoparticles (black squares) and with 1 wt% of CdSe
quantum dots (orange squares) as a function of temperature.

These findings are in agreement with previously published synchrotron SAXS mea-
surements on the temperature dependence of the electric field-induced reorientation of
SI in concentrated solutions of toluene [BEH*02b]. Birefringence measurements have the
advantage of being easily accessible and straightforward while at the same time offer-
ing a sufficient time resolution to capture the reorientation kinetics of block copolymers
exposed to electric fields.
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Figure 5.3.: (a) Order-disorder transition temperature of a solution of SI (33.2 wt%) in
toluene as a function of nanoparticle concentration. The poly(isoprene) confined CdSe
quantum dots lower the order-disorder transition temperature of the sample.

5.3.4. The Effect of Nanoparticles on the Reorientation Mechanism
and Kinetics.

Upon comparison of the measurements with (yellow squares Figure 5.2 (c)) and without
particles (black squares Figure 5.2 (c)), it becomes apparent that a low nanoparticle
amount (1 wt%) is already sufficient to lower the temperature at which NG sets in as an
additional mechanism by 10 °C down to a temperature of 40 °C. The results presented
here are the first experimental evidence that the reorientation behavior is altered through
the confinement of quantum dots.

The incorporation of nanoparticles into block copolymers lowers the order-disorder
transition temperature (Topt) [JGG*02]. To exclude that, the observed effect can merely
be attributed to this shift in Topr, Topr of the samples was plotted against the quantum
dot concentration (Figure 5.3 (a)). At a nanoparticle loading of 1 wt% the Topr is merely
lowered by 4.5 °C compared to the sample without particles. Therefore, this effect alone
is not sufficient to explain the 10 °C decrease in the temperature at which NG sets in
as a further mechanism of realignment. Clearly the interplay between increased defect
density, and the lower Topr lead to a preference of NG over RG when nanoparticles are
incorporated into the copolymer. The quantum dots serve as nuclei for their preferential
phase and support the formation and coarsening of grains. The activation energy for
the nucleation and growth process is decreased and NG becomes the thermodynamically
preferred mechanism of realignment [ZS03].
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5.4. Conclusion

In conclusion, in-situ birefringence measurements were applied to analyze the influence
of quantum dots on the reorientation behavior of block copolymers upon inception of an
electric field of 1 kV mm™". A method to determine the temperature at which NG sets in
as an additional reorientation mechanism to RG apart from the established synchrotron
SAXS measurements is presented. The birefringence measurements have the advantage
of being inexpensive and easily accessible while at the same time offering a high time
resolution to monitor the reorientation processes. The data presented here gives the first
experimental evidence that the selective incorporation of nanoparticles into one block
copolymer domain leads to a preference of NG over RG.
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6. Mechanisms of the Electric
field-induced Gyroid-to-Cylinder
Phase Transition

6.1. Introduction

While electric fields can reorient uniaxial block copolymer phases [AHD*91, OHK*06,
OHK*09, BSK*06, BEH*03, WLBSR06, WXLB*06, MLU*96, AHQS93, AHQ*94], cubic
phases possess a certain amount of interfaces with an unfavorable angle to E, indepen-
dent of their orientation. Their electrostatic energy cannot be reduced by structural
reorientation. Hence, the exposure of cubic phases to electric fields results in an elon-
gation of the unit cell in direction of E. If the electric field is of sufficient magnitude
and the composition of the polymer is in vicinity of the phase boundary order-order
transitions into uniaxial phases are observed [SPS*10, LHKZ07, PZ08, XZS*04, LZS06,
Mat06, TTALO03, WCR08, WD08, PSR*15, LHKZ08, LHKZ09, LPH*13]. Schmidt et al.
[SPS*10] reported the reversible electric field-induced gyroid-to-cylinder transition in a
solution of polystyrene-block-polyisoprene but the mechanisms of the transition could
not be resolved. In this chapter the mechanisms of the electric field-induced gyroid-
to-cylinder transition and of the reformation of the gyroid phase after switching off
the electric field in a solution of polystyrene-block-poly(2-vinylpyridine) in THF will be
evaluated by time resolved in-situ synchrotron SAXS measurements. The results will be
compared to previous experimental studies and calculations. A further objective of this
study is to identify the conditions under which higher ordered gyroids can be obtained
by evolving from an electric field-oriented cylinder phase.
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6.2. Experimental

6.2.1. Sample Preparation and Experimental Procedure

Concentrated solutions (44.3 wt% (G1) and 46.3 wt% (G2)) of polystyrene-block-poly(2-
vinylpyridine) (P2VP) with a molecular weight of 98 kg/mol and a volume fraction of

P2VP of 77 v% in THF were prepared. For SAXS measurements the solutions were

filled into the sample cell described in Chapter 3. Solutions of concentration G1 were
exposed to homogeneous electric fields of 3 kV/mm, 4 kV/mm, and 5 kV/mm each at

temperatures of 25 °C, 28 °C, 32 °C, and 36 °C.

6.2.2. Synchrotron SAXS Measurements

l

Figure 6.1.: Schematic image of the setup used
for the SAXS measurements. The x-ray beam
traverses the block copolymer sample directly
between the electrodes, perpendicular to the
electric field vector.

Measurements were performed in the
sample cell described in Chapter 3.
The x-ray beam traverses the block
copolymer sample directly between
the electrodes, perpendicular to the
electric field vector as demonstrated
in Figure 6.1. Time-resolved in-situ
SAXS measurements were performed
at the European Synchrotron Radi-
ation Facility (ESRF) in Grenoble
(France), at beamline ID02. The
monochromatic beam at 12.5 keV
had a spot size of 100 x 200 pum?.
A Kodak Frelon detector was used,
whereby the sample to detector dis-
tance amounted 5 m. Before normal-
izing to incident beam intensity raw
data were corrected for detector dark
current and efficiency, sample absorp-
tion, and geometry. 2D SAXS data
were processed by performing a radial
integration to determine the q depen-

dent scattering intensity. Locations of the Bragg peaks were determined via a Lorentz

fit to the intensity vs q plots.
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6.3. Results and Discussion

6.3.1. The Gyroid Phase
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Figure 6.2.: (a) 2D SAXS scattering pattern and (b) Intensity vs q plot obtained by
radial integration of the 2D scattering image. The dashed red lines mark the successive
Bragg Peaks of a gyroid microstructure.

Prior to analyzing the effect of electric field, the microdomain structure formed in
absence of an electric field is discussed. In Figure 6.2 the Intensity obtained by radial
integration of the 2D SAXS pattern (Figure 6.2 (b)) is plotted against . Peak ratios
as well as the 10-to-1 intensity ratio of the first and second peak correspond to a bicon-
tinuous Ia3d morphology. The red dashed lines indicate the calculated peak positions
of a gyroid structure. The reflections can be indexed according to table 6.1. The two
isotropic Debye-Scherrer-rings observable in the 2D scattering image imply a lack of
long-range order.
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Table 6.1.: Comparison of Experimentally observed scattering peak ratios for
a 44.3 wt% solution of polystyrene-block-poly(4-vinylpyridine) in THF at 25
°C to theoretically calculated peak ratios of a gyroid microstructure.

Y2 g nm™ q/q* q/q* (RkD)
exp. exp. theo.

n

3 0181 1.00 1.00 (211)
40209 116 1.15 (220)
7 0276 153 153 (321)
8 1.63  (400)
10 1.83  (420)
11 173 (332)
12 2.00 (422)
13 2.08 (431)
15 224  (521)
16 0406 224 231 (440)
19 0454 251 252 (611)
20 0470 260 258 (620)
21 0478 264 265 (541)
23 2.77  (631)
24 2.83  (444)
25 2.89  (543)

6.3.2. Electric Field-Induced Gyroid-to-Cylinder Phase Transition

The electrostatic penalty associated with dielectric interfaces not aligned parallel to the
electric field vector cannot be reduced by realignment of the structure in cubic phases.
Instead structural distortions and subsequently phase transitions occur upon inception
of sufficiently large electric fields. Although the electric field-induced gyroid-to-cylinder
transition in block copolymer solutions has been reported by Schmidt et al. in 2010 the
mechanisms of the transition could not be unveiled to date [SPS*10].

Various possible mechanistic pathways have been reported. Matsen described a low
energy pathway between the local minima of the cylinder and gyroid mesophases [Mat98].
According to Matsen the primary step of the temperature-induced gyroid-to-cylinder
transition is the formation of a 5-fold junction from a 3-fold junction which breaks and
forms a cylindrical unit within the gyroid mesophase. This cylindrical unit connects two
distant 4-fold junctions which likewise transform into 5-fold junctions and subsequently
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rupture, increasing the length of the cylinder. The gyroid to-cylinder transition proceeds
upon repetition of this process. Pinna et al. investigated the electric field-induced gyroid-
to-cylinder transition via cell dynamic system simulations [PZ08]|. They proposed that
the electric field first leads to a stretching of the gyroid structure. Subsequently, the
gyroid connections in direction of the electric field vector rupture, leaving behind helical
wound cylinders which straighten over time. A further possibly involves a metastable
intermediate structure. The hexagonally perforated lamellae (HPL) phase is a common
transient structure in the gyroid-to-lamellae transition and has also been observed in
the cylinder-to-gyroid transition upon experiments involving shear alignment [ISK*05].
Nonetheless, the HPL microphase has not been observed during the reverse transition
from gyroid-to-cylinder.

This section focuses on unveiling the mechanistic pathways behind the electric field-
induced gyroid-to-cylinder transition. In Figure 6.9 of the appendix the radial inte-
gration of the 2D SAXS patterns shows the structural evolution upon inception of an
electric field of 3 kV/mm, 4 kV/mm and 5 kV/mm at temperatures of 25 °C, 28 °C, 32
°C, 36 °C.

For clarification of the mechanistic pathway first Figure 6.3 is discussed in detail and
later on compared to the results at different electric field strengths and temperatures. In
Figure 6.3 the intensity vs. q plots at various times during the transition are displayed
for a PS-b-P2VP solution of concentration G1 exposed to an electric field of 3 kV/mm
(Figure 6.3 (a)) and 5 kV/mm (Figure 6.3 (b)) at 25 °C. The electric field is applied
directly after the 0 s measurement. The calculated peak positions of the G/Ia3d phase
are displayed by the red dashed lines in the image.

Upon inception of electric field peak broadening is observed. The Topr of this sample
amounts 42.5 °C. The electric field shifts the block copolymer phase diagram, favoring
the disordered state over phase separation. Considering the results of chapter 4 of this
thesis, a Topr shift of around 4.5 K would be expected for a lamellae forming PS-b-
P2VP block copolymer of comparable molecular weight when exposed to an electric field
of 5 kV/mm. For cubic microstructures the Topr shift is anticipated to be even more
pronounced due to the increased amount of dielectric interfaces which cannot be aligned
parallel to the electric field [KKKB15, SPR*13]. Therefore, the peak broadening can be
attributed to softening of dielectric interfaces by reduction of the Topr induced by the
electric field.

After 0.2 s (Figure 6.3 (a)), and 0.33 s (Figure 6.3 (b)), two additional peaks appear
in the intensity vs q plots (see black arrows). The formation of a metastable HPL inter-
mediate can be excluded at this point due to the fact that the observed peak positions
do not match the calculated ones as indicated by the three green doted lines. Peak and
intensity ratios of the newly formed reflections again correspond to the G/Ia3d phase
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Figure 6.3.: Intensity vs q plots at different times during the electric field-induced
gyroid-to-cylinder transition at 25 °C for an electric field of (a) 3 kV/mm and (b) 5
kV/mm. (c¢) Corresponding 2 D scattering image to the intensity vs q plot at 329 s of
(a) as marked by the red dot. The scattering image shows the structural distortion. (d)
Degree of distortion as a function of electric field strength.

(pink dashed lines). This implies that the peaks do not result from an intermediate struc-
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ture but rather arise from anisotropy caused by the stretching of the gyroid resulting
in different lattice parameters parallel and perpendicular to the electric field vector and
therefore two different ;... These findings are in accordance with the results of the cell
dynamic system simulations by Pinna et al. described above [PZ08|. The assumption of
structural anisotropy parallel and perpendicular to E is supported when analyzing the
2D scattering image in Figure 6.3 (c¢). The image corresponds to the intensity vs ¢ plot
at 329 s (Figure 6.3 (a)) as indicated by the red dot. The direction of the electric field
is depicted in the bottom left of the image. Scattering from structures parallel to the
electric field vector results in a single high intensity peak which can be attributed to the
cylinder phase while for structures perpendicular to E the two reflections of the gyroid
morphology are still present. This also corresponds to the findings of Pinna et al. who
stated that cylinders begin forming in direction of the electric field vector [PZ08].

In Figure 6.3 (d) the degree of anisotropy (Aq) of the gyroid morphology is plotted
against the electric field strength at temperatures of 25 °C, 28 °C, 32 °C, 36 °C. Aq
was calculated according to equation 6.1 whereby ¢4, (Gyroid) is the g-value of the first
peak of the original gyroid, and ¢, (distorted Gyroid) describes the q position of the
first peak of the additionally upcoming gyroid reflections.

 Gmaz(Gyroid) — Gmae(distorted Gyroid)
N Imaz(Gyroid)

Aq x 100 (6.1)

In general the degree of anisotropy rises with increasing electric field strength. The
only exception is at 36 °C where a decrease in Aq is observed from 4 kV/mm to 5
kV/mm. This can be explained upon evaluation of the 2D SAXS patterns in Figure 6.10
which display the scattering from the final cylinder structure. At 36 °C an electric field
of 5 kV/mm induces an order-disorder transition instead of an order-order transition.
0.09 s after inception of the electric field structural anisotropy is observed which is
shortly afterwards followed by complete disordering of the structure. Furthermore, the
dielectric interfaces between the block copolymer constituents are not as sharp in the
weak segregation limit (WSL), the A and B monomer concentrations vary smoothly
over the entire period of the microstructure which also affects the degree of distortion
provoked by the electric field. This can likewise be seen upon analysis of the 2 D
SAXS images shown in Figure 6.10. In general the degree of orientation is expected to
correlate with the electric field strength. Opposed to this, in some cases e.g. at 25 °C
the best degree of ordering seems to be present at 3 kV/mm. This observation can be
attributed to the increased softening of interfaces and hence peak broadening at higher
field strengths.

Although the phase transition mechanism seems to be similar in all analyzed cases
the newly appearing gyroid peaks are not as strongly pronounced at 32 °C and 36 °C
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when electric fields of 4 kV/mm and 5 kV/mm are applied as can be seen in Figure
6.9. Reason for this is the severe peak broadening initiated by the reduction of the
Topt upon inception of electric field which complicates the differentiation of the peaks.
Summarizing the electric field has influence on the degree of phase separation and the
magnitude of drawing of the cylinder phase.

6.3.3. Mechanisms of the Cylinder-to-Gyroid Transition

As will be shown in the following sections, a reformation of the gyroid phase is observed
after the electric field is turned off, hence the electric field-induced gyroid-to-cylinder
transition is reversible. Questionable is whether the electric field enhanced ordering of
the cylinder phase has influence on the orientation of the reformed gyroid. One of the
objectives of this work was to identify the conditions leading to an increase in long-
range order of the gyroid morphology upon application of electric field. In our study
three different mechanisms were found resulting in different degrees of gyroid ordering
which will be described in detail upon evaluation of three typical examples:

Pathway A - Hexagonal Perforated Lamellae Intermediate.

Pathway B - Nucleation and Growth from the Cylinder Phase.

Pathway C - Intermediate formation of Connections.

After a detailed description of these three example transitions the effect of temperature
and electric field will be evaluated with respect to the exploited mechanism and the
degree of ordering of the final G/Ia3d phase.

6.3.3.1. A - Hexagonal Perforated Lamellae Intermediate

In this section pathway A will be discussed. In Figure 6.4 (a) the intensity vs q plots at
various times during the reformation of the gyroid phase after turning of an electric field
of 3 kV/mm at 25 °C in a solution of G2 are displayed. Starting point is a cylinder phase
with a preferred orientation of the cylinder axis parallel to E which can be concluded
from the corresponding 2 D SAXS image (Figure 6.4 (d)). A higher scattering intensity
is observed perpendicular to E implying that the majority of cylinders are aligned in
direction of the electric field vector. The electric field (3 kV/mm) is turned off directly
after the 0 s measurement which is accompanied by a slight shift in the 4, value of
the cylinders. After an induction period two additional peaks start appearing at around
42 s which subsequently grow. The corresponding scattering image at 1061 s where
the additional peaks are most pronounced is given in Figure 6.4 (c¢). A metastable
intermediate structure is formed which vanishes after 5253 s giving rise to the gyroid
morphology.
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Figure 6.4.: (a) Intensity vs q plots at various times during the cylinder-to-gyroid tran-

sition after turning off the electric field. (c-d) Corresponding 2 D SAXS images at (b)
5253 s, (c) 1061 s, and (d) 0s. An HPL is observed as metastable intermediate structure.

We now focus our discussion on the identification of the metastable intermediate. In
Figure 6.5 (a) the scattering intensity in atomic units - obtained via radial integration of
the 2D SAXS image displayed in Figure 6.5 (b) - is plotted against the scattering vector q.
The peaks can unambiguously be attributed to the hexagonal perforated lamellae (HPL)
morphology. The green dashed lines display the theoretical peak positions calculated
for the HPL microstructure. The HPL structure can occur in various sequences with
respect to the positioning of perforated layers to one another. Amongst others ABAB...
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Table 6.2.: Comparison of Experimentally observed scattering peaks for a
46.3 wt% solution of polystyrene-block-poly(4-vinylpyridine) in THF at 25
°C. The metastable intermediate structure was observed during the cylinder-
to-gyroid transition after turning of an electric field of a strength of 3

kV/mm.
n'/?2 qnm™'] q/q* ABCABC... (hk)*P¢ ABAB... (hkl)*P
stacking stacking
5 0.163  1.00 1.00 (101) 1.00 (100)
6 0.177 1.08 1.09 (003) 1.09 (002)
1.14 (101)
7 0.191  1.17 1.18 (102)
13 1.61 (110)
15 0.281 1.72 1.73 (104) 1.73 (110)
1.90 (201)
1.92 (103)
19 1.95 (113)
20 2.00 (202) 2.00 (200)
21 2.05 (105) 2.05 (112)
21.4 2.07 (201)
24 0353  2.16 2.18 (006) 2.18 (004)

(hexagonal, space group P6s/mmc), ABCABC... (trigonal, space group R3m), and
combinations of both have been reported [QW97, FKZ*94, HC04, SKB*96, ZHC*03].
Self-consistent field theory (SCFT) calculations by Matsen attributed higher thermody-
namic stability to the ABCABC... stacking compared to the ABAB... stacking [Mat09].
In coherence with Masten’s results the observed peak ratios correspond to an ABCABC...
stacking as can be extracted from Table 6.2 which compares the experimental peak ra-
tios to those expected for HPL morphologies with ABAB... and ABCABC... stacking.
The lattice parameters can be obtained by solving Equation 6.2 which yields a = 47.2
nm and ¢ = 106.5 nm.

1 4 (h? + hk + k? I?

N 6.2
dhkl2 3 < )

a

Reflections v/6, v/24, v/54 result from the lamellac stacks of the HPL which have a
periodicity of 35.5 nm (§ = w = qi%) The other peaks (I # 0) can be attributed
to the hexagonally packed cylinders penetrating the lamellae layers with a cylinder to
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cylinder distance of a = 47.2 nm. A schematic image of the HPL structure with its
lattice parameters a and ¢ can be found in Figure 6.5 (c).
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Figure 6.5.: (a) Intensity vs. q plot obtained via radial integration of the scattering
image of the HPL microstructure (b). (c) Schematic representation of the HPL mi-
crostructure with lattice parameters a and c.

Figure 6.4 (c) and (b) clearly show that while the lamellae stacks of the HPL show
a preferred direction parallel to the electric field vector, scattering from the reformed
gyroid results in two isotropic Debye Scherrer rings implying a lack of long range order.
Hence, the cylinder-to-gyroid transition involving an HPL intermediate does not lead to
a preferred orientation of the G/Ia3d phase.

Forster et al. [FKZ*94] analyzed the complex phase behavior of polystyrene-block-
polyisoprene diblock copolymers in vicinity of the order-disorder transition. An epitaxial
transition from a shear aligned HPL phase with ABCABC... stacking to the G/Ia3d
phase was reported. This epitaxial relationship resulted in a higher ordered gyroid. A
10 spot scattering pattern was observed for the G/Ia3d phase. Indexation implied that
the [111] direction of the G/Ia3d phase coincided with shear direction. Nonetheless, the
structure is not composed of a single crystal but of a 2D powder consisting of domains
rotated randomly around the [111] lattice direction.

Opposed to this Schulz et al. [SKB*96] observed the formation of a nearly isotropic
scattering pattern when analyzing the shear aligned HPL to gyroid transition in polystyrene-
block-poly(2-vinylpyridine). They concluded that the gyroid phase grows without pre-
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ferred orientation from the HPL phase. It was speculated whether a difference in HPL
stacking sequence leads to the observed differences. Our observations are consistent
with the results from Schulz et al. While the electric field-induced orientation was pre-
served during the cylinder to HPL transition the subsequently formed gyroid phase lacks
long-range order implying a non-epitaxial transition.

6.3.3.2. B - Nucleation and Growth from the Cylinder Phase

In the following we will elucidate pathway B. In Figure 6.6 the scattering curves at
various times during the transition after turning of an electric field of 5 kV/mm at 32
°C in a solution of G1 are displayed. Turning off the electric field is accompanied by
a slight shift in ¢,,., to smaller values and a sharpening of the cylinder peak. After
an induction period of around 129 s the second gyroid peak starts appearing which
subsequently grows over time. At 229 s the first gyroid peak approaches as a sharp
peak from the broader cylinder peak. The coexistence of the two phases and the lack
of further reflections implies that the G/Ia3d phase forms directly from the cylinder
phase through a nucleation and growth process without any transient morphology. The
scattering image in Figure 6.6 (e) and the similar ¢,,q, values of the cylinder and gyroid
structure indicated by the red and blue dashed line in Figure 6.6 (a) imply an epitaxial
relationship between the two morphologies whereby the G/Iadd phase forms with a
preferential direction from the cylinder phase. A 10-spot scattering pattern (Figure 6.6
(e)) is obtained which can be indexed - under consideration of the setup (Figure 6.1) -
according to Forster et al. [FKZ*94]. In Figure 6.6 (d) the reflections are assigned to
the corresponding lattice planes. The high intensity spots are expected to form angles
of 19.47 7, 61.87 °, and 90 ° with the [111] direction. This implies a cubic phase with
orientational order around the [111] direction which coincides with the direction of the
electric field vector. Since the 10 reflections cannot be coplanar, the 10 spot scattering
pattern suggests a lack of rotational order meaning that the sample is composed of
individual grains rotated randomly around the [111] direction [FKZ*94].

The thin ring underneath the high intensity spots of the G/Ia3d phase can most
probably be attributed to residual cylinders. The anisotropic intensity distribution which
is characterized by a higher scattering intensity perpendicular to E than parallel to E is
caused through the preferred alignment of cylinders with their axis parallel to E. Hence,
the transition was not fully completed at the end of the measurement.

Vilgid et al. [VAM*98] likewise observed an epitaxial hexagonal-to-gyroid transition
without any transient structures when the transition was induced by a shallow temper-
ature quench from the cylinder phase.
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Figure 6.6.: (a) Intensity vs q plots at various times during the cylinder-to-gyroid tran-
sition after turning off the electric field. (b-c) Corresponding 2D SAXS scattering images
at (b) 457 s and (c) 0's. (d) Assignment of lattice planes to the high intensity spots. (e)
Scattering image with the assignable spots marked by yellow circles.

6.3.3.3. C - Additional Junctions within the G/la3d phase

The last mechanism observed is pathway C which will be described by analyzing the
transition after turning of an electric field of 4 kV/mm at 25 °C in a solution of G1.
This typical example of mechanism C is displayed in Figure 6.7. Upon application of an
electric field domain fluctuations are increased and the order-disorder transition temper-
ature is shifted to lower values. This results in significant broadening of the first order
Bragg peak as long as the electric field is applied to the sample. Therefore, turning off
the electric field initially leads to a sharpening of the cylinder peak. After 101 s the sec-
ond gyroid peak starts appearing which is accompanied by two further peaks after 511 s
marked by the black arrows in image 6.7 (a). According to the calculated peak positions
the reflections can neither be attributed to an intermediate HPL structure (green dotted
line) nor to distortions of the gyroid as observed for the opposite transition (pink dashed
line). In this case the peaks cannot clearly be assigned. Figure 6.7 (c) displays the scat-
tering pattern corresponding to the scattering curve at 721 s. The yellow arrows mark
the additional Bragg reflections. Opposed to the transition involving an intermediate
HPL morphology the additional peaks start appearing after the formation of the two
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typical gyroid peaks has set in. Therefore, we conclude, that the upcoming reflections
are caused by additional connections which are formed in the course of the cylinder-
to-gyroid transition which subsequently rupture. A possible scenario was described by
Matsen [Mat98]. According to his calculations the gyroid-to-cylinder transition pro-
ceeds via a low-energy epitaxial nucleation and growth pathway. He proposed that the
transition is initiated by the formation of a fivefold junction that pinches off, breaks
a cylinder and leaves behind a threefold junction. The two residual free ends of the
cylinder are energetically unfavorable and form two fourfold junctions which break into
threefold junctions. These junction points would lead to additional scattering peaks.
However, since the corresponding peak ratios for this intermediate morphology have not
been calculated we can only speculate about the exact mechanism at this point.

0.16 0.20 0.24
1
q[nm ]

Figure 6.7.: (a) Intensity vs q plots at various times during the cylinder-to-gyroid tran-
sition. (b-d) 2D SAXS scattering images at (b) 1191 s, (¢) 721 s, and (d) O s.

80



6.3. Results and Discussion

6.3.3.4. The Influence of Temperature and Electric field strength on the
Mechanism and Ordering

Summarizing three different mechanisms were observed for the reformation of the G /Ia3d
phase from the cylindrical phase. In this section we will elucidate under which temper-
ature and electric field conditions the individual mechanisms are exploited and compare
the degree of ordering achieved.

In Figure 6.11 of the appendix the transition mechanisms are displayed for all analyzed
field strengths, concentrations and temperatures. To clearly represent the effect of the
individual parameters the results were summarized in Figure 6.8 (a) for concentration
G1 and (b) for concentration G2. The plot assigns the pathways A, B and C to the
corresponding field strength and temperature. The black X marks conditions under

which no measurement was performed.

|
(a) 359 OFF:cylinderto Gyroid~ G1|” (b) 397 OFF: Cylinder to Gyroid 2|
504 B B !B Bir 50— X —F— € X
Ordered Gyroid
45 45
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25 , _— 2.5 ; T
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Figure 6.8.: Diagram assigning pathways A, B, and C to the corresponding temperature
and electric field strength for solutions of G1 (a) and G2 (b). The black X marks
conditions under which no measurements were performed.

Interestingly, the transition pathway seems to be influenced by the electric field
strength although the electric field is no longer present during the transition. As dis-
cussed above the electric field has two major effects on the block copolymer phase dia-
gram: the Topr is shifted to lower values and uniaxial phases are preferred over cubic
phases, shifting the coexistence line. Hence, turning on and off the electric field can be
regarded as a jump between two different phase diagrams. The Nucleation and Growth
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mechanism without transient structures is clearly the favorable pathway at high field
strengths and temperatures while lower field strengths and temperatures seemingly pro-
mote the formation of intermediate structures (pathways A and C). Pathway A involving
the HPL intermediate is merely observed in the higher concentrated solution G2 which
is further away from the order-disorder concentration (ODC). The ODC describes the
polymer concentration at which the solution is disordered at room temperature. Increas-
ing the polymer concentration has a similar effect as lowering the solution temperature.
Therefore, it can be concluded that the HPL intermediate morphology only appears at
higher concentrations and hence lower temperatures.

Viglid et al. [VAM*98] analyzed the temperature induced gyroid-to-cylinder tran-
sition in a poly(ethylene-alt-propylene)-poly(dimethylsiloxane) diblock copolymer and
found an intermediate free nucleation and growth mechanism when induced by a shal-
low quench while deeper quenches gave rise to a metastable HPL. They concluded that
the HPL intermediate is formed when the energy barrier for the cylinder-to-HPL tran-
sition is smaller than for the cylinder-to-gyroid transition which is the case at lower
temperatures. The layer-like HPL is described to reduce the interfacial tension while
the chain packing frustration associated with the intermediate is relieved by subsequent
formation of the G/Ia3d phase. Also the change in transition mechanism was speculated
to result from exceeding the temperature limit of the HPL structure. This is consistent
with our results on the effect of temperature on the transition mechanism: At lower
temperatures the transition proceeds via metastable intermediates while a Nucleation
and Growth pathway without intermediate structures is observed at higher tempera-
tures. The free energy associated with the individual structures is altered by E and
T. According to our measurements an increase in field strength has a similar effect on
the mechanism as rising the temperature. At this point it has to be mentioned that
the temperature of the solution was monitored in-situ via a tiny PT100 thermosensor
during the entire experiment and no rise in temperature was recorded through appli-
cation of an electric field. For further details on the sample cell we refer to chapter 3
of this thesis. Hence, it becomes evident that not only the overall temperature during
the transition has influence on the mechanism but also the beginning and end states.
When we regard the application of an electric field as a sudden jump from one phase
diagram to the other and vice versa when the field is turned off, the free energy of the
individual phases in the second phase diagram will defer more from those in the original
phase diagram at given T and ¢4 in case of a 5 kV/mm jump than in case of a 3 kV/mm
jump. Hence, different stability regions of metastable structures might be crossed upon
switching between phase diagrams.

In the last part of this chapter we will now focus on the conditions under which
ordering can be achieved. We refer to Figure 6.13 and 6.14 which shows the scattering
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images of the gyroids formed after the electric field is turned off. All gyroids formed
from solution G2 are characterized by two isotropic Debye Scherrer rings implying a lack
of orientational order independent of the transition mechanism. In case of solution G1
the gyroid structure is the more isotropic for lower temperatures and field strengths. For
32 “C and 36 “C higher ordered gyroids were formed when an electric field of 5 kV/mm
is turned off (see Figure 6.13). From these observations it can be concluded, that the
distance from the order-disorder transition temperature has influence on the degree of
ordering rather than the transition mechanism.

6.3.4. Summary

The mechanisms of the electric field-induced gyroid-to-cylinder transition and of the
reformation of the G/Ia3d phase after turning off the electric field were analyzed. The
gyroid-to-cylinder transformation proceeds via an initial distortion of the gyroid fol-
lowed by the formation of cylinders. In case of the opposite transition three different
mechanisms were observed: nucleation and growth of the gyroid from cylinders with-
out any intermediate structures, a transition involving the formation of a metastable
intermediate HPL structure, and a further metastable intermediate characterized by
additional connections within the G/Ia3d phase. Transitions with metastable interme-
diates were preferably found at lower temperatures and field strengths. Higher ordered
gyroids could only be obtained in close vicinity of the Topr at the highest electric field
strength analyzed (5 kV/mm).
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6.4. Appendix
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Figure 6.9.: Intensity vs q plots at various times during the electric field-induced gyroid-
to-cylinder transition for temperatures of 25 “C, 28 “C, 32 “C, and 36 “C and electric
field strengths of 3 kV/mm, 4 kV/mm, and 5 kV/mm.
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Figure 6.10.: 2D SAXS images of the cylinder phase formed from the gyroid structure
by application of electric fields of 3 kV/mm, 4 kV/mm, and 5 kV/mm at temperatures
of 25 °C, 28 °C, 32 °C, and 36 °C.

85



6. Mechanisms of the Electric field-induced Gyroid-to-Cylinder Phase Transition

- 3 kV/mm 4 kV/mm 5 kV/mm

| 1 I i
o E [ I o B
L A
1
1191 s[ " 7
1081 s
721s 1171s 4
o1
2515 [ i 181s |-
101s 91s
11s i 0s
O0s I "
C ‘R | b1 1 ] L I I 1 i
.10 0.15 020 025 0.30 0.16 0.20 0.24 010 015 0.20 025 0.30
qfm™] qm™) qfm’]
601s ss1sl .
501s o1 $
421s o S
361s peti|
2425 et s
51s a1 s /\
s 1615 _/\
N I 1 1 3 0 s 0 g n 1 1 1 f
0.10 0.15 0.20 0.25 0.30 010 015 020 025 0.30 § 010 015 0.20 025 0.30
qfnm’] qim’] q[m’]
32°C T T T T F T T T R
457 s
72.2s 405 s
101 s 35.5s 342 s
41s 19.9s 2295
21s - 12.0s 195 s
11s 42s 129 s |
1
0s 0s 0s X
M 1 1 1 L 1 1 1 il L 1 1 1 1
0.10 0.15 020 025 0.30 010 015 0.20 025 0.30 010 0.15 020 0.25 030
qfnm’] qm’] q[nm’]
36°C o
118(
880 1 3991 s
540 2491 s|
290 1 1691s
20s 991 s "
0s 491s [
O0s 1
]
L L 1 L L ! 1 L N

0.10 015 020 025 0.30 010 015 020 025 0.30

1 1
qfnm’] qfnm’]

w

Figure 6.11.: Intensity vs q plots at various times during the cylinder-to-gyroid transi-
tion for temperatures of 25 °C, 28 “C, 32 °C, and 36 “C after turning off an electric field
863 kV/mm, 4 kV/mm, and 5 kV/mm.
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Figure 6.12.: Intensity vs q plots at various times during the cylinder-to-gyroid tran-
sition for temperatures of 25 °C, 36 “C, 45 °C after turning off an electric field of 3
kV/mm, 4 kV/mm, and 5 kV/mm.
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Figure 6.13.: 2D SAXS images of the reformed gyroid phase after turning off an electric
field of 3 kV/mm, 4 kV/mm, and 5 kV/mm at temperatures of 25 “C, 28 “C, 32 °C,
and 36 “C.
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Figure 6.14.: 2D SAXS images of the reformed gyroid phase after turning off an electric
field of 3 kV/mm, 4 kV/mm, and 5 kV/mm at temperatures of 25 “C, 36 “C, and 45
°C.
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7. Combining Graphoepitaxy and
Electric Fields!

7.1. Introduction and Theoretical Background

The next two chapters of this thesis deal with the analysis of block copolymer thin
films. Block copolymer thin films are promising materials for nanolithography with
applications in microelectronics, information storage, photonic crystals and filtration
[CRST06, CMR04, SYK10]. Their capability to self-assemble on the nanometer length
scale - well below the resolution of conventional photolithography - renders them a cost-
efficient alternative to electron beam lithography with high throughput [JHK*13]. Block
copolymers with a large Flory-Huggins interaction parameter x such as poly(styrene)-
block-poly(dimethylsiloxane)(PS-b-PDMS), poly(styrene)-block-poly(ethylene oxide) or
poly(2-vinylpyridine)-block-poly(dimethylsiloxane) feature several advantages. Owing to
the enthalpic incompatibility between the blocks, microdomain sizes well below 10 nm
can be obtained [BSM*12]. Furthermore line edge roughness [PG12] and defect density
are reduced with increasing x [BF90, TGH*12]. A downside to the high Flory-Huggins
interaction parameter is the reduction of chain interdiffusivity which reduces the kinet-
ics of self-assembly and impedes defect annihilation [LD95]. This can be ameliorated
by the use of solvent vapor annealing, or by thermal annealing provided the elevated
temperature does not degrade the polymer.

PS-b-PDMS, which was utilized in this study, not only has the benefit of a high
x-parameter (xps—ppums = 0.27) [Nos95] but also offers an excellent etch selectivity

between its blocks [JR07], a feature especially important for pattern transfer applications
[GBA*14, TPO*11]. The PS block can selectively be removed by an oxygen plasma

!This Chapter and its figures have been published in modified form. [KBCI*15] Reprinted (adapted)
with permission from C. C. Kathrein, W. Bai, J. A. Currivan-Incorvia, G. Liontos, K. Ntetsikas, A.
Avgeropoulos, A. Boker, L. Tsarkova, and Caroline A. Ross, Combining Graphoepitaxy and Electric
Fields toward Uniaxial Alignment of Solvent-Annealed Polystyrene-b-Poly(dimethylsiloxane) Block
Copolymers, Chemistry of Materials, 27 2015, 68906898. Copyright 2015 American Chemical
Society.
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treatment which at the same time partially oxidizes the PDMS, leaving behind a silica-
rich and stable etch mask.

One of the challenges in block copolymer lithography is achieving microdomain pat-
terns with long-range order without expensive substrate prepatterning. Excellent order
can be obtained by chemical- [KSS*03, SMK*05, RKD*08] or topographic templates
[KSS*03, YJ*10, RKD*08, BYJ*08, SKD*07, KKM*07] which can direct the forma-
tion of an oriented, defect-free pattern. These templates are often made by electron
beam lithography, but this technique is not suitable for large area patterning. Trenches
or chemical prepatterns have instead been made using optical methods such as pho-
tolithography, interference lithography [LJR*06, JR09] or by step formation in miscut
single crystal substrates [RLM*99, HHG*11].

(a)

Figure 7.1.: Schematic image of (a) lamella and (b) cylindrical block copolymer nanos-

tructures aligned by graphoepitaxy.

Graphoepitaxy usually provides orientational ordering of microdomains parallel to
topographic features such as trench walls as schematically shown in Figure 7.1, and uni-
axiality can extend across a trench with a width of tens or hundreds of microdomain
spacings [SYK10, CRT*03, CMR04, SDS04b, SDS04a, PSR*07, RRZ*07, BYJ*08]. The
correlation length of the pattern depends on the block copolymer composition, molecular
weight, substrate chemistry, annealing conditions, and film thickness.

Several other processes produce oriented microdomain patterns [Dar(07], including
shear of the film [CKS*97, AWA*04], temperature [BBD*07, SGL*14] and swelling gra-
dients [OTB09], flow [SDS04a, SDS04b, JRO7|, and electric fields [OHK*09, LPR*12,
RPL*13, BEH*02a, BKE*02, BEH*03]. These processes lead to alignment however with-
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out registration of the positions of microdomains with particular locations on the sub-
strate. Also mass transport due to the polymer flow from a mesa into a trench upon
annealing of a block copolymer on topographic substrates has been shown to orient the
microdomains along the direction of flow. Such material flow is presumably caused by
the inhomogenity of the film thickness upon spin coating on topographic substrates,
resulting in a thickness gradient from the trench walls to the middle of the trench. This
metastable arrangement however evolves into orientation of microdomains parallel to
the trenches upon further annealing [SDS04a, SDS04b].

As described in previous chapters the driving force for the alignment under electric
field is the reduced electrostatic energy of the microdomain interfaces oriented parallel
to the electric field vector compared to those oriented perpendicular to the electric field
vector [SPR*13]. The energy difference between the orientations is proportional to the
square of the dielectric contrast (Ae)? between the blocks of the block copolymer [Tso09]
and to the square of the electric field strength E?. Since the difference in dielectric
permittivity between PS and PDMS merely amounts to Ae = epg — eppus ~ 0.17
[KKKB15] pure electric field-induced alignment is not expected to provide a strong
driving force promoting a defect free ordering of microdomains.

A combination of graphoepitaxy for pattern registration and electric field-induced
alignment to enhance the correlation length of the resulting microdomains is envisaged
as a promising approach towards the directed self-assembly of block copolymers. Fur-
thermore, this approach enables insights into the interaction between different driving
forces which affect the alignment. Tong et al. [TS14] utilized electric fields to switch the
orientation of a cylinder forming polystyrene-block-poly(ethylene-alt-propylene) block
copolymer confined in about 200 nm wide, intersecting crossed channel architectures
and showed that in the intersecting regions the block copolymer oriented in the direc-
tion of the electric field vector. However, there has not been any combinatorial study
of the effects of electric field alignment supported by the graphoepitaxy. In this chapter
we show that macroscopically uni-axial aligned striped patterns with few defects can
be fabricated by a combination of graphoepitaxy and electric field-induced alignment.
Another competitive effect we consider here is a mass transport due to the polymer flow
from the trench walls. We observe that this flow effect competes with the with the ori-
entational effect of the electric field at small trench width and at short annealing times.
Further we analyze how the angle between the topographic features and the electric
field vector affects the pattern quality and the time required for the ordering. The most
important observation is that application of an electric field to block copolymer films
supported by topograhically structured substrates allows to achieve perfect uni-axial
orientation even when the separations between the trenches are as large as 20 pym, an
order of magnitude larger than that required for graphoepitaxy alone. Interestingly, the
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uni-axial orientation clearly occurs even when the trench walls and electric field vector
were misaligned.

7.2. Experimental

7.2.1. Chrome Mask Preparation

A chromium mask for the electrode patterns was made by photolithography. FEach
electrode had dimensions of 0.5 cm x 0.5 ¢m, and pairs of electrodes were separated by
a 40 pm wide gap. The chrome-coated glass substrate was exposed to UV-light to define
the electrode features using a Heidelberg Instruments pPG 101 (10 mW, 60%) direct
write exposure tool. Subsequently, the resist was developed in Microposit 352 developer
for 60 s and then rinsed with deionized water. The substrate was then treated with CR7
acid for 70 s to remove the Cr layer. The mask was rinsed with acetone, methanol and
isopropyl followed by an Oy ash for 2 min.

7.2.2. Substrate Preparation

The substrates for the graphoepitaxy-electric field alignment experiments were prepared
on polished float glass wafers. The wafers were cleaned in a 7:1:1 mixture of deionized
water, ammonium hydroxide and hydrogen peroxide at 70 °C for 20 min. HMDS HP-
Primer was spin-cast on the float glass wafer at 800 rpm for 1 s. After drying of the
residual primer the positive photoresist S1813 Microposit was spin-cast on the wafer at
5000 rpm for 1 min. The wafer was cured at 110 °C for 2 min.

The float glass wafer was then placed under the chromium mask and exposed to UV-
light for 30 s via a Tamarak Scientific Co Inc. light source. The wafer was rinsed with
Microposit 352 developer for 45 s to remove the UV-exposed parts of the photoresist.
10 nm of Ti and 100 nm of Au were deposited on the wafer using an electron beam
evaporator followed by lift-off to leave gold electrode patterns. For the lift-off process
the wafer was heated to 85 °C in 1-methyl-2-pyrrolidone (NMP) for 1 h, followed by 5
s in the ultrasonic bath.

The fin structures for graphoepitaxy were prepared using direct-write photolithogra-
phy with the Heidelberg Instruments uPG 101. Alignment was necessary to locate the
features within the 40 pym electrode gap. HP-Primer as well as the S1813 photoresist
were spin coated on the wafer as previously described, then exposed to UV-light (10
mW, 60%). The features had a width of 2 um and a length 20 gm. The distance be-
tween two features varied in 1 pum steps between 1.5 ym and 20.5 gym. The angle of the
features with respect to the electrode edges varied in 15° steps. The wafer was rinsed

96



7.2. Experimental

with Microposit 352 developer for 45 s. Afterwards, 100 nm of SiOy were deposited on
the wafer via sputter deposition, followed by lift-off. The substrates were cut with a
Disco 3240 diesaw.

The resulting substrates consisted of two 100 nm thick gold electrodes separated by
a 40 pm gap containing SiO, fins of a height of 100 nm, a length of 20 pum, a width
of 2 pm and spacing of x = 1.5 um and above. The angle o between the electric field
vector and the fin direction was varied in 15° steps between 0° and 90°. Therefore,
each substrate contains fins at o of 0°,15°,30°,45°,60°, 75° and 90°, with fin distances
gradually increasing from 1.5 pgm to 20 pm.

7.2.3. PDMS Brush Functionalization

A PDMS brush with a molecular weight of 0.8 kg/mol and a silanol end termination
was spincoated on the wafer at 3000 rpm for 30 s from a 1 wt% soloution in toluene.

The wafer was heated to 170 °C for 12 h under vacuum. The residual PDMS brush was
subsequently removed by rinsing the wafer with toluene.

7.2.4. Block copolymer Self-assembly

Thin films of a 1.5 wt% solution of PS-b-PDMS in cyclohexane with a molecular weight
of 53 kg/mol and a volume fraction of PDMS of 30% (PS-b-PDMS) were spincoated
on the substrates at 8000 rpm for 30 s resulting in a block copolymer thickness of 50
nm. Solvent vapor annealing was performed in a reservoir system of a volume of 353.4
em?® with 3 mL of a 2:1 toluene-heptane mixture. The lid was screwed tightly to the
chamber to minimize the solvent escape. The swelling ratio amounted to 2.0-2.1. The
film thickness was monitored during the experiment via a Filmmetrics F20-UV.

When an electric field was applied ordering was enhanced by a solvent vapor preanneal,
in which the structures were swollen in the solvent vapor for 30 min without the electric
field followed by a subsequent anneal under application of an electric field of 12.5 V/um.
We note that immediate application of the electric field at the beginning of SVA did not
produce a uniform microdomain array.

When no electric field was applied to the sample the substrates were exposed to the
same solvent vapor annealing conditions for 4 h. The PDMS wetting layer forming on
the sample surface during SVA due to the low surface energy of PDMS was removed via
a 4 s CFy reactive ion etch. Subsequently, the sample was exposed to Oy plasma for 22
s, leaving behind oxidized PDMS domains while simultaneously removing the PS.
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7.2.5. Imaging of Nanostructures

Prior to image analysis 2 nm of Au were sputtered on the samples. Image analysis
was performed with a Orion He-Ion microscope from Zeiss. AFM measurements were
performed with a Nanoscope IV from Bruker.

7.2.6. Color Coding

To better visualize the orientation of the block copolymer as well as the residual defects
the large scale images in Figure 7.5 and Figure 7.8 of the main text and in Figure 7.11
and Figure 7.12 of the appendix were color coded using ImageJ software, such that the
color corresponds to the orientation angle 3 of the in-plane cylinders as presented in the
color wheels in the respective Figures.

7.3. Results and Discussion

Four different kinds of substrates were utilized in the experiments: as-received Si wafers,
Si wafers functionalized with a PDMS brush, two types of substrates supporting Au elec-
trodes for the electric field experiments: with and without topographic features, denoted
as EF-GE and EF substrates, respectively. EF-GE substrates contained trenches with
varied separations within the 40 ym wide gap between the two electrodes. These sub-
strates were also functionalized with a PDMS brush which presence has been shown to
enhance the kinetics of self-assembly during solvent vapor annealing (SVA) [JROT7], aug-
menting the grain sizes of ordered domains. This effect is illustrated in Figure 7.2, which
compares films on as-received Si and on PDMS-brushed Si after annealing. A schematic
illustration of the electrodes with topographical features for combined graphoepitaxy
and electric field guided experiments (EF-GE substrates) is shown in Figure 7.5 (a).

In all electric field experiments a field strength of 12.5 V/um was applied within the
40 pm gap between the two gold electrodes. The templates for graphoepitaxy consisted
of fins made from SiO,, which was chosen due to its low dielectric permittivity which
reduces any effects of the fins on the electric field distribution within the gap. The
distance between two fins (x) was varied in 1 or 2 um steps between 1.5 pm and 20 pm.
The angle between the direction of the fins and the electric field vector was varied in
15° increments between 0° and 90°. A detailed description of the substrate-fabrication
procedure and further experimental details can be found in the Experimental section.

A 1.5 wt% solution of a poly(styrene)-block-poly(dimethylsiloxane) block copolymer
with a PDMS volume fraction of 30% and a molecular weight of 53 kg/mol (PS-b-
PDMS) in cyclohexane was spin coated on the substrates at 8000 rpm resulting in an
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PDMS brush No PDMS brush

Figure 7.2.: AFM height images of PS-0-PDMS after solvent vapor annealing for 4 h
under saturated vapor from a 2:1 toluene-heptane mixture on a Si wafer functionalized
with a PDMS brush (a.) and on an uncoated Si wafer (b.) The initial film thickness
after spin coating was 50 nm. During SVA the swelling ratio was 2.1. The PDMS
brush accelerates the alignment kinetics and thus increases the initial domain size of
the structures. Prior to AFM imaging the PDMS wetting layer and the PS block were
removed by plasma etching. This figure was adapted from Ref. [KBCI*15].

initial film thickness of 50 nm. The block copolymer which was synthesized by anionic
polymerization has a cylindrical morphology in bulk and period of Ly = 35 nm [BIH00].
Solvent vapor annealing was performed in different mixtures of toluene and heptane
vapors (produced in a closed chamber from liquids of pure toluene, or toluene:heptane
volumetric mixtures in the ratio 5:1, 2:1, 4:3) at a swelling ratio of 2.0 - 2.1. The
film thickness was monitored during the experiment via a Filmetrics F20-UV spectral
reflectometer. Microdomains were imaged by scanning electron microscopy or helium ion
microscopy after a short CF4 plasma etch followed by an oxygen etch, which removed the
top surface layer of PDMS, then removed the PS and oxidized the PDMS microdomains
[JJTROS|.
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7.3.1. Solvent Vapor Annealing of PS-b-PDMS Thin Films

A mixture of solvents was used to anneal the PS-b-PDMS block-copolymer. Heptane
is a good solvent for PDMS, whereas toluene is a solvent for both blocks but becomes
more selective to the PS block in the presence of heptane [HBAKR15].

Therefore, as the fraction of heptane in the vapor increases, the effective volume
fraction of PDMS increases. Previously, it was shown that a large variety of thin film
morphologies can be obtained from the same block copolymer by merely changing the
solvent vapor annealing conditions [BFG*14]. Solvent vapor annealing films of the PS-
b-PDMS on PDMS-functionalized silicon in pure toluene and toluene:heptane mixtures
of 5:1 and 2:1 yielded an in-plane cylindrical morphology. In mixtures containing higher
fractions of heptane (toluene:heptane 4:3) the formation of in-plane lamellae and in-
termediate structures was observed. The lamellae are oriented in plane as a result of
the much lower surface energy of PDMS, rendering the lamellar assembly useless for
nanolithography purposes. Well-ordered microdomain arrays were produced for swelling
ratios (SR = ewellensim_y i) the range of 2.0 - 2.1 after 3 h of SVA, where h represents

hunswollenfilm

the film thickness.

7.3.2. Electric Field-Induced Alignment of Microdomains under
Solvent Vapor Annealing

We first describe the results of electric field alignment of PS-b-PDMS in the absence
of topographical templates. As can be seen in Figure 7.3, the efficiency of the electric
field alignment was sensitive to the composition of the solvent mixture. When the block
copolymer was annealed in pure toluene vapor under application of an electric field
of 12.5 V/um no induced alignment was observed (Figure 7.3 (a)), i.e. the ’grains’
consisting of in-plane cylinders showed random orientations. Annealing in a vapor from
a b5 : 1 toluene-heptane mixture did not produce a preferential orientation after 12 h of
SVA, independent of the electric field strength. However, alignment in the direction of
the electric field vector was observed after 2 h of SVA in vapor from a 2 : 1 mixture of
toluene:heptane at an electric field strength of 12.5 V/um as presented in Figure 7.5 (c).
The results suggest that the PDMS minority block requires a certain degree of mobility,
provided by heptane uptake, to be effectively aligned by the electric field. Despite the
orientation of the structures, the images in Figure 7.3 (b) and Figure 7.4 display a clear
collective tilt of the cylinders away from the direction of the electric field vector as well as
several defects. As will be shown later on, this can be eliminated by combining electric
field and graphoepitaxy.
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Figure 7.3.: SEM images of PS-0-PDMS after solvent vapor annealing for 3 h under
saturated conditions at an electric field strength of 12.5 V/um and a swelling ratio of
2.1 in a vapor of (a.) pure toluene, (b.) a 2:1 toluene-heptane mixture and (c.) a 4:3
toluene-heptane mixture. This figure was adapted from Ref. [KBCI*15].
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Typically electric fields with strengths between 10 V/um and 16 V/um were reported
to induce alignment in block copolymer films of poly(styrene)-block-poly(2-vinylpyridine)
(PS-P2VP) upon solvent vapor annealing [LSP*13, OHK*09]. In case of thermal anneal-
ing of poly(styrene)-block-poly(methyl methacrylate) (PS-PMMA) higher field strengths
upto 40 V/um [TS14, XZGRO04] had to be utilized to compensate the lower chain mobil-
ity in melts despite the fact that the dielectric contrast for PS-PMMA is higher than for
PS-P2VP [KKKB15]. The field strength of 12.5 V/um was chosen since it has a measur-
able alignment effect on the structure without damaging the copolymer. To quantify the

s
o o o

X
-
=
S
@)
=
<

FWHM=14.4 ' B [°]

Figure 7.4.: AFM height image of PS-b-PDMS solvent vapor annealed for 3 h in a 2:1
toluene:heptane mixture at a swelling ratio of 2.1 under application of an electric field
of 12.5 V/um. This figure was adapted from Ref. [KBCI*15].

degree of orientational order obtained through the application of electric field, images
have been processed with Fourier Analysis. The resulting histograms showing the per-
centage of the stripes versus orientation angle S are displayed in Figure 7.3 and Figure
7.4. Under optimized alignment conditions the full width half maximum (FWHM) of the
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orientation distribution was found to lie between 6-15°. Due to the low dielectric con-
trast between PS and PDMS, which provides the driving force for electric-field-induced
alignment, a defect-free structure formation cannot be produced by the application of
electric field alignment alone in our system. Based on these results, successive experi-
ments on EF-GE substrates have been performed in a vapor from a 2:1 toluene-heptane
mixture which allowed sufficient mobility for the alignment of the microdomains and
produced a cylindrical morphology which was visible as a grating pattern after etching.

7.3.3. Graphoepitaxial Alignment of Cylinder Forming PS-b-PDMS
Block Copolymer

To analyze the orientational effect of graphoepitaxy, samples were solvent vapor an-
nealed on GE-EF substrates without applying an electric field. A He-Ion image of the
microdomain structure obtained after 4 h of SVA for fin spacings of 7 pym is displayed in
Figure 7.5 (d). A 4 h anneal did not result in the preferential orientation of microdomains
parallel to the fins in the range of fin spacing x between 1.5 um and 20 gm. The color
coding clearly indicates grains with different orientations. The histogram of orientation
angles displays a broad alignment distribution with a FWHM of 24.7° according to a
Gaussian fitting function.

The corresponding image for a 6 h anneal in a 2 : 1 toluene-heptane mixture at a
swelling ratio of 2.1 when the spacing between two fins was 1.5 um, which was the
smallest fin spacing examined is found in Figure 7.7. This was the only spacing for
which domain orientation parallel to the fins was found. With increasing x no alignment
parallel to the fins was observed even after 12 h of SVA. Figure 7.6 presents a He-lon
microscope image of the SiO, sidewall of a graphoepitaxial fin and provides information
on the edge quality of the topographic substrates. The sidewall produced from direct-
write photolithography is characterized by a high edge roughness of around 80 nm, and
the minimum trench width of 1.5 pym is ~ 40 L, both factors limit the efficiency of mi-
crodomain ordering. We will demonstrate below how the combination of graphoepitaxy
and electric field alignment can produce greater degrees of order and orientation than is
obtained from either technique alone on such substrates.

7.3.4. Structure Orientation by Capillary Flow

An image of the structures after 4 h of SVA is shown in Figure 7.5 (e) for fin spacings
of 5.5 pm. In the absence of an electric field, 4 h of SVA led to a preferred microdomain
orientation perpendicular to the fins when the distance between trenches was in the
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Figure 7.5.: (a.) Schematic illustration of the GE-EF substrate for block copolymer

microdomain alignment by combined graphoepitaxy and electric field with the indicated
dimensions of the features. (b.) Color wheel showing the angle of microdomain orien-
tation 8. (c.) Scanning electron microscope images of PS-b-PDMS after solvent vapor
annealing for 3 h in vapor from a 2 : 1 toluene-heptane mixture at an electric field
strength of 12.5 V/um. The unlabeled scale bars represent 1 pm. (d.-e.) Color coded
He-Ion microscope images of PS-b-PDMS after solvent vapor annealing for 4 h in vapor
from a 2:1 toluene-heptane mixture on GE-EF substrates functionalized with a PDMS
brush. x indicates the trench width (distance between the fins). No electric field was
applied during solvent vapor annealing. Histograms presenting the fraction of cylinders
in % versus the orientation angle 3 calculated from Fourier analysis of the images. The
insets show a close-up of the block copolymer structure. This figure was adapted from
Ref. [KBCI*15].

range between x = 1.5 pym and 6 pym. As indicated by the color coding in Figure 7.5
(e), at x = 5.5 pm the majority of block copolymer domains are oriented at an angle
B8 between —15° and —30°. However, regions where the direction of cylinders deviates
from the orientation perpendicular to the fin walls can be observed when the trench

104



7.3. Results and Discussion

Figure 7.6.: He-Ion microscope image taken of the sidewall of a graphoepitaxy feature
on the EF-GE Substrates at a tilt angle of 65°. This figure was adapted from Ref.
[KBCI*15].

width approaches the upper limit of 6 ym (see the upper left-hand corner of Figure 7.5
(e)). The SEM image in the inset of Figure 1 e reveals waviness in the cylinder array. In
accordance with earlier observations the alignment perpendicular to the trench walls is
more pronounced for smaller x [SDS04a, SDS04b, JR0O7]. This perpendicular orientation
is not stable upon annealing times of 6 h or longer. After 6 h of SVA cylinders are
perfectly oriented parallel to the fins (Figure 7.7) on the substrates with 1.5 pm wide
trenches, while for larger trench widths (2 pm - 6 gm), mixed structures with parallel
and perpendicular orientation relative to the trenches with typical grain sizes between
1-2 pm? are observed. Between trenches wider than 6 ym no flow induced perpendicular
alignment was observed independent of the annealing time.
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Figure 7.7.: AFM height (a.) and phase (b.) image of PS-6-PDMS aligned by
graphoepitaxy between fins separated by x=1.5 um. The sample was solvent vapor
annealed in a 2:1 toluene-heptane mixture for 6 h at a swelling ratio of 2.1. This figure

was adapted from Ref. [KBCI*15].

7.3.5. Combining Electric Field and Graphoepitaxy

The main results on the combination of graphoepitaxy and electric field are summa-
rized in Figures 7.8 and 7.9, as well as in Figures 7.11 and 7.12. Figure 7.8 (a,b) shows
structures with long-range order and a defect density of 0.07 4 0.005 defects /um? after
4 h of SVA in a 2:1 toluene-heptane mixture at a swelling ratio of 2.1. In the follow-
ing the structures are analyzed with respect to the angle a between the orientation of
graphoepitaxy and the electric field vector.

Figure 7.8 displays exemplary color coded low magnification He-Ion microscope images
of the microdomain array at angles a of 0°, 30°, 60°, 90° as well as histograms with the
distribution of the angles of cylinder orientation relative to the electric filed vector.
Figures 7.11 and 7.12 present additional information on the preferential orientation
of the microdomains depending on the angle . a=0°. Figure 7.8 (a) shows a low
magnification image of the block copolymer in the middle of a 20 um trench when the
electric field vector and graphoepitaxy promote alignment in the same direction, at o« =
0. In this case, the order extends across the full width of the trench for x up to 20 ym after
only 4 h of annealing. In comparison, graphoepitaxy by itself provided alignment only
within small trenches (1.5 pum) after 6 hours, and larger trench width x showed regions
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Figure 7.8.: He-lIon microscope images of PS-b-PDMS after solvent vapor annealing for
4 h from a 2:1 toluene-heptane mixture under the influence of both graphoepitaxy and
an electric field of 12.5 V/um. « indicates the angle between the electric field vector and
the trench edges and x is the trench width. The direction of the graphoepitaxy, flow field
and electric field are indicated by the arrows as indicated. The electric field direction is
always vertical on the page; 3 is the angle between the orientation of cylinders and the
electric field. For better visualization of the orientational order the images were color
coded in accordance with /5 as indicated in the color wheel. (a.-b.) a = 0° and 30°. The
direction of alignment is determined by the graphoepitaxy, but the electric field greatly
enhances the correlation length as compared to pure graphoepitaxy. (c.-d.) a = 60° and
90°. The alignment is predominantly perpendicular to the trench wall. This figure was
adapted from Ref. [KBCI*15].
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of misoriented cylinders with a mixed orientation. The degree of ordering achieved by
the combination of graphoepitaxy and electric field greatly exceeds the results obtained
by graphoepitaxy or electric field alone.

a=15° and 30° When the angle o was 15° or 30°, alignment of the block copolymer
parallel to the fins was found up to the trench widths of 14 ym. An image for o = 30°
is shown in Figure 7.8 (b). Figure 7.11 (b) displays the image for a = 15°. For a trench
width of 16 pm and larger the cylinder orientation was parallel to the trenches at the
sidewalls but tilted towards the direction of the electric field vector in the middle of the
trench area.

a=45°. At an angle of 45°, alignment parallel to the sidewall was only found for
trench widths of 8-14 um as can be seen in Figure 7.11 (d), with tilts towards the
electric field direction at the center of wider trenches.

However, processing the films on the GE-EF substrates with trench widths (x) smaller
than 8um gave qualitatively different results on the preferential domain orientation (Fig-
ure 7.8 (c,d) and Figure 7.12). For av = 45° (and higher angles) the domains were found
to be oriented perpendicular to the sidewalls which was was attributed to a dominant
flow-induced orientation. At o = 45° the electric field favors equally alignment parallel
to the sidewall (= 45 °) and perpendicular to the sidewall (f= -45°). The perpendicu-
lar alignment dominates for narrower trenches where flow effects are stronger, but gives
way to parallel alignment in wider trenches. Longer anneals would likely promote the
parallel alignment as seen by Jung et al. [JRO7].

a=60°, 75°, 90°. For trenches making angles of 60° (Figure 7.8 (c)), 75° (Figure
7.12 (c)) and 90° (Figure 7.8 (d)) to the electric field vector the observed alignment
was perpendicular to the fins independent of x. Compared to the films annealed with-
out electric field, the perpendicular alignment was observed over a wider range of fin
distances up to around 14 pum while the direction of orientation perpendicular to the
side wall showed less deviation. The electric field therefore also improves the ordering
of structures in which the predominant direction of orientation is perpendicular to the
trench walls.

These results indicate that the topography has the greatest influence on determining
the microdomain orientation during the annealing of this system, leading to in-plane
cylinders lying either parallel or perpendicular to the sidewalls. However, the electric
field appears to improve the orientation distribution and defectivity of the microdomain
array, and it dominates the microdomain orientation in unpatterned substrates or far
(> 10um) from step edges.

When comparing the width of the orientational distribution displayed in the his-
tograms in Figures 7.8, 7.11 and 7.12 it becomes evident that structures directed parallel
to the side walls yield far better long range order than those oriented perpendicular to
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Figure 7.9.: He-lIon microscope images of PS-b-PDMS after solvent vapor annealing for
4 h on GE-EF substrates annealed in vapor from a 2:1 toluene-heptane mixture at an
electric field strength of 12.5 V/um. « indicates the angle between the electric field
vector and the sidewalls, and x is the trench width. The direction in which the block
copolymer is guided due to graphoepitaxy, flow and electric field are indicated by the
black and white arrows as indicated. (al.-a4.) are aligned parallel to the topographic
features (b1.-b4.) show cylinders oriented perpendicular to the trench walls. The scale
bars display 500 nm. This figure was adapted from Ref. [KBCI*15].

the topographic features. At angles a of 0°, 15° and 30° sharper peaks with FWHM 2
- 5 ° indicating better alignment are observed compared to angles of 60° and 75° with
FWHM 10 - 16°. For o = 45°, the larger trenches (8-14 pm) in which graphoepitaxy
determined the orientation showed a sharper orientation distribution (FWHM = 5.9°)
than the narrower trenches where alignment perpendicular to the trench walls dominated
(FWHM = 14.8°), seen in Figure 7.11 (d) and (Figure 7.12 (a)). The only exception is
the structure found at an angle a = 90° (Figure 7.8 (d)). Here the alignment perpen-
dicular to the trench wall corresponds to the direction of the electric field vector and a
narrow distribution of cylinder orientation is observed (FWHM = 1.4°). We now focus
our discussion on the comparison of the higher magnification images in Figure 7.9. In
each image the direction of the electric field vector, capillary flow and the sidewall is
indicated in the bottom left. In the top right « states the angle between the direction
of the sidewalls and the electric field vector while x gives the trench width.

In Figure 7.9 (al-a4) the cylinders are parallel to the sidewalls due to graphoepitaxy.
The rms edge roughness is low and there are typically 0.07 £ 0.005 defects per pum?.
In contrast the cylinders in Figure 7.9 (b1-b3) which are perpendicular to the sidewalls
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show a larger number of defects of 1.5 £ 0.1 defects per um? and an increased rms edge
roughness. The predominant defect type are line breaks. Figure 7.9 (b4) resembles the
well ordered structures of Figure 7.9 (al-a4).

Figure 7.10 (a) summarizes the orientation as a function of the trench width x and
the angle a between the direction of the topographic features and the electric field
vector, for a given annealing time, 4 h. The blue circles indicate alignment dominated
by graphoepitaxy while the red crosses display in plane orientation perpendicular to the
trench walls. The green squares indicate cylinders which align in the direction of the
electric field vector at the middle of the trench, leading to a polycrystalline structure.

The rearrangement of cylinders from perpendicular to the trench walls into a polycrys-
talline structure started to occur in samples annealed at 6 h or longer in the absence of
an electric field. However, annealing for 12 h in the presence of an electric field preserved
the perpendicular alignment. This is illustrated for a sample with a=60° and x=14 pum
in Figure 7.10. The orientation remains perpendicular to the sidewall while the number
of defects decreased compared to the structures found in Figure 7.9 (b1-b3). Further-
more, alignment perpendicular to the trenches was found over larger spacings (x < 14
pum) when an electric field was applied to the sample than obtained by capillary flow
alone (z < 6 pum). For large spacings between 12 pm - 20 um as presented in Figure 7.8
capillary flow is no longer a dominant effect. These observations indicate that the final
orientation of cylinders is determined by thermodynamics rather than by kinetic effects
such as capillary flow. The low dielectric contrast of 0.17 [KKKB15] between PS and
PDMS is presumed to be the reason why the topographic effects dominate the electric
field. The selective uptake of solvent during solvent vapor annealing can only slightly in-
crease the dielectric contrast between the blocks. Toluene which preferentially swells the
PS (eps = 2.57) domains has a dielectric constant of €;uene = 2.38 while heptane which
is more selective to PDMS (eppars = 2.40) has a dielectric constant of €peprane = 1.92.
Considering the relatively similar dielectric constants of the individual components the
dielectric contrast could at maximum increase to 0.3 upon the solvent vapor annealing
conditions described here in case of selective solvent uptake. For comparison, the dielec-
tric contrast of poly(styrene)-block-poly(methyl methacrylate), which is often utilized in
studies on electric field-induced alignment of block copolymer thin films [XZGRO04], is
2.15 [KKKB15], more than 12 times higher than that of the polymer used in this study.
For block copolymers with a higher dielectric contrast between the blocks, or with ion-
containing blocks, alignment in the direction of the electric field vector would at least
be expected for the larger fin spacings. However, despite the modest dielectric contrast,
it is clear that the electric field has a profound effect on the orientation, defect level,
and kinetics of the PDMS microdomains, and the microdomain orientation is prevented
from differing by more than 45° from the direction of the electric field vector.
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Figure 7.10.: (a.) Phase diagram showing the microdomain orientation as a function of
trench width x and the angle between the electric field and the sidewalls. The blue circles
indicate microdomain alignment parallel to the sidewalls while the red crosses mark
alignment perpendicular to the sidewalls. The green squares indicate mixed structures
which in some regions align in the direction of the electric field vector and align according
to graphoepitaxy near the sidewalls. (b.) He-Ion microscope images of PS-b-PDMS
after solvent vapor annealing for 12 h in a 2:1 toluene-heptane mixture at an electric
field strength of 12.5 V/um. The direction of alignment is perpendicular to the trench
wall. This figure was adapted from Ref. [KBCI*15].

7.4. Conclusion

In this study a combination of topographical features and electric field alignment was
applied to obtain well-ordered and oriented cylindrical microdomains from a 53 kg/mol
PS-b-PDMS block copolymer during solvent vapor annealing in a toluene and heptane
vapor. Without topographical features, the microdomains aligned with the electric field
direction, but topographical patterning led to alignment of the cylinders in plane either
parallel or perpendicular to the sidewalls. An electric field oriented within 45 ° of the
sidewall promoted cylinder orientation parallel to the sidewall, whereas an electric field
oriented between 45° and 90° of the sidewall promoted cylinder alignment perpendicular
to the sidewall, over distances of 15 um or more. The electric field enhanced the kinetics
of self-assembly and enhanced the correlation length of the microdomains beyond what
could be achieved with either topography or electric field alone. This combined ap-
proach produced long-range order in the block copolymer without expensive substrate
prepatterning. The use of thermosolvent or other fast annealing processes [KKP*15]
may further decrease the annealing time necessary to form a well ordered array.
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7.5. Appendix
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Figure 7.11.: He-Ton microscope images of PS-b-PDMS after solvent vapor annealing
for 4 h in vapor from a 2:1 toluene-heptane mixture at an electric field strength of 12.5
V/pum. « indicates the angle between the electric field vector and the graphoepitaxy
features. x indicates the distance between the fins. The direction in which the block
copolymer is guided due to graphoeptiaxy and electric field are indicated by the white
arrows. The direction of alignment is determined by graphoepitaxy. The electric field
greatly enhances the length scale of long-range order achievable. All images were color

coded to visualize the orientation of the block copolymer. This figure was adapted from
Ref. [KBCI*15].
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Figure 7.12.: He-lTon microscope images of PS-b-PDMS after solvent vapor annealing
for 4 h in vapor from a 2:1 toluene-heptane mixture at an electric field strength of 12.5
V/pm. « indicates the angle between the electric field vector and the graphoepitaxy
features. x indicates the distance between the fins. The direction in which the block
copolymer is guided due to graphoeptiaxy, flow and electric field are indicated by the
white arrows. The images were color coded according to the direction of block copolymer
orientation. The color wheel in the bottom displays the color as a function of the angle.
This figure was adapted from Ref. [KBCI*15].
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8. Electric Field-Induced Transitions in

Metalorganic 3-Miktoarm Star

Terpolymers1

8.1. Introduction and Theoretical Background

Thin film morphologies obtainable from diblock copolymers are limited. Star-shaped 3-
miktoarm triblock terpolymers (3u-ABC) exhibit an extraordinary structural diversity
and thin films of these materials are of interest in nanofabrication and nanolithogra-
phy. In contrast to linear ABC terpolymers, the three blocks of a 3u-ABC polymer
are connected at a single junction point. In the microphase-separated structure the
junction points tend to assemble along linear or curved trajectories defining the vertex
between the three microdomains [YAHO05]. Such geometrical constraint together with
the minimization of unfavorable contacts between incompatible blocks gives rise to novel
morphologies not observed for linear triblock terpolymers.

Simulations [GHDO02], bulk- [HI93] and thin film studies [ACN*13] of different 3u-
ABCs revealed a large variety of structures such as several Archimedean tilings [HDTMO07,
HKT*06, YTHO3| composed of coaxial prisms including the space groups ¢c2mm, p3ml,
pdmm, p6mm, and pdgm. Also, three-colored honeycomb structures were observed pro-
vided that the interaction parameters and volume fractions of the three components are
of about equal value [DH96, TWS*04]. Strongly differing y parameters were found to
result in partial mixing of blocks minimizing the contact area between the constituents
with the energetically most unfavorable interaction parameter [SHT98b, SHT98a|. Key
parameters determining the morphology are the block lengths, the selectivity of solvents
used for annealing, segment-segment interaction parameters, as well as chain deforma-
tion energies [SHT98b|, and in the case of thin films, surface and interface energies are
also important. The annealing conditions, for example variations in composition and

!This Chapter and its figures have been published in modified form [KBN*15]. C. C. Kathrein, W.
Bai, A. Nunns, J. Gwyther, I. Manners, A. Béker, L. Tsarkova, and Caroline A. Ross, Electric-field-
induced Morphological Transitions in Thin Films of Metalorganic 3-Miktoarm Star Terpolymers,
Soft Matter 2016, Advance Article, DOI:10.1039/C6SM00451B.
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vapor pressure of solvents, also affect the resulting morphologies [ACN*13]. Further,
specific functionalities of the blocks contribute to the hierarchical complexity of the
nanostructures.

Polymers comprising polyferrocenylsilane (PFS) blocks represent an interesting class
of materials since they combine the structural diversity of multiblock polymers with the
unique physical properties of the PF'S block, such as electroactivity and electrochromism
which arise from the presence of transition metals in the polymer backbone [ZWM14,
KMO1]. These materials can be used as precursors for magnetic materials by oxida-
tion or pyrolysis [FZT*93, LZR*08, GMY*02, RRV*97]. Upon iodine doping, PFS has
also been shown to exhibit p-type conductivity [BSR*01]. Prior work showed that 3-
miktoarm star terpolymers of polyisoprene-arm-polystyrene-arm-poly(ferrocenylethyl-
methylsilane) (3u-ISF) form a variety of different thin film microstructures, influenced
by the film thickness and by the partial pressure of chloroform vapor in the annealing
chamber, which controls the swelling and relative volume fraction of the polyisoprene
block [ACN*13]. This illustrates that small changes in the effective volume fraction can
alter the thin film structure.

Previously electric fields have been shown to induce ordering and phase transitions in
thin film and bulk diblock copolymers. The basic concept determining the behavior of
non-metal-containing block copolymers in electric fields is the unfavorable electrostatic
energy of block-block interfaces oriented perpendicular to the electric field vector (E)
with respect to those aligned parallel to E. Electric-field-induced ordering and defect
annihilation have been thoroughly investigated since the work of Amundson et al. in
1991 [AHD*91, OHK*06, OHK*09, BSK*06, BEH*03, WLBSR06, WXLB*06, MLU*96,
AHQS93, AHQ*94]. Reorientation of dielectric interfaces parallel to the electric field
vector is the anticipated response when a certain threshold voltage, dependent on the
annealing conditions, is exceeded.

Polyferrocenylethylmethylsilane (PFEMS) block-containing copolymers are expected
to have a notable response to an electric field due to the iron atoms complexed inside
the microdomains, similar to the reported enhanced ordering effect of LiCl salt added
to polystyrene-block-poly methyl methacrylate diblock copolymer [WXLB*06]. Earlier
studies describe the influence of electrochemical oxidation and applied voltage on the
electroactive PFS block. Electrochemical oxidation was analyzed by Shi et al. who ob-
served a more than 70 % increase in the Kuhn segment length of poly(ferrocenylmethyl-
(phenyl)silane) and poly(ferrocenyl dimethyl silane) polymers upon electrochemical oxi-
dation of the ferrocenyl groups [SCW*04]. Due to the electrostatic interactions between
positive charged segments a stretched conformation of chains is favored to maximize
the distance between like charges [ZHSV06]. Analyzing the effects of voltage, Li et al.
measured a widening of PFS cylinders by up to 100 % in a cylinder-forming polystyrene-

116



8.2. Experimental

block-poly (ferrocenylethylmethylsilane) (PFEMS-b-PS) block copolymer with conduc-
tive probe atomic force microscopy upon application of a negative voltage bias between
-4 V and -9 V [LZR*08]. The electric field strength is therefore envisaged to be an
additional control parameter determining the thin film morphology.

In this chapter we report the effect of the electric field on the morphological devel-
opment and ordering of nanostructures in swollen thin films of diblock copolymers and
3-miktoarm star terpolymers containing a functional PFEMS block. The ordering and
morphological behavior of the diblock copolymers exhibit two effects of an electric field:
an increase in the volume fraction of the PFEMS block by oxidation of the ferrocenyl
groups leading to a morphological transformation, and orientation of the dielectric in-
terfaces parallel to E. Microdomains of 3-miktoarm star terpolymers exhibit ordering
and a sequence of phase transitions with increasing electric field strength. At moder-
ate field strengths the observed phase transitions can be attributed to the electrostatic
energy penalty associated with dielectric interfaces not aligned parallel to E [OHK*06,
OHK*09, BSK*06, BEH*03, WLBSR06, WXLB*06, MLU*96, AHQS93, AHQ*94]. At
higher electric field strengths the electroactive response of the PFEMS block becomes
the dominant factor determining the morphological transition. Such dual responsive
behavior facilitates structural switchability and provides a high degree of ordering upon
application of electric field stimuli.

8.2. Experimental

8.2.1. Polymers

PS-b-PFEMS sphere- and lamellae forming polymers were synthesized as described ear-
lier [RCPB*05]. The sphere-forming diblock copolymer had a molecular weight of 100
kg/mol and a volume fraction of PFEMS of 16%, while the lamellae-forming PS-b-
PFEMS had a volume fraction of PFEMS of 43 % and a molecular weight of 58 kg/mol
(PDI=1.04). The later was blended with polystyrene homopolymer (homo-PS) (7.7 kg/-
mol, PDI=1.1) to obtain a cylindrical morphology. The volume fraction of homo-PS was
17 wt%.

The 3-miktoarm star terpolymers were synthesised according to Nunns et al. [NRM13]
A 3-miktoarm star terpolymer with a composition of 39 vol% of polyisoprene, 35 vol%
of polystyrene and 26 vol% of poly(ferrocenylethylmethylsilane) was utilized in which
the individual blocks had molecular weights of 23 kg/mol, 22.5 kg/mol and 20.5 kg/mol,
respectively. To promote the formation of ordered microdomains, 15 wt% of homo-PS
with a molecular weight of 12.5 kg/mol and a PDI of 1.04 was added to the copolymer
[ACN*13].
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8.2.2. Thin Film Preparation

Thin films of the sphere-forming polystyrene-block-polyferrocenylethylmethylsilane (PS-
b-PFEMS) were spin coated for 30 s at 4000 revolutions per minute (rpm) from 2 wt%
solutions in toluene. The initial film thickness prior to solvent vapor annealing was 50
nm. 2 wt% solutions of the cylinder forming PS-b-PFEMS/homo-PS blend in toluene
were prepared by spin coating at 3000 rpm for 30 s yielding an initial film thickness of
50 nm. 45 nm thick films of the 3u-ISF /homo-PS blend were obtained by spin coating
from a 1.5 wt% solution of the polymer in toluene at 3000 rpm for 30 s.

8.2.3. Solvent Vapor Annealing

The thin films exhibited swelling ratios (SR = %) of 1.7 — 1.8 upon exposure
to a continous flow of chloroform vapor produced by bubbling Ny gas through a CHCl3
reservoir and directing the vapor through the solvent vapor annealing chamber. Swelling
ratios were controlled by adding a separate stream of Ny. The annealing chamber had

a volume of 353.4 cm?

. A quartz lid was tightly screwed to the top of the chamber
which allowed the measurement of the swelling ratio via a Filmmetrics F20-UV spectral
reflectometer during the experiment. The thin films were exposed to the solvent vapor

for two hours and were then quenched within 1 s by removing the lid of the chamber.

8.2.4. Electric Field

Experiments were conducted on oxidized silicon wafers and on glass slides with two
gold electrodes, each 0.5 cm x 0.5 cm and 100 nm thick. Experiments at fixed electric
field were performed on samples with gold electrodes separated by a 40 pm wide gap.
An electric field of 10 V/um was applied between the electrodes during solvent vapor
annealing.

To vary the electric field strength within a single experiment, substrates with a step-
wise varying gap size between 9.3 um and 78 pum were utilized as schematically shown
in Figure 8.1 (c). This led to electric field strengths between 1.9 V/um and 16 V/um
when a voltage of 150 V was applied between the two gold electrodes. This assured com-
parable conditions of film thickness and swelling ratio during solvent vapor annealing
leaving the electric field strength as the only variable.

8.2.5. Imaging

Prior to imaging the thin films were exposed to Oy plasma for 12 s which selectively
removed the PI and PS domains and oxidized the PFEMS domains. AFM measurements
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were performed with a Nanoscope IV from Bruker using a super fine probe (umash
HiRES-W/8/A/BS, 75 kHz, 3.5 Nm). An Orion He-Ion microscope from Zeiss was used
to image samples coated with a 2 nm thick layer of sputtered Au. To stain the samples
after annealing, the thin films were placed in a chamber with an aqueous solution of
0s04 (4 wt%) for 4 h. OsOy selectively binds to the PI domains increasing its contrast
in the He-Ion images.

8.3. Results and discussion

Thin films of a cylinder and a sphere forming PS-06-PFEMS block copolymer or blend, as
well as of a 3-miktoarm star terpolymer with PS, PI and PFEMS blocks were analyzed
after solvent vapor annealing in chloroform, with and without an applied electric field.

8.3.1. Sphere-forming PS-b-PFEMS Diblock Copolymers

Figure 8.1 (a) displays a 50 nm thin film of a 100 kg/mol PS-b-PFEMS block copolymer
with a volume fraction of PFEMS of 16% solvent vapor annealed in CHCl3 vapor for 2
h. After removal of the PS matrix via an Oy plasma etch, AFM analysis reveals poorly
ordered PFEMS spheres with diameter of 43 nm + 2 nm. In contrast, Figure 8.1 (b)
displays a film that was solvent vapor annealed under the same conditions but including
an electric field of 10 V/um. Closepacked spheres coexist with regions of striped patterns
(in-plane cylinders) with random orientations relative to the direction of the electric
field. Considering that the film thickness is sufficient to accomodate only a monolayer of
in-plane cylinders, we believe the closepacked features are spheres rather than vertical
cylinders. Furthermore, vertical cylinder formation is unlikely to be induced by the
electric field because this maximizes unfavorable dielectric interfaces perpendicular to
E. This morphological behavior suggests that on the one hand, the electric field induces
ordering of the spherical morphology, and on the other hand, promotes an order-order
phase transition from spheres to cylinders.

It is known that in bce or gyroid morphologies, frustration occurs independent of the
orientation of the microdomains with respect to E [Tso09, XZS*04]. Sphere ordering
does not lead to a reduction of dielectric interfaces perpendicular to E. In these cases,
electric fields induce phase transitions into uniaxial structures when the composition of
the block copolymer is near a phase boundary [Tso09].

Xu et al. demonstrated that the improvement of the long-range order in a bece phase
of a non-metal-containing block copolymer upon application of electric fields can only
be accomplished by first inducing an order-order phase transition from spheres into a
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Figure 8.1.: AFM height images of sphere-forming PS-b-PFEMS block copolymer thin
films after solvent vapor annealing in CHCl3, (a) without and (b) with application of
an in-plane electric field of 10 V/um. The electric field induces ordering as well as a
sphere-to-cylinder transition. Cylinders parallel to E are marked with a yellow dashed
line while those at angles to E are indicated by a red dashed line. (¢) Schematic image
of the substrates. This figure was adapted from Ref. [KBN*15].

cylindrical microdomain structure which is aligned by the electric field, and by subse-
quent reformation of the bee structure [XZS*04]. This stands in clear contrast to the
results of our experiments which show that improved ordering can be achieved in bcc
forming thin films of PS-6-PFEMS without requiring a phase transition into an uniaxial
phase. We therefore conclude that the improved order may be related to polarization
of the iron-containing PFEMS spheres, which is specific for block copolymers with a
metal-containing minority block.

On the other hand, electrochemical oxidation [SCW*04] as well as application of
voltage [LZR*08] have been reported to alter the microstructure of PFEMS-containing
block copolymers due to the effective increase of the volume fraction of the electroactive
PFEMS block. As example, Peter et al. reported electrochemically induced volume and
morphology changes in surface grafted PFS layers upon applying voltages between 400
mV and 600 mV. [PHK*04] The change of volume in these redox-active monolayers was
attributed to a reversible oxidation increasing the charge density in the polymer back-
bone. It was postulated that the increased charge density attracts additional counter-
ions as well as solvent molecules, resulting in an overall increase of the layer thickness.
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In our case, the effective increase of the volume fraction of the PFEMS block may lead
to a thermodynamically driven phase transition in sphere-forming PFEMS-b-PS diblock
copolymer to form the cylinder phase, unlike the kinetically-driven transformation dis-
cussed above. The additional charges associated with the oxidation of the ferrocenyl
groups might increase the selective solvent uptake of the PFEMS block resulting in an
enhanced PFEMS volume fraction and therefore a sphere to cylinder phase transition.
The electric field would further enhance the polarity difference between polar PFEMS
and non-polar PS, increasing chloroform solubility in PFEMS [Bar90, Gar66]. The possi-
bility of this scenario is supported by the fact that only about half of the striped domains
are oriented along the direction of the electric field, so the reduction of the fraction of
the electrostatically unfavorable interfaces oriented perpendicular to the electric field
vector is not the overriding factor determining the cylinder formation.

8.3.2. Cylinder-forming PS-b-PFEMS Diblock Copolymer Blends

Further insights into the response of PFEMS-containing block copolymers towards elec-
tric field was gained by considering the behavior of a cylinder-forming block copolymer
blend. Figure 8.2 (a) and (b) displays AFM images of surface structures in 50 nm thick
films of PS-b-PFEMS/homo-polystyrene (homo-PS) blend upon 3 h of annealing in chlo-
roform vapor without and with applied electric field, respectively. The thin films of the
cylinder-forming PS-b-PFEMS blend were prepared by adding polystyrene homopolymer
to a lamellae- forming PS-b6-PFEMS block copolymer. The unblended diblock copolymer
exhibits an in-plane lamellar morphology.

Figure 8.2 (a) displays cylindrical domains which have been equilibrated under solvent
vapor without application of electric field for 3 h. Image analysis revealed a correlation
length of ordered grains of 600 nm. When an electric field of 10 V/um was applied
(Figure 8.2 (b)) the correlation length was enhanced to several ym?.

The cylinder-forming PS-b-PFEMS/homo-PS blend was also analyzed on electrodes
with varying gap size to alter the electric field strength. In Figure 8.2 (¢) the increase in
PFEMS volume is plotted against the electric field strength. The cylinder widths were
measured from He-Ton microscope images via Image J software. For each field strength
the average width was measured from five areas of three different ignages each. The

increase in cylinder volume was calculated according to Vg4, [%] = (% x 100) — 100, in
r

which r; is the PFEMS cylinder radius at zero electric field while r 1is the radius mea-
sured at the respective electric field strength. Exemplary He-Ion images corresponding
to the field strengths 1.7 V/pum and 10.9 V/um are displayed in Figure 8.2 (d,e). The
results clearly show an increase in cylinder width with electric field strength when a
threshold voltage of 2 V/um is exceeded. We presume this electroactive response oc-
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Figure 8.2.: (a,b) AFM height images of a cylinder-forming PS-b-PFEMS/homo-PS
blend after solvent vapor annealing in chloroform (a) without and (b) with the applica-
tion of an electric field of 10 V/um. (c) Graph showing the increase in PFEMS cylinder
volume in % vs the applied electric field strength in V/um. He-Ton images of the cylinder
forming PS-b-PFEMS /homo-PS blend after solvent vapor annealing under application
of an electric field of (d) 1.7 V/um and (e)10.9 V/um. The oxidized PFEMS block
appears light gray, and the dark gray regions correspond to the removed PS block. This
figure was adapted from Ref. [KBN*15].

curs because the high voltage partially induces an oxidation from Fe(II) to Fe(III). The
positive charges along the polymer backbone promote a stretched polymer chain confor-
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mation increasing the distance between like-charged segments. Considering the dipole
moment of chloroform it is assumed that the increased positive charge in the polymer
backbone enhances the selective solvent uptake of chloroform by the PFEMS block com-
pared to the unoxidized polymer [PHK*04]. This results in an increase in the PFEMS
volume fraction and therefore in PFEMS cylinder width. In our case the highest ap-
plied field strength led to an increase by about 37 %, significantly less than the up to
100 % widening measured with conductive probe atomic force microscopy in cylinder
forming PFEMS-b-PS block copolymer upon application of a negative voltage bias be-
tween -4 V and -9 V [LZR*08]. This implies that only parts of the ferrocenyl groups
were oxidized [ZHSV06]. For block copolymers such as polystyrene-block-poly (methyl
methacrylate) or polystyrene-block-polyisoprene which are solely composed of organic
blocks no alteration in volume fraction is anticipated upon application of electric field.

The results reveal that the electric field has a profound effect on the ordering and phase
transitions of PS-b-PFEMS block copolymers. This is due to two factors: an increase in
the volume fraction of the PFEMS block by oxidation of the ferrocenyl groups which can
drive a morphological transformation, and the anticipated orientation of the dielectric
interfaces to lie parallel to E. We now show how these factors affect the microphase
separation of 3-miktoarm star terpolymers of PS, PI and PFEMS.

8.3.3. Surface Structures in Solvent Annealed Films of
3.-1SF/Homo-PS Blends

Surface structures of the 3u-ISF/homo-PS blend in 45 nm thick films were analyzed
after annealing in chloroform vapor and compared to those subjected to electric field
of varying strength during solvent vapor annealing. Choi et al. [CNS*14] previously
reported that the film thickness can have a major influence on the thin film morphology
of miktoarm star terpolymers. To exclude differences in film thickness from spin-coating
or terracing, the morphology at different field strengths was compared on a single sample.
A schematic image of the sample is given in Figure 8.1 (c).

The analysis and identification of the thin film structure can be complicated by surface
fields, i.e. the difference in interfacial energies between the block copolymer constituents
at the film surface [LTK10], which may lead to a distortion of a unit cell [Tsal2, KTKO07],
as well as redistribution of the blocks at film interfaces, inducing non-bulk morphologies
[KHL*02]. A further variable is introduced by the addition of PS homopolymer which
enhances chain relaxation. Without the addition of this compatibilizer the equilibrium
structure of 3u-ISF in thin films is lamellar, with the majority PI block segregated to the
free surface due to its low surface tension, while the two other blocks form the bottom
layer of the lamella.
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Figure 8.3.: AFM height (al, bl) and phase (a2, b2) images of the 3u-ISF/homo-PS
blend after solvent vapor annealing in chloroform for 3 h. A and B mark the two different
types of spheres. (c) He-Ion image of the same sample. (d) Schematic of the observed

structure formed through partial mixing of the PI and the PS block. This figure was
adapted from Ref. [KBN*15].

Surface structures in blended 3u-ISF films are shown in Figure 8.3 (a,b) where (b)
is higher magnification. (al,bl) are height and (a2,b2) are phase images. Prior to
imaging, an Oy plasma etch was applied to remove the top wetting layer of the soft
PI block in order to reveal underlying microphase-separated structures. The plasma
etches away the PI domains faster than the PS domains [ACN*13], and simultaneously
oxidizes the PFEMS block. As shown in Figure 8.3 (al), the 3u-ISF copolymer assembles
into alternating stripes and dot-like structures, which appear as two types of spheres
(marked as A and B structures) in the close-up images in Figure 8.3 (b1, b2). While
A-type structures appear as higher (brighter) cylinders in the height images (b1), the
phase images (b2) reveal soft (dark) shells around a hard core, where the core is most
likely made of the oxidized PFEMS block. In contrast, in B-type spheres the hard core
is surrounded by two shells: a thin layer of harder shell formed, presumably, by PS
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homopolymer and an outer dark (soft) PI shell. The two types of structures also differ
in their shapes, with type B having a spherical morphology, and type A spheres having
a distorted anisotropic shape, making them directionally assembled into cylinders.

Considering the room temperature y parameters yprgms-o-ps ~ 0.08 < XprLpps ~
0.1 < xprp-preEMs ~ 0.17 [ACN*13], and the fact that the degree of polymerization (N)
of the three blocks is of about equal value, it becomes apparent that the contact between
PI and PFEMS is energetically most unfavorable. Therefore, the contact area between
PFEMS and PI is minimized by the formation of a PS shell surrounding the PFEMS
microdomains. This requires partial mixing of the PS and PI domains [SHT98b] as
schematically demonstrated in Figure 8.3 (d) since the three blocks are connected at
a single junction point. A schematic illustration of the proposed structure is given in
Figure 8.3 (d). A possible reason for the formation of two different types of spheres
could be the addition of PS homopolymer. Yamauchi et al. found that the addition of
poly(dimethylsiloxane) homopolymer to a 3 miktoarm star terpolymer of polyisoprene-
arm-polystyrene-arm-poly(dimethylsiloxane) led to defects through irregular distribu-
tion of the homopolymer throughout the microdomain structure [YAHO05|. Therefore,
we conclude that the homo-PS is selectively adsorbed to every second row of spheres
(B) forming a thicker PS shell around them which allows a wider spacing between the
spheres and a non-distorted spherical morphology. The close packing and deformation
of the spheres (A) agglomerated into cylindrical structures can be attributed to the
strong tendency of the polymer to decrease the unfavorable PI/PFEMS contact under
these annealing conditions. Furthermore, the formation of two different types of spheres
underlines that the volume ratios between the blocks are not ideal for single pattern
formation but are intermediate to two different structures [YAHO05].

Figure 8.3 (c¢) shows a He-lon image of the sample. Prior to imaging the PI do-
mains were selectively stained with OsO,4. The mean dimensions of the structures were
measured via image J software and displayed as insets in Figure 8.3 (¢). The PFEMS
domains appear light gray in the He-Ion images while the PI and PS phases are darker
gray and hard to distinguish.

8.3.4. Effect of Electric Field Strength on the Thin Film Structure
of 3.-1SF/homo-PS

To analyze the effect of the electric field on the thin film structure, 45 nm thick films
of the 3u-ISF /homo-PS blend were spin coated on substrates with a stepwise varying
gap size between the two gold electrodes, so that the electric field strength was varied
between 2.0 V/pum and 16.0 V/um in a single film.
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Figure 8.4.: He-Ton microscope images of the 3u-ISF /homo-PS blend after solvent vapor
annealing for 3 h at an electric field strength of (a) 2.0 V/um, (b) 2.4 V/um, (c) 2.7
V/pm, (d) 3.2 V/um, (e) 3.9 V/um and (f) 4.8 V/um. The dimensions of the structures
were measured from the He-Ion images and are indicated in the schematics in the images
displaying the PFEMS block. The inset in (a) shows the AFM height and phase images
of the structure measured with an ultrafine probe. Below the image a schematic of the
proposed structural evolution upon application of E is given. This figure was adapted
from Ref. [KBN*15].

The structural evolution with increasing electric field is displayed in the He-Ion images
in Figure 8.4 and may be compared to the structure annealed in zero field (Figure 8.3).
A schematic of the structures is given underneath the images. The dimensions of the
pattern features were measured via image J software and are indicated in the images.
Since the structural evolution with increasing field strength is monitored on a single
sample (see Figure 8.1 (c)) the film thickness, terracing, and plasma etching conditions
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are constant at different field strengths. Furthermore, a smooth transition from one
structure to the next is observed which also supports the assumption that the structural
evolution is not caused through different terracing conditions upon altering the field
strength.

At moderate electric field strengths the cylinders of micellar aggregates start aligning
in direction of the electric field vector, decreasing the area of PI/PS and PS/PFEMS
interfaces perpendicular to E (Figure 8.4 (a)). The area of perpendicular interfaces is
even further minimized when the spherical type-B spheres deform into type-A spheres
with further assembly into a cylindrical aggregate at higher |E| as displayed in Figure
8.4 (b, ¢). The AFM height and phase image in the inset of Figure 8.4 (c¢) show that the
structure still comprises tightly connected type-A spheres. Up to this point the behavior
can be explained as the anticipated response of a copolymer upon exposure to an electric
field.

Further increase of |E| results in a second phase transformation into well-ordered
spherical domains (type-C spheres) as displayed in Figure 8.4 (d-f). Upon evaluation
of the structural dimensions, it becomes apparent that the spherical micellar structure
forms from the cylindrical one (type-A spheres). The distance between two rows of type-
C spheres in Figure 8.4 (f) is 38 nm + 3 nm and is therefore in the range of the spacing
measured between two rows of type- A spheres (37 nm + 2 nm) in Figure 8.4 (c¢). Due
to this structural evolution the micellar arangement is well ordered since the cylinders
formed from the distorted type-A spheres were aligned by the electric field prior to the
phase transformation. A schematic of the structural evolution with increasing electric
field strength is displayed in the bottom of Figure 8.4.

On first sight this second phase transition seems counterintuitive since the portion of
interfaces perpendicular to E is again increased. This can be explained when considering
the results obtained from the diblock copolymers of PFEMS-6-PS under application of
an electric field. The dominant driving forces inducing the phase transition from B-type
into C-type spheres are the increase in PFEMS volume fraction due to the electroactive
response of the PFEMS block. The additional positive charge increases the selective
solvent uptake of the PFEMS block and forces the polymer to maximize the distance
between like-charged segments thus resulting in a micellar arrangement with an average
center to center distance of 40 nm. As previously demonstrated by Aissou et al., small
changes in the relative volume fractions of the blocks greatly influence the thin film
morphology [ACN*13]. While the relative amount of PI can be altered by controlling
the swelling degree, the volume fraction of PFEMS can selectively be tuned by the
electric field strength applied to the thin film structure.
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8. Electric Field-Induced Transitions in Metalorganic 3-Miktoarm Star Terpolymers

8.4. Conclusion

This chapter reports the first analysis of the effect of electric fields on the structure for-
mation in 3-miktoarm star terpolymer thin films with PI, PS and PFEMS blocks blended
with homo-PS, as well as the effect of electric field on sphere- and cylinder forming di-
block copolymers and blends. In the diblock copolymers, electric field increased the
volume fraction of PFEMS, drove a sphere-cylinder transition, and led to alignment of
cylinders. In the star terpolymer blend, the solvent-annealed film consisted of two types
of spheres. Electric field drove two different phase transitions. At moderate electric
fields, ordering and a phase transition due to a reduction of dielectric interfaces perpen-
dicular to E is found. At higher electric field strengths, the electroactivity of PFEMS is
exploited to induce a morphological transition as the oxidation of the ferrocenyl groups
in the PFEMS block increases the PFEMS volume fraction. Furthermore, charging ef-
fects are also expected to have an influence on the morphology. This work therefore
demonstrates the extensive tunability of the microdomain morphology and orientation
of block copolymers with an iron-containing block by annealing in an electric field which
could make them useful in nanofabrication or surface patterning applications.
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9. Conclusion

In this thesis new insights into the effect of electric fields on phase transitions and
ordering of block copolymer nanostructures could be gained. While the bulk analysis of
block copolymer solutions was performed at the DWI - Leibniz Institut fiir Interaktive
Materialien at RWTH Aachen University the experiments on thin films were conducted
in the group of Prof. Caroline A. Ross at the Massachusetts Institute of Technology.

In the first part of this thesis we show how birefringence measurements can be used to
analyze block copolymers under the influence of electric fields. In some cases e.g. when
determining the order-disorder transition temperature the birefringence measurements
with their excellent time resolution can substitute the synchrotron SAXS measurements
which enables extensive analysis as demonstrated in Chapter 4. In other cases e.g. when
evaluating order-order transitions between uniaxial and cubic morphologies birefringence
measurements are a valuable supplementary method to synchrotron SAXS since they
allow the preanalysis of samples and screening of experimental conditions under which
the transition takes place. Consequently, the limited measurement period at the syn-
chrotron can be used very effectively. Additionally reorientation kinetics, threshold
voltages and the kinetics of electric field-induced mixing can be monitored via optical
analysis. To assure constant conditions the sample cell developed in this thesis (Chapter
3) was designed in such a way that it can likewise be used for birefringence and SAXS
measurements by simply switching the glass slides for Teflon covered capon sheets. An
incorporated PT100 thermosensor and Peltier element allows precise temperature regu-
lation while the parallel gold electrodes connected to a Heinzinger power source assure
the formation of homogeneous electric fields of tunable field strength.

In Chapter 4 the intensively discussed question why homogeneous dc electric fields
induce mixing of block copolymer microphases, while theoretical considerations predict
a shift of the Topr in the opposite direction could be answered. The electric field-
induced shift in Topr was analyzed for various block copolymers at different electric
field strengths. A correlation between the dielectric contrast of the block copolymer
constituents and the degree to which the Topr is shifted to lower values upon application
of the electric field was found. Furthermore, it could be demonstrated that the effect
becomes more pronounced with increasing chain length of the polymer.
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9. Conclusion

In Chapter 5 the difference in time constants 7 between two reorientation mechanisms
(Rotation of Grains, Nucleation and Growth) under the influence of electric fields is
exploited to analyze the effect of nanoparticles on the reorientation mechanism. While
previous studies analyzed the switch in reorientation mechanism of block copolymer
solutions under the influence of strong dc electric fields via synchrotron SAXS, we show
how the mechanistic alteration can be detected using birefringence analysis. We found
that the nanoparticles enlarge the temperature range in which nucleation and growth is
the prevailing pathway of realignment.

A further phase transition analyzed in this thesis is the electric field-induced gyroid-
to-cylinder transition. The screening of samples and experimental conditions was per-
formed via birefringence measurements. Subsequently, the samples were measured under
optimized conditions via time-resolved in-situ synchrotron SAXS at the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France. The mechanism of the electric
field-induced gyroid-to-cylinder transition and the reverse transition after turning off the
electric field were unveiled. While the previous one proceeds via an initial distortion of
the gyroid phase and subsequent growth of cylinders, three different mechanisms were
found for the later. Lower temperatures and field strengths promote the transition via
metastable intermediate structures. The intermediate structures found were an HPL
and additional connections within the gyroid phase. At higher field strengths and tem-
peratures an intermediate free nucleation and growth pathway from the cylinder phase
is observed.

The research to the last two chapters of this thesis was pursued at the MIT. In
Chapter 7 we show how long range ordering can be improved in thin films of cylin-
der forming polystyrene-block-poly(dimethylsiloxane) by a combined directing effect of
graphoepitaxy and electric fields. The angle a between the electric field vector and the
topographic guides for the graphoepitaxy approach was varied between 0 © and 90 ° in
15 © steps. Furthermore, the trench width was altered stepwise between 1.5 ym and 20
pm. The length scale of long-range ordering could be enhanced by an order of magni-
tude by this combined approach even if the direction in which the polymer is guided
by graphoepitaxy and electric field did not coincide. Between « of 0 ° and 45 ° the
block copolymer oriented parallel to the topographic guides while the cylinders aligned
perpendicular to the electric field for o between 45 °© and 90 °. Through the combined
approach the fabrication of highly ordered block copolymer structures is possible by
using macroscopically pre-patterned photolithographic substrates.

Further structural diversity can be achieved by adding a third block to the polymer.
Hence, Chapter 8 focuses on electric field-induced phase transitions in thin films of star-
shaped 3-miktoarm triblock terpolymers composed of PI, PS and PFEMS. We show that
the metalorganic PFEMS block alters the behavior of the polymer upon exposure to elec-
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tric fields compared to the other block copolymers analyzed in this thesis. Additionally,
to the previously described effect of ordering the volume fraction of PFEMS is enhanced
with increasing electric field strength due to oxidation of the ferrocenyl groups. There-
fore, different electric field strength dependent morphological transitions are observed.
The results demonstrate the multiple tunability of the ordered microdomain structure
by simple stimuli application.

Summarizing different aspects of electric field-induced ordering and phase transitions
in various block copolymer systems were analyzed in this thesis enhancing the under-
standing of the effect of electric fields on the block copolymer phase diagram and pointing
out possible future applications.
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9. Conclusion
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10. Glossary

Table 10.1.: Abbreviations and Polymers

AFM
BCP
BDS
BSE
CL
ESRF
FE
FWHM
G
HPL
L
NG
NMR
OoDT
PDI
PDMS
PEEK
PEM
PFEMS
PFS
PHEMA
PI
PMMA
POM
PS
PS-0-PDMS
PS-b-P1
PS-0-PMMA

Atomic Force Microscopy
Block Copolymer
Broadband Dielectric Spectroscopy
Backscattered Electrons
Cylinder
European Synchrotron Radiation Facility
Field Emission
Full Width Half Maximum
Gyroid
Hexagonal Perforated Lamella
Lamella
Nucleation and Growth
Nuclear Magnetic Resonanz
Order Disorder Transition
Polydispersity Index
Poly(dimethylsiloxane)
Polyetheretherketone
Photo elastic modulator
Polyferrocenylethylmethylsilane
Polyferrocenylsilane
Polyhydroxyethylmethacrylate
Polyisoprene
Polymethylmethacrylate
Polarization Optical Microscopy
Polystyrene
Polystyrene-block-poly (dimethylsiloxane)
Polystyrene-block-polyisoprene
Polystyrene-block-poly(methyl methacrylate)
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10. Glossary

PS-b-P2VP
PtBMA
P2VP
RG
S
SANS
SAXS
SE
SEM
SSL
SVA
TA
Topr
3-uISF
WSL
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Polystyrene-block-poly(2-vinylpyridine)
Poly(tert-butyl methacrylate)
Poly(2-vinylpyridine)
Reorientation of Grains
Sphere
Small Angle Neutron Scattering
Small Angle X-ray Scattering
Secondary Electrons
Scanning Electron Microscopy
Strong Segregation Limit
Solvent Vapor Annealing
Thermal Annealing
Order Disorder Transition Temperature

polyisoprene-arm-polystyrene-arm-poly(ferrocenylethylmethylsilane)

Weak Segregation Limit

Table 10.2.: Abbreviations and Physical Constants

S wWwe =

> O o

L

S~ an 0o o @O

Amplitude
Thermoelectric strength
Magnetic Flux Density

Scattering Length
Speed of Light
Electric Displacement Density
Phase Shift
Dielectric Contrast
Electric Field Strength
Ellipticity
Electron charge
Dielectric Constant
Eree Energy Density
Compositional Order Parameter



fa, fB

—

€= < a8

>
Hoy 32 &3

(e}

H

Volume Fractions
Electrostatic Energy
Phaseretardation
Conductivity
Magnetic Field Strength

mean-square unperturbed end-to-end distance

Planck Constant
Intensity
Wavelength
Electron mass
Chemical Potential
Degree of Polymerization
Refractive Index
Extraordinary Refractive Index
Ordinary Refractive Index
Pressure
Orientational Order Parameter
Scattering wave vector
Complex Reflectivity p-polarization
Complex Reflectivity s-polarization
Particle Density
Charge Distribution
Complex reflectance ratio
Temperature
Time
Reorientational time constant
Azimuth
Critical temperature
Order Disorder Transition Temperature
Internal Energy
Volume
Flory Huggins Interaction Parameter
Angular Frequency
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